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group was founded, raising awareness of stroke in chil-

dren among the medical community and launching a
new era of collaboration and progress." Enrollment in
and expansion of this stroke registry for children contin-
ues today https://lab.research.sickkids.ca/ipss/about/.
Over the last 20 years, significant improvements have
occurred in nearly all aspects of pediatric stroke care.
This article will highlight some seminal achievements and
focus on where the field may be headed over the next
20 years. While there are too many accomplishments to
discuss here, we have tried to highlight randomized con-
trolled trials as well as major topical areas below.

In 2003, the IPSS (International Pediatric Stroke Study)

SICKLE CELL DISEASE

Predating the IPSS, work focused on preventing stroke
in children with sickle cell disease, an especially high-risk
group; without stroke risk screening and preventative
treatment, 1 in 10 children with sickle cell disease will
have a stroke before 19 years of age.? A major advance
occurred in 2016 when the TWITCH trial (TCD With Trans-
fusions Changing to Hydroxyurea) showed that children
receiving monthly red cell transfusions for primary stroke
prevention based on elevated transcranial doppler blood
flow velocities were able to transition from transfusions
to oral hydroxyurea if significant intracranial stenosis was
not present® However, after a stroke has occurred, the
recommended stroke prevention therapy, regular blood
transfusion, is frequently not accessible to children in
low and middle-income countries* where >50% of the

children with sickle cell disease live. The next 20 years
will focus on less burdensome stroke care for children
with sickle cell disease and care that is globally available.
In low and middle-income countries, primary and second-
ary stroke prevention trials (SPRING [Stroke Prevention
in Nigeria] and SPRINT [Secondary Stroke Prevention in
Children With Sickle Cell Disease in Nigeria]) have been
completed using oral hydroxyurea,®® and additional early
phase and expanded access trials are in process with
newer oral agents, including pyruvate kinase activators™
and a hemoglobin S polymerization inhibitor.? Potentially
curative therapies such as stem cell transplantation and
gene therapy are fascinating but reducing toxicities and
costs will be important to allow wider accessibility."

ARTERIOPATHY RANDOMIZED
CONTROLLED TRIALS

Cerebral arteriopathy, a frequent cause of stroke in chil-
dren, and its relation to infection have been an active area
of research with 2 large observational studies completed
(VIPS I and I1).""'2 Two multicenter clinical trials are in prog-
ress that aim to determine if high-dose methylprednisolone
in children with focal cerebral arteriopathy can improve
or stabilize disease and reduce arterial ischemic stroke
recurrence (the PASTA trial [Pediatric Arteriopathy Steroid
Aspirin] and the FOCAS trial [Focal Cerebral Arteriopathy
Steroid])."3'* The genetics of more diverse arteriopathies
are not well understood but rapid progress suggests these
will be important targets in the coming decades.
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Nonstandard Abbreviations and Acronyms

DINOSAUR Darbepoetin for Ischemic Neonatal
Stroke to Augment Regeneration

FOCAS Focal Cerebral Arteriopathy Steroid
HEAL High-Dose Erythropoietin for
Asphyxia and Encephalopathy
I-ACQUIRE  Multi-site Randomized Controlled
Trial of Intensive Infant Rehabilitation
IPSS International Pediatric Stroke Study
PASTA Paediatric Arteriopathy Steroid
Aspirin
SPORT Stimulation for Perinatal Stroke
Optimizing Recovery Trajectories
SPRING Stroke Prevention in Nigeria
SPRINT Secondary Stroke Prevention in
Children With Sickle Cell Disease in
Nigeria
TIPS Thrombolysis in Pediatric Stroke
TWIiTCH TCD With Transfusions Changing to
Hydroxyurea

RECANALIZATION THERAPIES FOR ACUTE
STROKE

With increased awareness of pediatric stroke and the
development of more robust systems of care for children,
emergent acute stroke therapies are increasingly possible.
A recent case-control study found that outcomes were
better in carefully selected children 2 to 18 years of age
treated with mechanical thrombectomy for large vessel
occlusion.’™ Thrombolysis remains an ongoing challenge
in children with acute stroke; a prior pediatric safety and
dose-finding trial of alteplase for stroke (TIPS [Thromboly-
sis in Pediatric Stroke]) closed due to low enrollment.’® With
increased pediatric stroke awareness, further studies seem
feasible, but the adult stroke community's ongoing transi-
tion to the thrombolytic tenecteplase is complex for those
who treat children given that pediatric pharmacokinetic data
and dosing guidance are lacking."” Simple extrapolation of
adult care to children with stroke is a pitfall. Future work
should include a focus on defining clinical and radiographic
biomarkers to refine selection criteria for acute recanaliza-
tion strategies including those used in adults (eg, collateral
status, salvageable penumbra) but also those unique to chil-
dren (eg, mechanism of stroke, young age).

NEUROCRITICAL CARE

Advances in neonatal and pediatric neurocritical are
expected to continue to improve outcomes. In neona-
tal stroke, trials are underway that suggest the safety
and feasibility of both hormonal therapies (erythropoi-
esis-stimulating agents) such as the DINOSAUR trial
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(Darbepoetin for Ischemic Neonatal Stroke to Augment
Regeneration)'® and early stem cell therapies'®2° though
these will need to overcome challenges learned from
related trials such as HEAL (High-Dose Erythropoietin
for Asphyxia and Encephalopathy).?' Advances in neu-
romonitoring coupled with carefully designed observa-
tional studies of seizures after neonatal and childhood
stroke and trials in related conditions such as newborns
with symptomatic seizures after brain injury?? are quickly
refining the management of stroke-induced seizures
while the predictors and consequences of remote symp-
tomatic epilepsy are increasingly understood.?® Progress
is anticipated in acute cerebral monitoring of high-risk
populations such as children undergoing cardiac sur-
gery or extracorporeal membrane oxygenation where
the potential exists to reduce acquired brain injury and
improve outcomes.

NEUROREHABILITATION AND
NEUROMODULATION

Despite improvements in acute care and prevention,
strokes will continue to occur in children, mandating
amplification of ongoing progress in rehabilitation. Evi-
dence-based guidelines have improved clarity regarding
both valid and invalid therapies for neurological disabilities
in children,?* facilitating informed decision-making for cli-
nicians and families. Efforts have facilitated the develop-
ment of frameworks towards more rigorous clinical trials;
however, trials to date, including a recent one in Scandi-
navia,® continue to confirm that response rates to reha-
bilitation therapies are highly heterogeneous with modest
effect sizes, suggesting new approaches are required.
Advances in understanding brain development following
stroke are informing new approaches in the motor sys-
tem,?® including noninvasive neuromodulation strategies
that have reached phase 3 efficacy trials (SPORT [Stimu-
lation for Perinatal Stroke Optimizing Recovery Trajecto-
ries]).?” The complexity of differences between individuals
will see personalized rehabilitation approaches remain an
important goal of future efforts. Attention to other modu-
lators of brain development that might dictate recovery
from early stroke is required, including many potentially
modifiable factors such as sleep, education, environment,
socioeconomic factors, and epileptic encephalopathy, all
of which may be under-recognized.

FAMILY-CENTERED CARE, MENTAL
HEALTH, AND INFORMATION SHARING

Improving the overall care and support of children and
families affected by stroke must remain a priority. The
mental health consequences of stroke in children are
increasingly understood including posttraumatic stress
disorder and other long-term morbidities for the entire
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family.?® Some emotional consequences seem amenable
to simple interventions such as counseling and educa-
tional tools for the misplaced parental and caregiver guilt
that often accompanies a diagnosis of neonatal stroke,?
but increased awareness and training are required. How
stroke in childhood affects a person’s entire lifespan
remains poorly understood but long-term adult outcome
studies are underway® Access to information (and
misinformation) remains a challenge for both affected
families and health care professionals. These and other
elements of family-centered care will continue to expand
via the efforts of global partnerships between diverse
experts and those with lived experience.®

INTERNATIONAL, MULTIDISCIPLINARY
COLLABORATIONS

As arelatively rare disease, future progress in childhood
stroke will depend on furthering the international col-
laborations that have defined the field to date. Collabo-
rations must engage parallel networks of related fields
with a passion for helping children with cerebrovascular
diseases, the diversity of which continues to expand
including interventional neuroradiology, neurosurgery,
neurogenetics, neurorehabilitation, neonatology, neu-
rocritical care, hematology, infectious disease, and oth-
ers. Recent examples include the International Pediatric
Stroke Organization®? which brings together multidisci-
plinary health professionals, scientists and patient advo-
cates and the incorporation of pediatric-specific clinical
trials for both infant rehabilitation (IFACQUIRE)®® and
acute childhood stroke treatment into the powerful
machinery of StrokeNet. Networks will also need to
evolve and adapt to embrace emerging research con-
cepts (eg, big data, open neuroscience, artificial intel-
ligence) to amplify what has been amazing progress in
the last few decades. Hope for improved outcomes for
children with stroke has never been higher.

ARTICLE INFORMATION

Affiliations

Departments of Pediatrics and Clinical Neurosciences, Alberta Children's Hos-
pital Research Institute, University of Calgary, Canada (AK). Department of
Pediatrics, Division of Pediatric Neurology, Vanderbilt University Medical Center,
Nashville, TN (L.C.J.).

Sources of Funding
None.

Disclosures
None.

REFERENCES

1. Golomb MR, Fullerton HJ, Nowak-Gottl U, Deveber G; International Pediat-
ric Stroke Study Group. Male predominance in childhood ischemic stroke:
findings from the international pediatric stroke study. Stroke. 2009;40:52—
57. doi: 10.1161/STROKEAHA.108.5621203

184  January 2024

20.

Stroke in Children: the Next 20 Years

. Ohene-Frempong K, Weiner SJ, Sleeper LA, Miller ST, Embury S, Moohr JW,

Wethers DL, Pegelow CH, Gill FM. Cerebrovascular accidents in sickle cell
disease: rates and risk factors. Blood. 1998;91:288-294.

. Ware RE, Davis BR, Schultz WH, Brown RC, Aygun B, Sarnaik S, Odame |,

Fuh B, George A, Owen W, et al. Hydroxycarbamide versus chronic trans-
fusion for maintenance of transcranial doppler flow velocities in children
with sickle cell anaemia-TCD With Transfusions Changing to Hydroxyurea
(TWITCH): a multicentre, open-label, phase 3, non-inferiority trial. Lancet.
2016;387:661-670. doi: 10.1016/S0140-6736(15)01041-7

. Lagunju IA, Brown BJ, Sodeinde OO. Chronic blood transfusion for primary

and secondary stroke prevention in Nigerian children with sickle cell dis-
ease: a b-year appraisal. Pediatr Blood Cancer. 2013;60:1940—1945. doi:
10.1002/pbc.24698

. Abdullahi SU, Jibir BW, Bello-Manga H, Gambo S, Inuwa H, Tijani AG,

Idris N, Galadanci A, Hikima MS, Galadanci N, et al. Hydroxyurea for primary
stroke prevention in children with sickle cell anaemia in Nigeria (SPRING):
a double-blind, multicentre, randomised, phase 3 trial. Lancet Haematol.
2022;9:e26-e37. doi: 10.1016/52352-3026(21)00368-9

. Abdullahi SU, Sunusi S, Abba MS, Sani S, Inuwa HA, Gambo S,

Gambo A, Musa B, Covert Greene BV, Kassim AA, et al. Hydroxyurea
for secondary stroke prevention in children with sickle cell anemia in
Nigeria: a randomized controlled trial. Blood. 2023;141:825-834. doi:
10.1182/blo0d.2022016620

. ClinicalTrials.gov. A Phase 2 Open-label Study to Evaluate the Activ-

ity of Etavopivat on Transcranial Doppler Velocities in Pediatric Patients
With Sickle Cell Disease Who Are at Increased Risk for Primary Stroke.
2023. Accessed September 10, 2023. https://clinicaltrials.gov/study/
NCT05953584

. Xu JZ, Conrey A, Frey |, Gwaabe E, Menapace LA, Tumburu L, Lundt M,

Lequang T, Li Q, Glass K, et al. A phase 1 dose escalation study of the
pyruvate kinase activator mitapivat (AG-348) in sickle cell disease. Blood.
2022;140:2053-2062. doi: 10.1182/blood.2022015403

. ClinicalTrials.gov. Expanded Access Protocol for Pediatric Patients With

Sickle Cell Disease Who Have No Alternative Treatment Options. 2021.
Accessed September 10, 2023. https://classic.clinicaltrials.gov/ct2/show/
NCT04724421

. Kassim AA, Leonard A. Debating the future of sickle cell disease curative

therapy: haploidentical hematopoietic stem cell transplantation vs gene
therapy. J Clin Med. 2022;11:4775. doi: 10.3390/jcm 11164775

. Fullerton HJ, Wintermark M, Hills NK, Dowling MM, Tan M, Rafay MF,

Elkind MS, Barkovich AJ, deVeber GA; VIPS Investigators. Risk of recur-
rent arterial ischemic stroke in childhood: a prospective international study.
Stroke. 2016;47:53-59. doi: 10.1161/STROKEAHA.1156.011173

. Fullerton HJ, Hills NK, Elkind MS, Dowling MM, Wintermark M,

Glaser CA, Tan M, Rivkin MJ, Titomanlio L, Barkovich AJ, et al; VIPS Inves-
tigators. Infection, vaccination, and childhood arterial ischemic stroke:
results of the VIPS study. Neurology. 2015;85:1459-1466. doi:
10.1212/WNL.0000000000002065

. ClinicalTrials.gov. High Dose Steroids in Children With Stroke (PASTA).

2021. Accessed September 10, 2023. https://clinicaltrials.gov/study/
NCT04873583

. Park Y, Fullerton HJ, Elm JJ. A pragmatic, adaptive clinical trial design for a

rare disease: the FOcal Cerebral Arteriopathy Steroid (FOCAS) trial. Con-
temp Clin Trials. 2019;86:105852. doi: 10.1016/}.cct.2019.106852

. Bhatia KD, Chowdhury S, Andrews |, Goetti R, Webster R, Troedson C,

Dale RC, Muthusami P, Parra-Farinas C, Dlamini N, et al. Association between
thrombectomy and functional outcomes in pediatric patients with acute
ischemic stroke from large vessel occlusion. JAMA Neurol. 2023;80:910—
918. doi: 10.1001/jamaneurol.2023.2303

. Rivkin MJ, deVeber G, Ichord RN, Kirton A, Chan AK, Hovinga CA, Gill JC,

Szabo A, Hill MD, Scholz K; et al. Thrombolysis in Pediatric Stroke Study.
Stroke. 2015;46:880-885. doi: 10.1161/STROKEAHA.114.008210

. Sun LR, Wilson JL, Waak M, Kiskaddon A, Goldenberg NA, Jordan LC,

Barry M. Tenecteplase in acute stroke: what about the children? Stroke.
2023;564:1950-19563. doi: 10.1161/STROKEAHA.123.042951

. ClinicalTrials.gov. Darbepoetin for Ischemic Neonatal Stroke to Augment

Regeneration (DINOSAUR). 2021. Accessed November 3, 2023. https://
clinicaltrials.gov/study/NCT03171818

. Wagenaar N, de Theije CGM, de Vries LS, Groenendaal F, Benders M,

Nijboer CHA. Promoting neuroregeneration after perinatal arterial isch-
emic stroke: neurotrophic factors and mesenchymal stem cells. Pediatr Res.
2018,;83:372-384. doi: 10.1038/pr2017.243

Baak LM, Wagenaar N, van der Aa NE, Groenendaal F, Dudink J,
Tataranno ML, Mahamuud U, Verhage CH, Eijsermans R, Smit LS, et al. Fea-
sibility and safety of intranasally administered mesenchymal stromal cells

Stroke. 2024;55:182-1856. DOI: 10.1161/STROKEAHA.123.044250


https://clinicaltrials.gov/study/NCT05953584
https://clinicaltrials.gov/study/NCT05953584
https://classic.clinicaltrials.gov/ct2/show/NCT04724421
https://classic.clinicaltrials.gov/ct2/show/NCT04724421
https://clinicaltrials.gov/study/NCT04873583
https://clinicaltrials.gov/study/NCT04873583
https://clinicaltrials.gov/study/NCT03171818
https://clinicaltrials.gov/study/NCT03171818

G20z ‘vz Jequiides uo Aq Bio'sfeuuno feye//:dny wouy papeojumoq

Kirton and Jordan

21.

22.

23.

24,

26.

after Perinatal Arterial Ischaemic Stroke in the Netherlands (PASSION): a
first-in-human, open-label intervention study. Lancet Neurol. 2022;21:528-
536. doi: 10.1016/51474-4422(22)00117-X

Wu YW, Comstock BA, Gonzalez FF, Mayock DE, Goodman AM,
Maitre NL, Chang T, Van Meurs KP, Lampland AL, Bendel-Stenzel E,
et al; HEAL Consortium. Trial of erythropoietin for hypoxic-ischemic
encephalopathy in newborns. N Engl J Med. 2022;387:148-159. doi:
10.1056/NEJMo0a2119660

Glass HC, Soul JS, Chang T, Wusthoff CJ, Chu CJ, Massey SL, Abend NS,
Lemmon M, Thomas C, Numis AL, et al. Safety of early discontinuation of
antiseizure medication after acute symptomatic neonatal seizures. JAMA
Neurol. 2021;78:817-825. doi: 10.1001/jamaneurol.2021.1437

Fox CK, Jordan LC, Beslow LA, Armstrong J, Mackay MT, deVeber G. Chil-
dren with post-stroke epilepsy have poorer outcomes one year after stroke.
Int J Stroke. 2018;13:820-823. doi: 10.1177/1747493018784434
Jackman M, Sakzewski L, Morgan C, Boyd RN, Brennan SE, Langdon K,
Toovey RAM, Greaves S, Thorley M, Novak . Interventions to improve physi-
cal function for children and young people with cerebral palsy: international
clinical practice guideline. Dev Med Child Neurol. 2022;64:536-549. doi:
10.1111/dmen. 15055

Klevberg GL, Zucknick M, Jahnsen R, Eliasson AC. Development of hand
use with and without intensive training among children with unilateral
cerebral palsy in Scandinavia. Dev Neurorehabil. 2023;26:163-171. doi:
10.1080/17518423.2023.2193256

Stroke. 2024;55:182-1856. DOI: 10.1161/STROKEAHA.123.044250

26.

27.

28.

29.

30.

31.

32.

33.

Stroke in Children: the Next 20 Years

Kirton A, Metzler MJ, Craig BT, Hilderley A, Dunbar M, Giuffre A
Wrightson J, Zewdie E, Carlson HL. Perinatal stroke: mapping and modu-
lating developmental plasticity. Nat Rev Neurol 2021;17:415-432. doi:
10.1038/541582-021-00603-x

ClinicalTrials.gov. Stimulation for Perinatal Stroke Optimizing Recovery Tra-
jectories (SPORT). Accessed September 10, 2023. https://clinicaltrials.
gov/ct2/show/NCT03216837

Lehman LL, Maletsky K, Beaute J, Rakesh K, Kapur K, Rivkin MJ,
Mrakotsky C. Prevalence of symptoms of anxiety, depression, and post-
traumatic stress disorder in parents and children following pediatric stroke.
J Child Neurol. 2020;35:472—-479. doi: 10.1177/0883073820909617
Bemister TB, Brooks BL, Dyck RH, Kirton A. Predictors of caregiver depres-
sion and family functioning after perinatal stroke. BMC Pediatr. 2015;15:75.
doi: 10.1186/s12887-015-0397-5

Rohner A, Gutbrod K, Kohler B, Lidzba K, Fischer U, Goeggel-Simonetti B,
Regenyi M, Steinlin M, Bigi S. Health-related quality of life in young adults
following pediatric arterial ischemic stroke. Stroke. 2020;61:952-957. doi:
10.1161/STROKEAHA.119.027622

IPSO Kid Stroke Connections. 2023. Accessed September 10, 2023.
https://community.internationalpediatricstroke.org/

International Pediatric Stroke Organization (IPSO). 2019. Accessed Novem-
ber 3, 2023. https://internationalpediatricstroke.org/

Perinatal Arterial Stroke: A Multi-site RCT of Intensive Infant Rehabilitation
(IFACQUIRE). Access November 3, 2023. https://www.nihstrokenet.org/
trials/i-acquire/home

January 2024 185

NOILJIT103 TVINNILINID


https://clinicaltrials.gov/ct2/show/NCT03216837
https://clinicaltrials.gov/ct2/show/NCT03216837
https://community.internationalpediatricstroke.org/
https://internationalpediatricstroke.org/
https://www.nihstrokenet.org/trials/i-acquire/home
https://www.nihstrokenet.org/trials/i-acquire/home

Imaging

of Hemorrhagic

Check for
updates

Stroke in Children

James L. Leach, MD®*, Betul E. Derinkuyu, MD?, John Michael Taylor, MD®,

Sudhakar Vadivelu, bo¢

KEYWORDS

e Children ® Hemorrhagic ® Stroke ® Computed tomography ® MR imaging ® Brain ® Angiography

* DSA

KEY POINTS

o Nearly half of pediatric stroke cases are hemorrhagic, in contrast to adults where most stroke pre-

sentations are ischemic.

e There are substantial differences in etiology of hemorrhagic stroke in the preterm neonate, term

neonate, and older child.

e Vascular malformations predominate as a cause of hemorrhagic stroke in children and adolescents
while germinal matrix-intraventricular hemorrhage, venous thrombosis, and coagulopathies are

more common in neonates.

e Neuroimaging plays the key role in diagnosis. Identification of hemorrhage patterns associated with
common etiologies in each age group and application of rapid vascular imaging is critical for direct-

ing patient management.

INTRODUCTION

This study aims to provide a practical overview of
the causes and imaging findings in childhood hem-
orrhagic stroke (HS). HS is a clinical term, which
typically refers to an acute, nontraumatic, neuro-
logic presentation associated with intracranial
hemorrhage (ICH). It traditionally encompasses
spontaneous intraparenchymal hemorrhage (IPH)
with or without intraventricular extension, isolated
intraventricular hemorrhage (IVH), and nontrau-
matic subarachnoid hemorrhage (SAH). Despite
its common usage, the term “hemorrhagic stroke”
remains confusing. It has occasionally been used
to imply hemorrhagic transformation of arterial
ischemic stroke and is often used to describe
hemorrhagic cerebral venous thrombosis (CVT).

Notably, some authors exclude one or both condi-
tions under the general “hemorrhagic stroke” defi-
nition." For the purposes of this review, HS will be
defined as those acute clinical scenarios where
nontraumatic spontaneous ICH is the dominant
feature. Since a broadening spectrum of CVT is
an increasingly recognized underlying cause of
IPH and HS across the pediatric age cohort
(particularly in neonates), it will be reviewed in
this article. Hemorrhagic transformation of arterial
ischemic stroke and hypoxic ischemic encepha-
lopathy typically does not present with ICH as
the dominant or sole imaging finding® and is not
specifically discussed in this study.

Although stroke (ischemic and hemorrhagic) in
childhood is uncommon compared to stroke in
adults (estimated incidence of 2-13 per 100,000
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children per year), pediatric stroke can result in
significant long-term disability and mortality.>*
In contrast to adults where ischemic stroke pre-
dominates (85%), nearly half of all pediatric
stroke is hemorrhagic.“® Notably, the impor-
tance of HS relative to ischemic stroke varies
across different age groups within the pediatric
population. While ischemic stroke predominates
in the first year of life, hemorrhagic stroke is
more common between the ages of 1 and
14 years. In the latter half of the second decade
of life, as adult physiology and stroke risk factors
set in, ischemic stroke predominates. Most pa-
tients with HS are critically ill with up to 73%
requiring intensive care unit admission.” Delayed
diagnosis or misdiagnosis of HS negatively af-
fects outcome due to the potential for progressive
bleeding over time and increased risk of rebleed-
ing with rapid clinical deterioration and neurologic
injury.® Early and accurate neuroimaging assess-
ment with prompt diagnosis is crucial for guiding
interdisciplinary management and informing
acute treatment.

ETIOLOGY OF HEMORRHAGIC STROKE IN
CHILDREN

Multiple clinical studies have addressed the un-
derlying causes of HS in children®'° with marked
variability between cohorts and definitions. Most
studies have excluded neonates, and many
exclude CVT. Moreover, some studies only include
IPH, while others include all subtypes of ICH.%~*
What is clear from these studies is that etiologies
and imaging patterns are quite different in the
neonatal period versus older children and that pre-
term neonates differ significantly from term neo-
nates (Box 1)."'%'% In preterm neonates, HS is
more commonly related to venous thrombosis,
coagulopathy, and the spectrum of hemorrhagic
germinal matrix pathologies, which includes
germinal matrix-intraventricular hemorrhage (GM-
IVH) and periventricular hemorrhagic infarction
(PVHI). In term neonates CVT, medullary venous
thrombosis (MVT), subpial hemorrhage (SPH),
coagulopathies, and hemorrhagic transformation
of arterial ischemic stroke are more common
causes of nontraumatic ICH, with vascular malfor-
mations and aneurysms much less commonly
seen. In many cases of neonatal HS, no cause
can be identified. 3 In older children and adoles-
cents, vascular malformations strongly predomi-
nate as a cause of ICH (60%), most commonly
cerebral arteriovenous malformations (AVM) and
cerebral cavernous malformations (CCM).%>™°
Importantly, cerebral arteriovenous shunt lesions,
including cerebral AVM and pial arteriovenous

fistulae (pAVFs), are the leading cause of hemor-
rhagic stroke in the first two decades of life. Since
these high-flow vascular lesions are surgically or
endovascularly treatable and carry a high risk of
life-threatening recurrent hemorrhage, they should
be recognized early in the diagnostic evaluation of
children with HS. Cerebral aneurysms have similar
implications, though these are significantly less
common as a cause of HS in children.

IMAGING EVALUATION

When a child presents with an abrupt onset of a
neurologic deficit, ischemic or hemorrhagic stroke
is often the presumed diagnosis. While stroke
mimics (postictal state or migraine) are more com-
mon in children than in adults,” rapid neuroimag-
ing is essential to guide therapy and to exclude
ICH as a cause.

The choice of imaging modality for children with
an acute neurologic deficit should be driven by
clinical presentation, age, modality availability,
and likely cause. Many pediatric stroke guidelines
recommend brain MR imaging as an initial imaging
modality especially in suspected arterial ischemic
stroke, as computed tomography (CT) is less sen-
sitive for the detection of early ischemic abnormal-
ities.’®'®  Round-the-clock availability for MR
imaging in pediatric patients is not universal; MR
imaging often requires sedation or anesthesia in
young children and entails longer preparation
and imaging times. Given the higher prevalence
of HS in children compared to adults, exclusion
of ICH as an etiology of stroke symptoms is a crit-
ical first step in evaluating these patients.

Noncontrast head CT is the initial study of
choice in emergency settings (particularly in unsta-
ble patients) because of its near universal availabil-
ity, rapid image acquisition, high sensitivity for
acute hemorrhage®®?" and ability to perform in
almost all patients without sedation (particularly
important in the pediatric population).?>?® CT
angiography (CTA) and/or CT-venography (CTV)
can be performed immediately after the identifica-
tion of spontaneous ICH. CTA has a high sensi-
tivity and specificity (90%-100%) in identifying
vascular malformations and other potential causes
of ICH?* although as discussed later may be nega-
tive in the acute stage because of local mass effect
and/or vasospasm. CT utilizes ionizing radiation,
and even with modern dose reduction techniques,
there is concern for use in children.?® In the acute
clinical scenario, time is of the essence and rapid
diagnosis of a vascular cause is of paramount clin-
ical importance. Head CT followed by CTA/CTV (if
indicated) should be considered as the first-choice
examination.
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Box 1
Common etiologies of hemorrhagic stroke by age group in children

Neonatal: Preterm (0-28 days, < 34-36 week gestation)

e Germinal matrix-intraventricular hemorrhage-periventricular hemorrhagic infarction spectrum
(GMH-IVH-PVHI)

e Cerebellar hemorrhage
e Cerebral venous thrombosis with associated parenchymal hemorrhage
o Medullary Vein Thrombosis (MVT)
e Hematologic/coagulopathy
o Coagulopathy (iatrogenic/ECMO), hemophilia, and vitamin K deficiency, thrombocytopenia
e Diffuse hypoxic ischemic injury with associated parenchymal hemorrhage
e Arterial ischemic infarction with associated parenchymal hemorrhage
e Unknown
Neonatal: Term/near term (0-28 days, >34-36 week gestation)
e Cerebral venous thrombosis with associated parenchymal hemorrhage
o Dural sinus thrombosis without or with cortical, deep, or MVT
o Isolated cortical venous thrombosis
o MVT
e Arterial ischemic infarction with associated parenchymal hemorrhage
e GMH-IVH-PVHI
e SPH
e Hematologic/coagulopathy
o Coagulopathy (iatrogenic and ECMO), hemophilia, vitamin K deficiency, and thrombocytopenia
e Unknown
Childhood
e Vascular
o Arteriovenous malformation
o Cavernous malformation
o Aneurysm
o Arteriovenous fistula
e Hematologic/cardiac
o Coagulopathy (iatrogenic and ECMO), hemophilia, and thrombocytopenia
e Cerebral venous thrombosis with associated parenchymal hemorrhage
o Dural sinus thrombosis without or with cortical, deep, or MVT
o Isolated cortical venous thrombosis
e Arterial ischemic infarction with associated parenchymal hemorrhage
e Neoplastic

Etiologies are listed in rough order as most common to least common in each age group based upon
published data.®'%12-1> More cases of HS are of unknown etiology in neonates than in older children.
Details regarding the estimated etiology prevalence in each group is provided in the text.

In a clinically stable patient, as an initial follow- very useful given its higher sensitivity for brain
up examination when a cause is not identified by parenchymal abnormalities and ability to differen-
CT/CTA/CTV, or when the findings of CT/CTA/ tiate high flow from low flow vascular pathology.
CTV require further clarification, MR imaging is Besides conventional noncontrast sequences,
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additional MR imaging techniques are helpful.
Gradient-recalled echo (GRE) or susceptibility-
weighted imaging (SWI) should always be per-
formed given high sensitivity for hemorrhage
(particularly subacute and chronic hemorrhage)®®
as well as sensitivity for intraluminal thrombus
(arterial and venous). Noncontrast time-of-flight
(TOF), contrast-enhanced magnetic resonance
angiography (MRA), and MR venography (MRV)
should also be considered. MRA coverage should
be tailored to cover the hemorrhagic area and sur-
rounding regions. Contrast-enhanced MR imaging
(optimally using volumetric-isotropic techniques
that allow multiplanar reformations) is important
to assess vascular malformations with complex
flow and to optimally assess for venous thrombus.
Time-resolved 4 dimensional contrast-enhanced
MRA (4D MRA) can be very useful to detect arte-
riovenous shunt lesions, but often it has limitations
related to spatial resolution and temporal resolu-
tion depending upon the sequence and magnet
field strength and may be more limited in sensi-
tivity in the acute setting.?” Arterial spin labeling
(ASL) is a more recent technique that can detect
focal areas that characterize arteriovenous shunt
lesions. ASL has shown excellent sensitivity for
high-flow vascular lesions in the initial workup of
IPH in children. In one report of 121 children with
nontraumatic IPH studied by catheter-directed
digital subtraction angiography (DSA), ASL imag-
ing showed a high sensitivity (90%), specificity
(97%), and accuracy (92%) for the detection of
arteriovenous shunt lesions.?” Its performance
was better than conventional contrast-enhanced
MR imaging without ASL, 4D MRA, and CTA for
the detection of an arteriovenous shunt lesion.
Incorporation of ASL (always performed precon-
trast administration) is highly recommended in
the MR imaging workup of children with sponta-
neous ICH. It is important to note that MR imaging
and CT/CTA/CTV can provide complementary in-
formation regarding causes of HS and are often
both performed in the pediatric cohort.?®
Catheter-directed DSA remains the reference
standard imaging technique for intracranial
vascular evaluation, with superior sensitivity and
specificity for the detection of vascular etiology
in children with HS," and an excellent safety profile
when performed by experienced operators in
specialized pediatric centers.?® Catheter-directed
DSA can detect subtle arteriovenous shunt lesions
or aneurysms that escape detection by CT and MR
imaging given its unsurpassed temporal and
spatial resolution, and it is, therefore, an essential
diagnostic study in children with HS. Moreover,
detailed angioarchitectural and hemodynamic
data uniquely available from catheter-directed

DSA analysis are vital for guiding the formulation
and execution of a definitive treatment plan in chil-
dren with HS.2° The timing of performing catheter-
directed DSA performance in a child with ICH
depends upon the clinical stability of the patient,
intracranial pressure, neurologic status, results of
previous noninvasive imaging, and timing of
planned endovascular or surgical therapy. If imag-
ing evaluations are negative in the acute phase of
HS, delayed imaging including repeat catheter-
directed DSA should be strongly considered, as
well as comprehensive hematologic workup.
Vasospasm, transient thrombosis, and compres-
sion of blood vessels by adjacent hematoma
may transiently mask the underlying vascular
lesion in the acute setting.>>" The timing of the
follow-up evaluation depends upon the suspected
etiology but is typically performed within 1 to
3 months.

In neonates, head ultrasound (HUS) is a useful
and easily performed screening study for the diag-
nosis of GM-IVH or a large IPH that is typically
associated with PVHI.®23% HUS is often the first
screening test obtained in preterm neonates and
in term neonates with neurologic deficits or sei-
zures. While MR imaging is more sensitive for the
detection of ICH and brain parenchymal ischemia,
HUS can identify clinically significant GMH-IVH,
PVHI, and ventriculomegaly without the need for
patient transport from the neonatal intensive care
unit or sedation.®?> Commonly, serial HUS are per-
formed in preterm infants to identify clinically sig-
nificant hemorrhagic and ischemic injuries, with
brain MR imaging performed at term equivalent
age (TEA) for more detailed brain parenchymal
assessment or to answer clinically relevant ques-
tions (eg, suspected CVT in a term neonate).®*3°

The imaging patterns and findings of the more
common causes of spontaneous (nontraumatic)
ICH in children are reviewed.

Neonatal Hemorrhagic Stroke

The majority of spontaneous ICH cases with iden-
tifiable cause in this age group are related to GMH-
IVH and PVHI in the preterm neonate, and CVT or
coagulopathy in the term neonate.’® As stated, in
many neonates with HS no definite cause can be
found.'>'® Neonatal HS is distinct from HS in
any other period of life due to specific develop-
mental risk factors, unique developmentally spe-
cific pathophysiologic mechanisms, and lifelong
consequences.’® The common HS etiologies of
preterm and term neonates are listed in Box 1.

Germinal matrix-intraventricular hemorrhage
GMH-IVH is a multifactorial brain injury seen
predominantly in preterm newborns before the



germinal matrix completely involutes (approxi-
mately the 34th week of gestation). It is especially
common in those younger than 32 weeks of gesta-
tion (very preterm). GMH is thought to occur when
perinatal stress triggers a sudden or marked alter-
ation of blood flow or venous pressure in the rich,
immature, and fragile vascular network of the sub-
ependymal germinal matrix. GMH may secondarily
disrupt the ependyma and extend into the lateral
ventricles, resulting in IVH. Most cases occur
within the first week of life of preterm neonates,
particularly in the first 72 hours.'>3%3” The main
risk factors for GMH-IVH are low gestational age,
low birth weight, and perinatal distress. GMH can
occur anywhere along the germinal matrix, most
common in the caudothalamic groove region.
GM-IVH has traditionally been graded using the
Papile system (Grade |—isolated GMH, Grade
Il—GMH and IVH without ventriculomegaly, Grade
II—GMH and IVH with ventriculomegaly, and
Grade IV—associated IPH [now termed PVHI]).*8
High-grade GMH-IVH is usually symptomatic and
associated with abnormal neurodevelopmental
outcomes such as posthemorrhagic hydrocepha-
lus, cerebral palsy, epilepsy, and severe cognitive
impairment.’> While HUS is the most common im-
aging study performed to assess GMH-IVH, MR
imaging is more sensitive and specific.>° In a
recent study, up to 50% of neonates with a normal
HUS show mild GMH-IVH (Grades I-1l) on MR im-
aging at TEA. Conversely, up to 60% of neonates
with a normal brain MR imaging had grade | or Il
GMH-IVH identified on HUS.*° While MR imaging
may have higher sensitivity and specificity, GMH-
IVH is typically diagnosed by HUS, which is
routinely done at birth in premature neonates and
then through the first few weeks of life. HUS has
excellent sensitivity for higher grades of GM-IVH
and clinically important ventriculomegaly. The
characteristic findings of subependymal hypere-
choic globular thickening detected during the first
week of life (usually remaining visible for a few
weeks) and mixed echogenicity within the lateral
ventricles (with or without enlargement) have
been well described®**!2 (Fig. 1). Imaging find-
ings of GMH-IVH on MR imaging are best delin-
eated using SWI, which is highly sensitive for
IVH, IPH, and SAH.4°

Periventricular hemorrhagic infarction

Grade IV GMH-IVH is currently termed PVHI and is
thought to be a type of hemorrhagic periventricular
venous infarction precipitated by impairment of
deep medullary venous drainage resulting from
compression of the terminal (thalamostriate) vein
distributions by adjacent subependymal germinal
matrix hemorrhage.*>** Notably, deep medullary
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vein thrombosis (MVT) may also occur without
GMH (see later discussion). PVHI can occur in any
grade (I-Ill) of GMH-IVH but is most common with
grade IIl.*" The critical venous structures involved
in the pathogenesis of PVHI are the superior thala-
mostriate vein (superior terminal vein) tributary of
the internal cerebral vein (ICV), which drains the in-
ternal capsule and corpus striatum, and the inferior
thalamostriate vein (inferior terminal vein) tributary
of the basal vein of Rosenthal, which drains the
periventricular temporal lobe.*® The unusual “U-
shaped” morphology of the superior thalamostriate
vein in the caudothalamic groove region, near the
foramen of Monro, is believed to predispose to
venous obstruction by adjacent subependymal
hemorrhage resulting in thrombosis and the
ensuing complications that result from impairment
of deep medullary venous drainage.*®

PVHI occurs in 4% to 11% of preterm newborns,
is most commonly unilateral (90%), adjacent to re-
gions of GMM-IVH (84% grade lll), and typically
within the periventricular white matter of the parietal
and posterior frontal regions.*”*8 PVHI continues to
have a high mortality (40%) with over two-thirds of
survivors having severe motor and cognitive defi-
cits. #4950 The location of the PVHI correlates well
with functional outcome. Those neonates with
PVHI involving the superior and middle terminal
vein territory (caudate and central corona radiata in
the parietal/posterior frontal regions) are more likely
to have severe hemiplegia.*® Diffusion tensor imag-
ing (DTI) of the internal capsule can be useful for the
prediction of motor outcomes.>" When a GMH or
PVHI-like pattern is identified after 32 weeks, it is
more likely to be an epiphenomenon of other injuries
such as primary venous thrombosis.*?

PVHI has a very typical imaging pattern (see
Fig. 1). On HUS, PVHI is typically diagnosed as a
focal unilateral or less commonly asymmetric bilat-
eral fan-shaped periventricular white matter hyper-
echogenicity often extending from a region of
GMH.*"%2 Qver time, the echogenicity decreases
and the resulting periventricular encephalomalacia
results in a porencephalic cyst communicating with
the ventricle. On MR imaging, PVHI signal depends
upon the age of the hemorrhage with typical
marked susceptibility effect on SWI. In the acute
stage, surrounding edema is common with variable
diffusion restriction. Engorged and/or thrombosed
medullary veins can be identified on SWI but may
be obscured by adjacent IPH.'* As on HUS, evolu-
tion of the IPH occurs often with resultant typical
porencephaly.

Medullary vein thrombosis
MVT is an increasingly recognized cause of IPH
and brain injury in preterm and term neonates®>-°°
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Fig. 1. Hemorrhagic germinal matrix spectrum pathology (germinal matrix hemorrhage-intraventricular hemor-
rhage [GMH-IVH]-periventricular hemorrhagic infarction [PVHI]). (A) A 28 week gestation premature neonate.
Initial head ultrasound (US) at day of life (DOL) 1 demonstrates mixed echogenicity IVH and a large area of hyper-
echogenicity compatible with PVHI in the left periventricular white matter (dashed arrows). Brain MR imaging
performed the next day. Coronal T2-weighted image (T2) demonstrates predominantly hypointense intraventric-
ular hemorrhage (solid arrows) and fan-shaped intraparenchymal hemorrhage extending along thrombosed
medullary veins (dashed arrows). Adjacent edema in the brain parenchyma is noted (*). Coronal T2-weighted im-
age 3 months later (3m T2) demonstrates typical porencephaly related to PVHI (solid arrows). (B) Former 34 week
gestational neonate, DOL 5 with increased irritability and difficulty feeding. US demonstrates large flame-shaped
echogenicity in the right periventricular white matter consistent with PVHI (solid arrows). Head CT (CT) demon-
strates extensive IVH (dashed arrows), GMH (arrowhead), and irregular PVHI (solid arrow). Thrombosed medullary
veins with adjacent parenchymal hemorrhage are well demonstrated on T2-weighted coronal (T2) and
susceptibility-weighted coronal (SWI) brain MR imaging performed the next day (solid arrows). Large GMH

and adjacent IVH are noted (dashed arrow).

and can occur in isolation, with GM-IVH (PVHI,
described in earlier discussion), with dural sinus
thrombosis or with SPH (as described in later dis-
cussion). The medullary venous system can be
divided into the superficial ventriculofugal system
(draining the subcortical white matter toward
cortical veins on the brain surface) and the deep
ventriculopetal system (draining toward the sube-
pendymal and deep veins). Anastomotic veins
can bridge these 2 systems, and drainage patterns
can overlap.®® The deep medullary veins are a part
of the deep venous system draining the white mat-
ter and striatum and originate 1 to 2 cm deep to the
pial surface.®® They have radial orientation perpen-
dicular to the lateral ventricles with drainage to the
subependymal veins and subsequently via the ICV
and basal vein of Rosenthal to the vein of Galen.
Imaging findings of MVT are best identified on

MR imaging. MVT should be considered in the
setting of a fan-shaped area of edema and hemor-
rhagic signal extending from the ventricular margin
into the deep white matter and/or basal ganglia
(Fig. 2A). IPH (petechial, small punctate, and larger
hematomas) can be seen in most cases. Multifocal
deep white matter and corpus callosum edema/
infarction can also be present depending on the
drainage territory of the involved vein(s).52°% The
SWI sequence outlines the engorged/thrombosed
medullary veins in a typical radial pattern extend-
ing into the deep white matter. As the medullary
veins are not typically identified with venographic
techniques or contrast administration, confirma-
tion of occlusion of the medullary veins is often
not possible.’® Because of this some authors
have used the term medullary vein engorgement
to describe this appearance.®® MRV and contrast
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Fig. 2. Subpial hemorrhage (SPH) and medullary venous congestion/thrombosis (MVT). (A) A 2 day old male in-
fant, 38 weeks’ gestation age at delivery. Left arm and leg jerking consistent with seizure. Head CT demonstrates
a sizable hemorrhage along the surface of the right frontal lobe (*) focally distorting the adjacent brain paren-
chyma. Irregular subcortical hemorrhage is present (dashed arrow). Intervening cortex is hypodense consistent
with edema (arrowhead). Coronal and axial T2-weighted images (T2) show similar superficial hemorrhage (*) dis-
placing the brain parenchyma with cortical edema (arrowhead) and irregular subcortical hemorrhage with
morphology consistent with engorged or thrombosed medullary veins (dashed arrows). Localized cortical diffu-
sion restriction of the cortex is noted (DWI, arrows). Thrombosed ependymal and medullary veins are more
readily demonstrated on SWI (SWI arrows). CTA was performed without evidence of vascular malformation,
DVA, or cortical venous thrombosis. Hematologic workup documented a prothrombotic Factor V Leiden muta-
tion. (B) A 2 day old male infant, term gestation with prolonged traumatic delivery followed by seizure activity
postnatally. Localized superficial subpial hemorrhage noted along left temporal lobe on CT (arrow), with dis-
placed edematous cortex (dashed arrows), and subcortical hemorrhage (arrowhead). On MR imaging (T1 and
T2), the subpial hemorrhage was T2 hypointense, and T1 hyperintense (arrows), compatible with early subacute
hemorrhage with displaced edematous brain (dashed arrows). Diffusion restriction compatible with cortical
infarction is noted (DWI, dashed arrows). On SWI, adjacent thrombosed/engorged medullary veins were noted

(SWI, arrows).

administration, however, are important to identify
any associated CVT in these cases. Edema (cyto-
toxic and vasogenic) and IPH are seen in most
cases (98%) with resultant encephalomalacia on
follow-up imaging.®2-°3

Subpial hemorrhage

SPH is a form of ICH more commonly seen in term
neonates, characterized by bleeding into a poten-
tial space between the glia limitans (outermost
layer of the astrocytic foot processes in the
neocortex) and the pia mater, distinct from the
subarachnoid space.>”-°® SPH is thought to repre-
sent up to 15% of ICH in the neonatal period.*®
Many risk factors (birth trauma, neonatal asphyxia,
fetal head molding with venous compression, and
venous thrombosis) have been suggested but the
exact pathophysiology is still uncertain. It has
been proposed that a primary injury to the glia lim-
itans with rupture of intracortical vessels results in

subpial pooling of hemorrhage and elevation of the
pia mater, which secondarily causes mechanical
compression of traversing venous structures
resulting in venous thrombosis, venous hyperten-
sion, and focal cortical infarction.>®:¢° While HUS
and CT can identify the characteristic hemorrhage
pattern, MR imaging can more completely charac-
terize SPH and associated brain injuries.®® Local-
ized hemorrhagic signal is identified closely
opposed to the superficial cortex, often elliptical
in shape with the long axis tangential to the brain
surface. A key feature is that the cortex is
deformed and displaced away from the elevated
layer of pia mater by the hemorrhagic collection®®
(see Fig. 2). There is often cortical and subcortical
injury identified as increased T2/FLAIR (fluid-atten-
uated inversion recovery) signal and associated
cortical diffusion restriction complicated by paren-
chymal hemorrhage (up to 67%).°" The intense
susceptibility effect on SWI images can mask the
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characteristic subpial location of the hemorrhage,
which is better assessed on T2-weighted images.
Notably, SAH may coexist with SPH.®' Temporal
lobe involvement is the most common location
for SPH (52%-82% of cases).®"%? In many cases
(76%-100%), imaging findings suggesting deep
and/or superficial MVT or congestion are identi-
fied®*%2 (see Fig. 2B). While earlier reports sug-
gested that cortical vein thrombosis might be a
common etiology in temporal lobe SPH, confirma-
tory evidence of this is rare.’%¢" In the absence of
associated parenchymal infarction and/or paren-
chymal hemorrhage, SPH can resolve without im-
aging sequelae.®’ Neurologic deficits relate to the
location and extent of parenchymal injury. While
many patients (60%-70%) have normal neurologic
examination at discharge and generally good
neurologic outcomes, long-term effects such as
language delays, mild hemiparesis, and epilepsy
can result.61.62

Cerebral Venous Thrombosis

Thrombosis of the dural venous sinuses and/or
cortical veins (CVT) is a common cause of sponta-
neous ICH in children. Also, as noted earlier,
venous thrombosis or hypertension is thought to
be atleast a contributory factor in the pathogenesis
of GM-IVH, the likely cause of PVHI, and an impor-
tant pathogenic factor in some cases of neonatal
SPH. lIts incidence is probably underestimated
but is approximately 0.4 to 1.1 cases/100,000/y in
children overall, 6.4/100,000/y in neonates and in-
fants, 0.6 to 0.8/100,000/y in younger children,
and 1.2/100,000/y in adolescents.®®*% There is a
high prevalence (up to 43% of pediatric HS cases)
in the neonatal period.®® In neonates and younger
children, there is a male predominance.558
Conversely, in adolescents and adults, CVT is
much more common in female individuals.®8-6°

Clinical presentation is variable and often
nonspecific including seizures, encephalopathy,
and altered levels of consciousness. Focal neuro-
logic findings are more common in patients with
parenchymal sequelae of CVT (localized edema,
venous infarction, or IPH).”® As in adults, CVT in
neonates, infants, and children is often multifacto-
rial in etiology. A predisposing condition can be
identified in up to 95% of cases including febrile
illness, dehydration, head and neck infection
(sinusitis and oto-mastoiditis), genetic and ac-
quired prothrombotic states, bacterial meningitis,
anemia, and L-asparaginase therapy for acute lym-
phocytic leukemia (ALL).6%70-7"

Imaging findings of CVT are well docu-
mented®®72-"4 (Figs. 3and 4). Clues to the diagnosis
of CVT as a cause of IPH include hyperdense

(thrombus-filled) dural venous sinuses or cortical
veins on noncontrast CT, filing defects in dural
venous sinuses and cortical veins on CTV and
postcontrast MR imaging sequences (including
postcontrast MRV), and absent or decreased flow-
related enhancement of dural venous sinuses on
noncontrast MRV. SWI sequences are critical on
MR imaging for directly identifying thrombosed
venous segments and associated venous engorge-
ment’® and can be a key clue to venous thrombosis
as an etiology for parenchymal hemorrhage (see
Fig. 3B).

While imaging studies may show no paren-
chymal abnormality, parenchymal sequelae are
commonly found on imaging, occurring in 30%
to 60% of cases, with an increased prevalence in
neonates.®*”® Parenchymal changes can repre-
sent vasogenic edema, parenchymal infarction,
and parenchymal hemorrhage. Up to 76% of the
parenchymal abnormalities in neonates and in-
fants and 33% of those in older children are hem-
orrhagic.”® Thalamic, basal ganglia, deep white
matter, and IVHs (related to deep venous occlu-
sion) are more common in neonates than in older
children and adults with CVT.%>77-78 Multiple pat-
terns may coexist.

The pathophysiology of parenchymal abnormal-
ities in CVT is thought to be related to venous hy-
pertension, which causes a secondary decrease in
local perfusion pressure resulting in cellular energy
depletion (potentially complicated by parenchymal
infarction), and blood-brain barrier disruption that
features vasogenic edema, and varying degrees
of mural integrity failure affecting microvascular
networks in the brain parenchyma.”®"® Recruit-
ment of collaterals after venous occlusion is
thought to be critical in preventing parenchymal
sequelae. Adaptive collateral venous drainage
can be achieved through microvascular anasto-
moses®® or variations in cortical venous anat-
omy.®" Cortical venous or medullary venous
involvement®2:83 [imits access of affected brain pa-
renchyma to collateral venous drainage pathways.
Consequently, parenchymal sequelae (including
parenchymal hemorrhage) are more common
with cortical vein involvement (associated with
dural sinus thrombosis or isolated cortical venous
thrombosis).82:84-86

Common parenchymal hemorrhage patterns
include lobar hemorrhage (particularly involving
the frontal and temporal lobes) with a multilobular
or flame-shaped morphology, hemorrhage associ-
ated with venous infarction manifesting cortical
diffusion restriction, and localized subcortical
hemorrhage.”> Multiple patterns can be seen in
the same patient. Bilateral frontal parenchymal
hemorrhages (superior sagittal sinus thrombosis
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Fig. 3. Cerebral venous thrombosis. (A) An 18 year old female patient with aplastic anemia presenting with head-
ache. Focal parenchymal hemorrhage noted in the right frontal lobe on the initial CT (arrows) with mild
surrounding edema. On MR imaging, T2-weighted images (T2) demonstrate localized T2 hypointense hemor-
rhage (arrow) with moderate surrounding edema (dashed arrows). CT venogram (CTV) was performed document-
ing filling defects within the superior sagittal sinus (5SS) and superficial cortical veins (arrows). TOF MR-venogram
(MRV) demonstrates the lack of flow-related enhancement in the SSS (arrow) and the lack of visualization of
cortical veins (outlined by circle) consistent with thrombosis. Because of the size of the hemorrhage, a
catheter-directed digital subtraction angiogram was performed to exclude an arteriovenous shunt lesion. This
documented segmental occlusion of the SSS (arrow) and associated cortical veins (outlined by circle) consistent
with thrombosis. (B) A 2 year old male patient with focal seizures. MR imaging of the brain was performed.
On T2-weighted images (T2), a focal area of cortical and subcortical edema is noted in the right parietal lobe (ar-
row). On SWI, a focal area of susceptibility effect is noted consistent with focal parenchymal hemorrhage in the
immediate subcortical region (arrow). The SSS and enlarged cortical veins exhibit extensive magnetic susceptibil-
ity blooming compatible with dural sinus and cortical vein thrombosis (dashed arrows). Absence of enhancement
of the SSS and cortical veins noted on postcontrast MRV (MRV +C, arrows), with cortical vein filling defects on
postcontrast sagittal T1 images (+C, arrows). Hematologic workup revealed a prothrombin G20210A mutation.

vascular malformations; here, we discuss their HS
implications.

pattern); lateral temporal lobe parenchymal hem-
orrhage and edema (transverse sinus thrombosis
pattern); unilateral or bilateral thalamic, caudate,
and/or deep white matter edema with associated
hemorrhage (deep venous system pattern) should
prompt strong consideration of CVT as an etiology
and should be evaluated with contrast administra-
tion and/or venographic techniques®® "2 (see Figs.
3 and 4).

Cerebral arteriovenous malformations

Cerebral AVMs are thought to be the cause of up
to 50% of cases of spontaneous IPH in children.®
In comparison to adults, hemorrhagic presentation
(75% vs 60%) and deep location (38% vs 18%) are
more common in children.*929% Adjusting for the

Vascular Malformations

Vascular malformations, including cerebral AVMs,
pAVFs, and cavernous malformations, are the
most common overall cause of HS (particularly
IPH) in children beyond the neonatal period.®'°
Vascular malformations are identified as the under-
lying cause of nontraumatic ICH in 44% to 87% of
nonperinatal pediatric cases.*'%"87-°1 |n a child
presenting with nontraumatic IPH, imaging exclu-
sion of a vascular malformation as a cause should
be a top priority. A separate article is devoted to

increased hemorrhagic presentation in children,
the long-term cumulative risk of brain AVM hemor-
rhage in children is similar to adults (approximately
2%-4% per year)* but mortality related to brain
AVMs is higher in children.®> Brain AVM hemor-
rhage patterns can be variable depending upon
nidus location, venous drainage pattern, and asso-
ciated aneurysms. Deep venous drainage (most
common with deep AVM location), single draining
vein and infratentorial location have been shown to
correlate with an increased risk of hemorrhage in
pediatric brain AVMs.®* A recent study found that
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TOF MRV

Fig. 4. Cerebral venous thrombosis. (A) Thalamic edema and hemorrhage with thrombosis of the deep venous
system. Three year old female patient with lethargy and altered mental status. T2-weighted axial MR image
(T2) at the level of foramen of Monro demonstrates marked edema and swelling of the right thalamus, with
milder edema in the left thalamus (arrows). On gradient recalled echo (GRE) sequence, marked ill-defined
feathery blooming effect is noted in the medial right thalamus (arrow), consistent with hemorrhage. Peripheral
diffusion restriction is noted on DWI (arrow). T1 hyperintense thrombus noted in the straight sinus, vein of Galen,
and proximal internal cerebral veins (arrows) consistent with thrombus. TOF MRV demonstrates lack of any flow-
related enhancement in the deep venous system consistent with thrombosis (region outlined by circle). (B)
Thrombosis of the transverse sinus and vein of Labbe’. A 14 year old female patient with headache and new onset
seizure. CT demonstrated focal hemorrhage in the right temporal lobe (arrow) with moderate surrounding
edema (dashed arrows). On MR imaging, edema with central mixed signal consistent with hemorrhage is noted
(arrows). On TOF-MRYV, thrombosis of the right transverse sinus is noted (arrow). On postcontrast MRV (MRV+C),
extensive filling defects are noted throughout the transverse sinus, sigmoid sinus and jugular bulb (arrows) as

well as the vein of Labbe’ (dashed arrows).

AVM with associated flow-related aneurysms
(perinidal and intranidal) were more likely hemor-
rhagic at presentation (94% vs 59%), have smaller
nidal size, and have a higher annual hemorrhage
risk if not obliterated compared to those AVMs
without associated aneurysms.®®

ICH occupying multiple intracranial compart-
ments (IPH, IVH, and SAH) is common with AVM
rupture. Approximately 50% of AVM-associated
ICHs are isolated IPH, 30% to 38% are IPH with
IVH or SAH, and 20% are isolated SAH.®® Noncon-
trast CT findings suggesting AVM as a source of
hemorrhage include dilated blood density tubular
structures. IPH is typically oblong within the brain
parenchyma suggesting a high-pressure vascular
rupture. On CTA, AVM nidus morphology/location,
dilated supplying arteries, and venous drainage
pattern can be identified with high sensitivity®”
(Fig. 5). In the acute setting, the AVM nidus may
not be readily visible on CTA (related to hematoma
compression, vasospasm, and transient throm-
bosis), especially if small and compact, but
enlarged feeding arteries and draining veins can

be identified and are an important clue to AVM diag-
nosis. Intranidal, perinidal, and feeding (afferent)
artery aneurysms, while detectable by CTA (and
should be searched for), are better seen by
catheter-directed DSA.°” MR imaging (particularly
with the use of ASL flow techniques) should be
considered in stable patients. As described earlier,
focal increase in ASL signal has a high sensitivity
for arteriovenous shunt lesions in the setting of
IPH, outperforming CTA in some studies.?” Flow-
related enhancement of ectatic vessels near the
location of hemorrhage and/or draining veins on
TOF MRA suggests an underlying arteriovenous
shunt lesion. If no vascular cause is found on imag-
ing, delayed imaging follow up is important.3%3

Pial arteriovenous fistulae

pAVFs consist of a monofocal arteriovenous shunt
zone constituted by a solitary pial vein or venous
pouch thatis arterialized by one or more pial arterial
feeders, predisposing it to marked degrees of
venous ectasia, variceal dilatation, and hemor-
rhage. The vast majority of pAVFs is congenital
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Fig. 5. Arteriovenous malformation with associated hemorrhage. (A) A 7 year old female patient with acute
onset of headache, confusion, and vomiting. CT demonstrated a left frontal lobe parenchymal hemorrhage (ar-
row) tapering toward the ventricle with intraventricular extension (dashed arrow). Minimal surrounding edema.
Immediately performed CTA demonstrated splaying of normal cerebral vascularity with an asymmetrically
enlarged vessel along the lateral margin of the hemorrhage suspicious for an arteriovenous shunt lesion (arrows).
MR imaging was performed and T2-weighted images demonstrated a T2-hypointense hemorrhage (arrow) with
prominent vessels along the left frontal lobe surface (dashed arrows). ASL images demonstrated focal increased
ASL signal in superficial vessels along the lateral margin of the hemorrhage consistent with high flow arteriove-
nous shunting (arrows). Catheter-directed digital subtraction angiogram (DSA) revealed arteriovenous shunting
through a nidal AVM along the dorsal lateral aspect of the hematoma (outline), supplied by frontal branches of
the left middle cerebral artery, with venous drainage to a frontal cortical vein (corresponding to the enlarged
vascularity seen by CTA and high flow on ASL). (B) A 15 year old male patient with sudden headache, vomiting,
and unresponsiveness, glasgow coma scale 3/15 on arrival to hospital. CT revealed a large cerebellar hemorrhage
(arrow) with intraventricular extension, and extensive subarachnoid hemorrhage (dashed arrows). Immediately
performed CTA demonstrated abnormally ectatic vessels (arrows) localized along the inferior margin of the he-
matoma suggesting a nidal AVM. The hemorrhage was hypointense on MR (T2, arrows) with localized high flow
signal on ASL along the inferior hematoma consistent with shunting (ASL, arrow). Catheter-directed DSA demon-
strated a nidus supplied by branches of the left posterior inferior cerebellar artery (arrow). Despite emergency
posterior fossa decompression and embolization, the patient did not regain neurologic function and expired.

and present in infancy or early childhood, in contra-
distinction to cerebral AVMs that typically present
in older children. Although some angioarchitectural
features of pAVFs overlap with vein of Galen
malformations (VOGM), intracranial hemorrhagic
complications are exceedingly rare in patients
with VOGM prior to adolescence. Consequently,
VOGM is generally not considered in the differential
diagnosis of pediatric hemorrhagic stroke.

pAVFs are predisposed to rupture, making them
an important cause of pediatric HS. The markedly
elevated pial venous pressures associated with
pAVFs leads to secondary complications of venous
hypertension including subependymal white
matter injury, cortical atrophy, parenchymal calcifi-
cation, encephaloclastic changes, high-flow
occlusive venopathy, and communicating hydro-
cephalus.®®°° Hemorrhage can occur at presenta-
tion in approximately 20% to 25% of cases.'% 10"

Hemorrhagic presentation is more common in
older children/adults but can occur at any age.
Hemorrhage patterns are often mixed, with varying
degrees of IPH, IVH, and SAH depending upon the
location of the shunt and bleeding point (Fig. 6).
Successful endovascular treatment has been
reported in up to 90% of cases.'° There is a com-
mon (25%-30%) association with hereditary
hemorrhagic telangiectasia and RASA1 gene
mutations.’°0:102

Cavernous malformation

Up to 25% of all CCM manifest in childhood and
are thought to be the cause of up to 9% of HS
presentations in children.®'° Approximately 20%
of all CCMs are associated with developmental
venous anomaly (DVA), more commonly within
the posterior fossa.’®% When multiple CCMs
are identified on imaging in a patient not previously
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Fig. 6. Pial arteriovenous fistula. A 2 day old infant with hydrocephalus. (A) Hemorrhage after shunt placement.
CT demonstrates large amount of intraventricular hemorrhage (arrows). Subtle lobular regions of mild hyperden-
sity seen along the inferior frontal lobe adjacent to the hemorrhage concerning for a vascular lesion (dashed ar-
rows). Immediate CTA demonstrates a lobular venous aneurysm (arrows) in the inferior frontal region
corresponding to the areas of mild hyperdensity seen on CT. 3D reconstruction (3D-CTA) demonstrates a single
arterial feeder arising from the left anterior cerebral artery (arrow) and associated lobular venous aneurysm
(dashed arrows). (B) Catheter-directed DSA documents the feeder artery originating from the anterior cerebral
artery (arrow) with rapid venous drainage into the right superficial middle cerebral vein on the right (dashed ar-
row). Microcatheter injection (DSA-micro) at the fistulous point (arrowhead) demonstrates direct connection to
the venous aneurysm (arrow) and rapid flow into middle cerebral vein (dashed arrow). Embolization (EMBO) was

performed with onyx (onyx cast-arrows), totally occluding the fistula and venous drainage (post-EMBO).

treated with cranial radiotherapy, a genetic cause
(familial CCM) should be considered.%®

On CT imaging, CCM appearance depends upon
internal hemorrhagic product evolution, associated
extralesional hemorrhage, and associated calcifi-
cation. On MR imaging, CCM have a typical pattern
of a multilobular circumscribed lesion with a T2
hypointense rim that blooms on SWI/GRE se-
quences. Centrally the sinusoidal spaces have
differing signal intensities depending upon the
stage of internal blood products'®® (Fig. 7). Often
definitive diagnosis on CT is not possible with the
imaging differential being localized parenchymal
hemorrhage, AVM, or tumor. Recognizing the
typical MR imaging appearance of a CCM, associ-
ated DVA (if present), and additional CCM (sug-
gesting a familial CM syndrome) is often a useful
finding when diagnosing CCM as a cause for ICH.
With extensive intralesional or extralesional hemor-
rhage, the typical imaging features may not be pre-
sent and may only become manifest on delayed

imaging, or as a diagnosis of exclusion when care-
ful repeat MR imaging and catheter-directed DSA
fail to identify another cause.

Hemorrhage related to CCM is a major cause of
clinical symptoms and can occur within the CCM
(intralesional) or outside the CCM in the adjacent
brain parenchyma (extralesional). IVH can occur if
the CCM is in a subependymal location. The most
widely accepted definition of CCM hemorrhage is
an acute or subacute onset of lesion referable
symptoms in the context of imaging, pathologic,
surgical, or CSF evidence of recent extralesional
or intralesional hemorrhage.'®” Given that symp-
toms are lesion location dependent and that criteria
for intralesional and extralesional hemorrhage are
poorly defined, some authors have expanded this
definition to include more detailed imaging-based
criteria. Nikoubashman'%® in a study of pediatric
CCM defined acute CCM hemorrhage on MR imag-
ing as intralesional: acute or subacute internal
hemorrhagic sighal accompanied by lesion growth,
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Fig. 7. Cavernous malformation. (A) A 5 year old female patient with increasing headache and lethargy. CT
demonstrated a large (4 cm) hemorrhagic lesion in the left frontal lobe with surrounding edema (dashed arrows).
The hemorrhage was lobular with high density centrally and medially and lower density laterally. Immediate CTA
was performed, which did not demonstrate a shunting lesion or aneurysm. Subsequent MR imaging was
performed to differentiate between cerebral cavernous malformation (CCM) and neoplasm. T2-weighted and
T1-weighted images show a multilobular hemorrhagic lesion with central acute blood products (arrows) corre-
sponding to the hyperdensity on CT and more peripheral, less-circumscribed subacute hemorrhage (dashed
arrows) compatible with extralesional hemorrhage. An adjacent developmental venous anomaly was seen on
postcontrast images (arrowheads). Findings were consistent with CCM complicated by intralesional and extrale-
sional hemorrhage (documented surgically). (B) A 10 month old male patient with vomiting, right eye deviation,
and lethargy. Head CT demonstrates a hyperdense lesion (arrow) in the right pons with mild surrounding edema
(dashed arrows), and small calcifications. Immediate CTA did not show a shunting lesion or aneurysm. MR imag-
ing demonstrates a multilobular popcorn like mass with dark T2 signal surrounding multiple circumscribed inter-
nal spaces (some with fluid levels, arrows). On T1, many of the areas exhibit isointense and hyperintense signal
consistent with a mix of acute and subacute blood products. There is adjacent edema (dashed arrow). Imaging
findings consistent with CCM. Multiple additional small CCM identified (arrows) in both cerebral hemispheres
on SWI suggesting a familial CCM syndrome.

mass effect, or surrounding edema and extrale-
sional: gross extralesional hemorrhage manifested
as acute or subacute blood degradation products
outside the confines of the CCM. Because of vary-
ing criteria and differences in cohorts, hemorrhage
rates in CCM have been variably reported. In chil-
dren, the overall annual hemorrhage rate of CCM
is approximately 3%'°° or 4.5%/lesion/year,’%®
with much higher annual rates in CCM initially
presenting with hemorrhage (11%).'°® Prior CCM
hemorrhage and brainstem location have univer-
sally been reported as the most significant risk fac-
tors for subsequent CCM hemorrhage. 09110
Imaging appearance has also been shown to
correlate with annual hemorrhage risk: CCM with
acute or subacute internal blood products—23%,

CCM without acute or subacute blood products—
3.4%, and dot-sized SWI or GRE lesions—
1.3%."9% Hemorrhage risk is highest in the first
3 years after initial hemorrhage.'%"1% While an
associated DVA has been suggested as a risk fac-
tor for hemorrhage by some authors,’® others
have not found this association.''%"""% Lesions
located within the brainstem or near eloquent cor-
tex are more often symptomatic related to CCM
expansion and extralesional hemorrhage.''%114

Intracranial Arterial Aneurysms

While intracranial arterial aneurysms (IAAs) rupture
is a less common clinical presentation in children
than in adults, they are responsible for 10% to
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Fig. 8. Intracranial arterial aneurysm. (A) A 15 year old male patient who lost consciousness in the shower. CT
shows a large parenchymal hemorrhage in the right frontal lobe (arrow) extending into the right lateral
ventricle, extensive subarachnoid hemorrhage in the right sylvian fissure, basal cisterns, and cerebral sulci (arrow-
heads). In the right sylvian region, an area of intermediate-to-high density noted within the hemorrhage with an
associated tiny calcification (dashed arrows). CTA demonstrates a giant (26 mm) lobular fusiform aneurysm
arising from the right middle cerebral artery bifurcation intrinsically involving the superior M2 division (arrow),
surrounded by hemorrhage (dashed arrows). (B) A 13 year old male patient with history of aortic coarctation pre-
sented with vomiting and acute headache. Head CT reveals diffuse SAH, more prominent in the right suprasellar
cistern (arrowheads). Immediate CTA demonstrates a small aneurysm from the right carotid terminus at the origin
of the right A1 segment. Catheter-directed DSA confirms the aneurysm and its angioarchitecture is further eluci-

dated by reconstructed 3D images generated with rotational angiography (DSA rot).

15% of childhood HS and up to 60% of isolated
spontaneous SAH in children.® Overall, pediatric
IAAs present with ICH in 35% to 50% of identified
cases.''>"® Aneurysm rupture typically causes
isolated SAH (80%) but can also cause IVH and
IPH (20%).° Although flow-related mechanical
stresses caused by arteriovenous shunt lesions
often lead to aneurysm formation and rupture, in
such cases, the underlying arteriovenous shunt
lesion usually dominates the diagnostic picture.
Noncontrast CT is highly sensitive for SAH (93 %-—
100%) particularly in the first 6 hours after headache
onset.""” Typically immediate CTA is performed af-
ter identification of nontraumatic SAH,"'® and it can
identify the cause in 80% to 95% of patients.’"®
When negative, catheter-directed DSA should be
performed and can identify vascular pathology in
up to 13% of CTA-negative cases. If both CTA and
DSA are negative, follow-up CTA and or DSA
are recommended (additional yield of 4%).""° Pedi-
atric IAAs arise more commonly in the posterior

circulation and from the internal carotid artery termi-
nus compared to adults (Fig. 8B). Giant (>25 mm)
and fusiform aneurysms are more common in young
children and infants''6120:121 (Fig. 8A). While idio-
pathic IAAs are the most common type identified
in children (asinadults), infectious and traumatic an-
eurysms are more common in children. The pres-
ence of multiple cerebral aneurysms (particularly
when located distal to the circle of Willis) in a febrile
patient (particularly if immunocompromised or with
cardiac valve vegetations) should be considered
highly suspicious for infectious aneurysms.

Coagulopathy-related Hemorrhagic Stroke

Disorders of coagulation (iatrogenic, hematologic,
or hereditary) are a cause of pediatric HS in 12% to
30% of cases depending upon the age cohort
evaluated, being more common in children aged
less than 2 years.>'%12-1% Coagulopathy related
to the treatment of congenital cardiac disease or
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Fig. 9. Coagulopathy-related hemorrhage. (A) A 3 month old male patient with increased fussiness and vomiting.
Head CT demonstrates a huge lobular left frontal lobe IPH (arrow) and adjacent subarachnoid hemorrhage
(arrowhead). Multiple fluid—fluid levels are identified consistent with nonclotting blood products (dashed ar-
rows). CTA was performed, which shows no evidence of shunting lesion, aneurysm, or dural sinus thrombosis.
MR imaging performed after hemicraniectomy demonstrates T2 hypointense hemorrhage (arrows) with sur-
rounding edema. MRA (not shown) and ASL images show no evidence of shunting (ASL, region outlined by cir-
cle). Detailed hematological studies identified a profound coagulopathy secondary to acquired vitamin K
deficiency in the setting of autosomal recessive progressive familial intrahepatic cholestasis-type 4. Follow-up
MR imaging/MRA/MRY as the clot retracted showed no vascular abnormalities. (B) An 11 day old female infant
(38 weeks’ gestation) with congenital diaphragmatic hernia and pulmonary hypoplasia, on ECMO for pulmonary
hypertension and respiratory arrest. Dramatic hematocrit drop triggered imaging, which revealed a large left he-
mothorax and ICH on head CT. Head CT demonstrates extensive multicompartment ICH with localized paren-
chymal hemorrhage and adjacent edema in the left occipital lobe (arrows), extensive subdural hemorrhage
(dashed arrows on axial and sagittal CT images) and adjacent subarachnoid hemorrhage (arrowheads on sagittal
CT image). Follow-up MR (T2) 3 months later showed residual encephalomalacia with hemosiderin staining in the
left occipital lobe, which is likely the sequelae of infarction with hemorrhagic transformation (T2, arrow). No ab-
normality on MRA, MRV, or ASL (not shown).

severe pulmonary disease (including therapeutic
anticoagulation and extracorporeal membrane
oxygenation [ECMO]J) is more common in younger
children, particularly in infants.'® When HS is asso-
ciated with congenital cardiac disease, up to 70%
have a coagulation deficit, usually iatrogenic.’® In
neonates, alloimmune thrombocytopenia and
vitamin K deficiency are also important causes of
coagulopathy leading to HS."?? Routine vitamin K
supplementation for neonates has dramatically
decreased vitamin K deficiency-related ICH; how-
ever, it remains a substantial cause (up to 50% of
cases) in countries where supplementation is not
standard.?®

Coagulopathy-related ICH is often multicom-
partmental and dramatic on imaging. Fluid levels

(indicating nonclotted blood products) can be
seen both with IPH and extra-axial hemorrhage
(Fig. 9). In a cardiac patient, on either anticoagula-
tion or ECMO therapy with a new neurologic deficit
or change in mental status, ICH is the diagnosis of
exclusion and should be immediately assessed by
CT imaging. In the setting of coagulopathy, usu-
ally, no vascular cause is identified by CTA or
MR imaging/MRA. Nonetheless, it may be impor-
tant to evaluate the possibility of an anatomic/
vascular cause in the acute phase and with
delayed follow-up imaging depending upon the
clinical scenario. Detailed hematologic/coagula-
tion studies are warranted when no cause of ICH
can be documented by comprehensive imaging
evaluation.
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Fig. 10. Hemorrhagic tumor. (A) A 15 year old male patient with nausea, vomiting, and new seizure activity. CT
demonstrates a localized hemorrhage in the central cerebellum (arrow) with minimal surrounding low density
(CT). CTA was normal without evidence of aneurysm or shunting lesion (CTA). Follow-up MR imaging examina-
tion (T2, SWI, +C) demonstrates a localized hemorrhage (arrow) surrounded by irregular T2 hyperintense tissue
(dashed arrow) suggesting hemorrhage into an underlying mass. There was an extensive susceptibility effect that
obscures detail within the lesion on SWI (SWI, arrow). No other lesions on SWI. Postcontrast MR imaging demon-
strates a small linear area of enhancement within the hemorrhagic region and along its periphery, which may
represent vasculature or possibly tumor enhancement (+C, arrows). The typical lobular morphology of CCM
was not present. ASL was negative for high flow (not shown). Hemorrhagic tumor was felt to be most likely.
Low-grade glioneuronal neoplasm (BRAF-) was found on surgical resection. (B) An 8 year old female patient
with vomiting and seizure activity. Noncontrast CT demonstrates localized hemorrhagic lesion in the left frontal
parietal region (CT). lll-defined intraparenchymal hemorrhage with more prominent hyperdensity centrally is
seen on CT (arrow). A small calcification present along the ventral margin (dashed arrow). T2-weighted images
on MR imaging demonstrate extensive T2 hypointense hemorrhage (T2, arrow) with blooming susceptibility on
SWI images (SWI, arrow). The hemorrhage is very heterogeneous suggesting hemorrhage in an underlying lesion,
and there is moderate surrounding edema (CT, dashed arrows). Postcontrast images demonstrate irregular
enhancement within and along the margins of the lesion strongly supporting neoplasm (+C, arrows). Resection
confirmed pilomyxoid astrocytoma.

Neoplasia

Neoplastic disorders presenting with ICH or having
hemorrhage as a predominant imaging finding oc-
curs in 3% to 18% of children with HS.®'° Up
to 10% of intracranial tumors in children can pre-
sent with ICH."* Tumor-related ICH has most
commonly been reported with embryonal tumors
and metastatic tumors (neuroblastoma, hepato-
blastoma, rhabdomyosarcoma, leukemic infiltra-
tion, melanoma, and thyroid origin tumors), but it
can also be seen with low-grade (pilocytic, pilo-
myxoid) and higher grade glial neoplasms.'24-128
In higher grade primary tumors and metastatic le-
sions, rapid tumor cell proliferation, vascular inva-
sion, tumor neovascularization with fragile blood
vessels, and tumor necrosis are likely causative.
In pilocytic astrocytomas, dysplastic capillaries
with “glomeruloid” morphology, vessel hyaliniza-
tion, and intratumoral microaneurysms have been
described.’?® When intratumoral hemorrhage

involves only a part of the tumor, imaging diagnosis
of tumor-related hemorrhage is typically straight-
forward. When intratumoral hemorrhage is diffusely
noted throughout the tumor with the disruption of
tumor architecture, the diagnosis may be more
challenging. Tumoral hemorrhage may mimic
CCM or bland IPH. A large amount of edema sur-
rounding the hematoma, patchy hemorrhage occu-
pying only a portion of an identified lesion, and
internal “tumor like” enhancement or signal may
provide clues (Fig. 10). Careful imaging follow-up
as the hemorrhage resolves may sometimes be
the only way to make the diagnosis.

Other conditions

Other conditions can be associated with HS in
children, though less commonly than those entities
covered thus far. These include a variety of nonin-
flammatory steno-occlusive arteriopathies (moya-
moya arteriopathies), inflammatory arteriopathies
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DSA - LICA

DSA-RICA

Fig. 11. Other causes. (A) Secondary central nervous system (CNS) vasculitis and pseudoaneurysm. A 15 year old
female patient, newly diagnosed systemic lupus erythematosus (SLE) with acute onset of severe headache. CT
demonstrates an IPH in the left frontal lobe (CT, arrow) with intraventricular extension (dashed arrow). CTA dem-
onstrates a focal area of collection of extravascular contrast within the ventral margin of the hematoma without
direct continuity to other vessels (CTA, arrow). The finding suggests a pseudoaneurysm or localized contrast
extravasation (“spot-sign”). Luminal irregularity involving multiple vessels suggests vasculitis and/or vasospasm
(arrows on 3D volume reconstruction image). Decompressive craniotomy was performed with clipping/exclusion
of the pseudoaneurysm and partial hematoma evacuation. Subsequent catheter directed-DSA shows widespread,
multifocal, segmental luminal constriction irregularly involving cortical branch arteries throughout the left inter-
nal carotid artery distribution (DSA-LICA) and right internal carotid artery distribution (DSA-RICA) (arrowheads)
as well as posterior cerebral arteries (not shown) consistent with CNS vasculitis. Follow-up angiogram 4 months
after immunosuppressive treatment (not shown) for presumed SLE-related vasculitis showed improvement in
vessel narrowing with mild irregularity remaining. (B) Hemorrhagic posterior reversible encephalopathy syn-
drome (PRES). A 12 year old male patient with relapsed ALL after bone marrow transplant. Two seizures in the
setting of marked hypertension. CT demonstrated localized hemorrhage within the right parietal lobe (CT, arrow)
with moderate surrounding edema (CT, dashed arrow) and edema in the left frontal lobe (CT, arrowhead). MR
imaging showed localized subcortical hemorrhage in the right parietal lobe with moderate surrounding edema.
Axial and coronal T2 FLAIR images (FLAIR) show multifocal regions of cortical and subcortical edema throughout
the brain parenchyma in a pattern consistent with PRES (dashed arrows) and focal T2 hypointensity indicative of
hemorrhage (arrow). Localized marked susceptibility effect on SWI in the area of T2 FLAIR signal hypointensity
(SWI, arrow) consistent with hemorrhage. No evidence of venous thrombosis on MRV, SWI, or postcontrast MR
imaging (not shown). No abnormal flow-related enhancement on ASL imaging (not shown).

(primary and secondary central nervous system
angiitis), and arteriopathies resulting from mal-
adaptive responses to endothelial injury (posterior
reversible encephalopathy syndrome and revers-
ible cerebral vasoconstriction syndrome). These
conditions typically present in school-age children
and adolescents. The clinical context, MR imaging
findings and catheter-directed DSA features aid in
the differential diagnosis®”'%-'34 (Fig. 11).

SUMMARY

HS is an important cause of neurologic morbidity
and mortality in children and is more common
than ischemic stroke between the ages of 1 and
14 years, a notable contradistinction relative to

adult stroke epidemiology. Rapid neuroimaging is
of the utmost importance in making the diagnosis
of HS, identifying a likely etiology, and directing
acute care. In the neonatal period, HS is usually
due to GMH, PVHI, CVT (including MVT), SPH,
and coagulopathy. In older children, HS is usually
caused by vascular malformations, and less
commonly IAA. The differential diagnosis of HS
at any age is strongly guided by the pattern of
hemorrhage within specific intracranial compart-
ments. CT and MR imaging with flow-sensitive
MR imaging (ASL, TOF MRA) and other noninva-
sive vascular imaging studies (CTA, MRA, and
3D-CEMRI) play a primary role in the initial diag-
nostic evaluation. Catheter-directed DSA is critical
for definitive diagnosis and treatment planning.
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CLINICS CARE POINTS

e Vascular malformations are the most com-
mon cause of hemorrhagic stroke in children
after the neonatal period. When non-trau-
matic spontaneous intraparenchymal hemor-
rhage is identified in a child, immediate
vascular imaging utilizing CTA (first choice
given availability and speed) and/or MRV/
MRA (if patient is stable and MRI immediately
available) should be performed to exclude a
shunting lesion and identify the likely cause.
Catheter-directed DSA can be performed for
more detailed assessment or if no cause is
initially identified on non-invasive imaging
given its high spatial and temporal resolution
for vascular lesions.

e Cerebral venous thrombosis is an increasingly
recognized cause of hemorrhagic stroke
throughout childhood. Highest prevalence is
in neonates with periventricular hemorrhagic
infarction (PVHI), medullary vein thrombosis
(MVT), and subpial hemorrhage all likely hav-
ing venous occlusion as the underlying etiol-
ogy. In older children, sequelae of infection
and prothrombotic states are common causes
for CVT.

e In pre-term neonates, most cases of sponta-
neous intracranial hemorrhage with identi-
fied cause are related to germinal matrix
hemorrhage and associated pathology (intra-
ventricular hemorrhage, PVHI). While head
ultrasound is the primary initial diagnostic
tool for initial diagnosis and to inform clinical
care, MRI is often used for definitive diag-
nosis and for prognostic information, often
at term equivalent age.

e When isolated non-traumatic subarachnoid
hemorrhage occurs in a child, intracranial
arterial aneurysm rupture is the diagnosis of
exclusion. Immediate CTA is the diagnostic
test of choice in this scenario and can identify
a cause in 80-95% of patents. Digital subtrac-
tion angiography can be performed for
further characterization and can identify
vascular pathology in up to 13% of CTA nega-
tive cases.
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Modified Pediatric ASPECTS

Building Tools for Future Pediatric Stroke Studies

Sarah Lee, MD, and Christine K. Fox, MD, MAS

Neurology® 2021;97:570-571. doi:10.1212/WNL.0000000000012543

The Alberta Stroke Program Early CT Score (ASPECTS) is a quick and reliable semi-
quantitative tool to estimate the size of an acute ischemic infarct on a noncontrast head CcT.!
Ten brain regions in the middle cerebral artery territory are evaluated, with 1 point subtracted
for each infarcted region; total scores range from 0 to 10. Lower ASPECTS, indicating larger
infarct burden, has been associated with higher risk of hemorrhagic transformation and worse
outcomes in adult patients with stroke” and is one criterion considered in the assessment of
eligibility for thrombectomy. A version of this scoring system, the modified pediatric ASPECTS
(modASPECTS), was developed to measure infarct size in children using diffusion-weighted
sequences on MRL> For modASPECTS, 30 regions are scored, including areas of the anterior
and posterior cerebral artery territories in addition to the middle cerebral artery territory.* One
point is added for each area involved, resulting in a score from 0 to 30, with higher scores
indicating more areas of infarct.

In this issue of Neurology®, Beslow et al.” report a retrospective study of children enrolled in 2
pediatric stroke registries that aimed to measure the association between modASPECTS and
clinical stroke severity, hemorrhagic transformation, and outcome. This study is clinically relevant
because clinicians have become increasingly interested in extending hyperacute reperfusion
therapies to children but need a validated tool for estimating infarct size that can be reliably used
in pediatric-specific stroke studies. The authors found that modASPECTS correlates with initial
pediatric NIH Stroke Scale (PedNIHSS) measurements, hemorrhage on the acute MRI, and 12-
month measurements of the Pediatric Stroke Outcome Measure. Their findings support the face
validity of the tool by demonstrating its correlation with clinical outcomes.

The correlation between modASPECTS and PedNIHSS scores in the current study was modest
(p = 0.4), although slightly stronger in the subset of children who had imaging and neurologic
examination scored from the same day. How well should modASPECTS correlate with Ped-
NIHSS score? Diffusion-weighted imaging (DWI) is sensitive to small infarcts, and a mod-
ASPECTS region is given a point if any part of that region has restricted diffusion—features of
scoring that may decrease this correlation. The authors postulated that lack of a stronger cor-
relation may reflect the predilection of children to have a stroke in the basal ganglia, resulting in
severe clinical symptoms despite small infarct size. At the opposite end of the spectrum, small
punctate infarcts in multiple vascular territories as can be seen in the context of an embolic stroke
may lead to a high modASPECTS with a relatively benign clinical examination.

ASPECTS is a major factor in adult treatment selection within 6 hours, but patients presenting
between 6 and 24 hours—a more realistic window for pediatric strokes—also require evidence
of a mismatch between irreversibly infarcted tissue and penumbral tissue at risk. Another
interpretation offered for the less-than-robust correlation found in this study is that children
with a healthy system of collateral vessels might have substantial clinical-imaging mismatch after
stroke. If this explanation is borne out, it supports the possibility that children could be good
candidates for reperfusion therapies. The clinical-imaging mismatch approach was successful in
the DWI or CTP Assessment With Clinical Mismatch in the Triage of Wake-Up and Late
Presenting Strokes Undergoing Neurointervention With Trevo (DAWN) randomized trial,
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which demonstrated the benefit of thrombectomy in a 6- to
24-hour time window for adult patients with a relatively small
ischemic core compared to a high NIHSS score.®

The study in the current issue had several limitations. Mod-
ASPECT'S was scored by the same people on the same imaging
studies used to evaluate the presence of hemorrhage. The un-
blinded method introduces a potential source of bias that a
longitudinal approach with serial scans, as the authors suggest,
would mitigate. In addition, while higher modASPECTS and
hemorrhage were associated in the overall cohort, the associ-
ation was no longer significant in the subset of children >2 years
of age with anterior circulation stroke presenting within 24
hours—the subset who would theoretically be candidates for
thrombectomy. An inherent limitation of childhood stroke
studies is that symptom recognition, clinical diagnosis, and
imaging are often delayed. In the current study, more than half
of the MRIs that were scored were performed at least a day after
stroke ictus, outside the accepted adult treatment windows
when infarcts presumably have been completed.

MRI is often the imaging study of choice for children who
have a stroke, so a pediatric stroke scoring system using this
modality is sensible. However, DWI-ASPECTS, a scoring
system to quantify infarct size on MRI in adults, has such alow
interrater agreement in some studies that relevance for patient
selection has been questioned.” While modASPECTS appears
to have excellent interrater reliability in prior studies and
correlates well with infarct volume in both neonates and older
children with stroke,*® it is not yet in widespread clinical use.
Whether modASPECTS assessments can be reproduced with
fidelity across providers in multiple disciplines at a large
number of centers merits further investigation.

The eflicacy and safety of early reperfusion therapies in chil-

dren are uncertain. To conduct studies of hyperacute stroke
interventions in children, reliable tools for quick stratification

Neurology.org/N

and selection of children must be developed. Adaptation of
the NIHSS to the PedNTHSS for use in children was one step
along the way. How PedNIHSS or modASPECTS might be
best used for pediatric patient selection for hyperacute stroke
treatment is not yet clear. Future studies of these and other
child-specific tools are of paramount importance to the field of
pediatric stroke. Despite some limitations, the results from
Beslow et al. continue to lay important groundwork for future
pediatric stroke studies by improving our understanding of a
potentially important tool for estimating infarct size on MRI
in children.
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Purpose: To determine whether arterial spin-labeling (ASL) magnetic resonance (MR) imaging could be used to identify changes in cere-
bral blood flow (CBF), collateral blood flow, and anastomosis site patency after revascularization in patients with moyamoya disease.

Materials and Methods: 'This retrospective study was conducted in 145 patients with moyamoya disease who underwent middle cere-
bral artery (MCA)—superficial temporal artery anastomosis. Preoperative, early postoperative, and late postoperative ASL and digital
subtraction angiography images were analyzed. In the MCA territory, absolute CBF (hereafter, CBF,,.,) and normalized CBF
values adjusted to nonanastomosis side (hereafter, nCBF,,.,) and to cerebellum (hereafter, nCBF , ) were calculated. Collateral
grading in the MCA territory was assessed according to Alberta Stroke Program Early CT Score methodology, and anastomosis site
patency were also assessed. Changes in CBF were compared by using one-way analysis of variance with Bonferroni correction for
multiple comparisons. Intermodality agreement was determined by k statistics.

Results: ~ Significant increases in CBF,.,, nCBF, ., and nCBF_, , were found after revascularization (preoperative and postopera-
tive values of CBF, .., 35.2 mL/100 g per minute * 7.8 [mean * standard deviation] and 51.5 mL/100 g per minute * 12.0;
nCBE, ., 0.73 mL/100 g per minute = 0.14 and 1.01 mL/100 g per minute * 0.18; nCBF, , 0.74 mL/100 g per minute * 0.12
and 1.12 mL/100 g per minute = 0.16; all 2 < .001). Agreements for collateral grading and anastomosis patency between ASL
MR imaging and digital subtraction angiography were moderate to good, with weighted k values of 0.77 (95% confidence interval:

0.73, 0.81) and 0.57 (95% confidence interval: 0.37, 0.76), respectively.

Conclusion: ASL MR imaging can be used to identify perfusion changes in patients with moyamoya disease after revascularization as

a noninvasive monitoring tool.
©RSNA, 2018

Online supple [ material is available for this article.

oyamoya disease is a cerebrovascular disease character-
Mized by stenosis or occlusion of the distal portion of
the internal carotid arteries with the development of col-
lateral vessels (1,2). Digital subtraction angiography (DSA)
is the current reference standard for assessing the extent of
moyamoya disease, the presence of collateral vessels, and
postoperative anastomosis patency (3). However, DSA is
inherently invasive, relatively time consuming, and costly.
By incorporating arterial spin-labeling (ASL) tech-
nique, it is possible to quantitatively estimate cerebral
blood flow (CBF) at the tissue level by using proton label-
ing within arterial water (4,5). The primary advantage of
ASL is that it is noninvasive and does not expose patients
to ionizing radiation or contrast agents (2,5). In addition,
although arterial transit artifact is known as a disadvan-
tage for quantitative measurement, it contains important
information about late-arriving flow (3). Currently, ASL
magnetic resonance (MR) imaging can help grade collat-
eral flow and may complement DSA findings (3,6).

We hypothesized that ASL can be used to quantitatively
assess changes in CBF before and after revascularization,
that collateral flow grading can be evaluated with ASL im-
aging, and that ASL parameters reflect impaired anasto-
mosis patency. Therefore, the objective of our study was
to determine whether ASL MR imaging can help identify
changes in CBE collateral blood flow, and anastomo-
sis site patency in patients with moyamoya disease after
revascularization.

Materials and Methods

Our institutional review board approved this study. In-
formed consent requirement was waived because of its
retrospective nature.

Patient Selection

From January 2010 to March 2016, 295 patients with
moyamoya disease who had undergone middle cerebral
artery (MCA)—superficial temporal artery anastomosis at



Perfusion Changes after Revascularization in Patients with Moyamoya Disease

Abbreviations

ASL = arterial spin labeling, CBF = cerebral blood flow, CBF,,., = CBF
values of the MCA territory, DSA = digital subtraction angiography,
MCA = middle cerebral artery, nCBF | = normalized CBF values ad-
justed to cerebellum, nCBF, ., = normalized CBF values adjusted to
nonanastomosis side

Summary

Arterial spin-labeling MR imaging can be used to identify perfusion
changes in patients with moyamoya disease after direct revascularization.

Implication for Patient Care

Arterial spin-labeling perfusion-weighted MR imaging can identify
perfusion changes after revascularization in patients with moyamoya
disease without exposing the patients to ionizing radiation or contrast
agents.

our institution were screened for enrollment by using our radi-
ology report database. The inclusion criteria were as follows: (2)
both ASL perfusion MR images and DSA images were avail-
able at baseline and at follow-up (41 patients were excluded),
(b) ASL perfusion MR imaging was performed with the stan-
dard protocol (25 patients were excluded), (¢) ASL perfusion
MR imaging was of good quality (one patient was excluded),
and (d) direct revascularization was performed because of
moyamoya disease (83 patients were excluded). After exclud-
ing 150 patients who failed to meet the inclusion criteria, ASL
and DSA images of the remaining 145 patients were analyzed.
Among the 145 patients, 11 had undergone bilateral MCA-
superficial temporal artery anastomosis surgery. There were 47
male patients (mean age, 34.2 years; range, 1660 years) and
98 female patients (mean age, 39.0 years; range, 15—65 years)
with an overall mean age of 37.4 years (range, 15-65 years).

ASL and DSA Image Acquisition

The standard imaging regimen for patients with moyamoya
disease at our institution is defined as baseline ASL imaging
and DSA within 2 months before surgery for diagnosis of moy-
amoya disease, early postoperative ASL imaging within 1 week
after surgery to screen for acute complications of surgery with-
out performing DSA, and late postoperative ASL imaging and
DSA within 7 months after surgery for routine follow-up.

For these 145 patients, baseline and late postoperative ASL
imaging and DSA were performed at 40.0 days = 6.0 (standard
deviation) before surgery and 196.7 days * 12.6 after surgery.
Only 79 patients were imaged for early postoperative follow-up
at 10.4 days = 7.9 after the surgery without DSA imaging. The
most common cause of early postoperative imaging (7 = 79) was
a clinical suspicion of hyperperfusion syndrome (n = 55). The
other causes were preoperative bleeding, hyperthyroidism, an-
eurysm, infarction, and a family history of moyamoya disease or
stroke (7 = 24). In 11 patients who underwent bilateral MCA-
superficial temporal artery anastomosis surgery, follow-up DSA
and ASL images after bilateral surgery were analyzed.

ASL perfusion MR images were acquired with 1.5-T or
3.0-T MR imagers (Signa HDxt, GE Healthcare, Milwaukee,
Wis [ = 281]; or Discovery 750, GE Healthcare [7 = 88]) by us-
ing an eight-channel or 32-channel head coil. For patients with

moyamoya disease, the following sequences were performed
based on the standard protocol of our institution: axial T2-
weighted, axial T1-weighted, axial fluid-attenuated inversion-
recovery, axial postcontrast T'1-weighted MR angiography, and
ASL perfusion sequences. For our study, only ASL images were
assessed.

Raw ASL perfusion MR images were obtained before sub-
traction by using the following parameters at 1.5 T: repetition
time msec/echo time msec, 1325.0/5.0; section thickness, 5
mm; number of signals acquired, three; number of sections, 32;
readout of eight arms X 512 samples; field of view, 24 X 24 cm;
matrix, 64 X 64; and voxel resolution, 3.8 X 3.8 X 5.0 mm.
The following parameters were used at 3.0 T: 4446.0/9.9; sec-
tion thickness, 6 mm; number of signals acquired, three; num-
ber of sections, 22; readout of eight arms X 512 samples; field of
view, 24 X 24 cm; matrix, 64 X 64; and voxel resolution, 3.8 X
3.8 X 5.0 mm. With this sequence, pseudocontinuous spin la-
beling was performed for 1.5 seconds before a postlabeling delay
of 1.5 seconds. CBF values were acquired by using an equation
described previously (7).

Biplane angiography units (Integris Allura, Philips Healthcare,
Best, the Netherlands; and Innova IGS 630, GE Healthcare) were
used for DSA examinations, including anteroposterior and lat-
eral projections with selective injection of the respective internal
carotid, external carotid, and/or vertebral artery with nonionic
monomeric iodine contrast medium (iopamidol, Pamiray 250;
Dongkook Pharmaceutical, Seoul, Korea) by using a 5-F catheter.

Quantitative Analysis of CBF at ASL
On a picture archiving and communication system worksta-
tion, regions of interest were drawn manually in the most rep-
resentative sections of each CBF map along the level of the
basal ganglia on the operated side to determine absolute CBF
values of the MCA territory (CBF,,.,) by a neuroradiologist
(S.L., with 6 years of clinical experience in neuroradiology)
(8). To adjust for interindividual variation among MR imagers
and CBE additional regions of interest were drawn within the
MCA territory of the contralateral parenchyma at the same sec-
tion level (CBFOPPOSM) and within the cerebellum (CBF_, ) for
CBF normalization. All values of CBF maps were measured in
absolute units (mL/100 g per minute).
When normalizing absolute CBF,.,
gions of interest at the nonanastomosis side were used to mini-

values, symmetric re-

mize inhomogeneous perfusion effect because certain regions of
interest at the level of the cerebellum were minimally affected
by transit time error (9,10). Subsequently, normalized CBF val-
ues (hereafter, nCBF, .,) were calculated by using the following
equation: nCBF, ., = CBF, . /CBF_ . Normalized CBF val-

ues adjusted to cerebellum (nCBF ng;’;zre calculated as nCBF-
= CBF,,,/CBF

Cbll

Cbll Cbll"

Collateral Flow Grading at ASL and DSA

Two neuroradiologists (S.L. and T.].Y., with more than 10 years
of clinical experience in neuroradiology) who were blinded to
the findings of each modality reviewed ASL and DSA images
for MCA territory abnormalities. Guided by the Alberta Stroke
Program Early CT Score, or ASPECTS, study, ASL and DSA
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images were divided into six anatomic sites based on regional
vascular territories (M1-M3 and M4-MO6) of the side operated or
to be operated on (ie, six regions were evaluated in each patient for
two time points) (11,12).

ASL images were graded by consensus on a scale from 0 to 3
as follows: 0, no or minimal ASL signal; 1, moderate ASL signal
with arterial transit artifact; 2, high ASL signal with arterial tran-
sit artifact; and 3, normal signal without arterial transit artifact
(3,6,12,13).

A similar scoring system was used for DSA images: 0, no
collaterals visible to the ischemic site (absence of any capillary
blush); 1, collaterals to the periphery of the ischemic site; 2,
complete irrigation of the ischemic bed via collateral flow; and

3, normal antegrade flow (3,6,13).

Anastomosis Patency Grading at ASL and DSA

Two neuroradiologists (S.L. and T.J.Y.) who were blinded to
the findings of each modality reviewed the ASL and DSA im-
ages to assess the anastomosis site after surgery in a consensus
reading.

Anastomosis patency at ASL was visually analyzed with respect
to the "bright vessel appearance” previously studied for arterial oc-
clusion (7). Grading for patency was scored on a three-point scale
as follows: 0, poor (bright signal intensity relative to the cortical
signal intensity); 1, fair (similar signal intensity compared with
cortical signal intensity); and 2, good (no signal intensity).

Visual assessment for anastomosis site patency at DSA was
also scored on a three-point scale as follows: 0, poor (when nei-
ther anastomosis nor any of the recipient branches could be vi-
sualized); 1, fair (when anastomosis and only recipient branches
immediately distal to the anastomosis or graft artery could be
demonstrated); and 2, good (when the anastomosis and second
arteries or more distal branches of the recipient vessels connected
to the anastomosis or graft artery could be demonstrated) (14).

'The scoring of anastomosis patency at ASL or DSA was then
converted to a simple two-point system to calculate diagnostic
accuracy: 0, poor or fair; and 1, good.

Statistical Analysis
All statistical analyses were performed with MedCalc software
(version 12.1.0 for Microsoft Windows 2000/XP/Vista/7; Med-
Calc Software, Mariakerke, Belgium). For each parameter, nor-
mality of data were assessed with the Kolmogorov-Smirnov test.
An absolute CBF, ., value measured at the operative side
and two normalized CBF values, nCBF,, ., and nCBF,_,, were
assessed in 145 patients in both preoperative and late postop-
erative visits. Among 145 patients, 79 patients visited for early
postoperative follow-up. To evaluate changes between baseline
and late postoperative CBF values observed in 145 patients with
moyamoya disease, paired # test was performed for changes in
CBF,.,, nCBF,,,, and nCBF_,, We also used the paired # test
to compare the difference in areas of drawn regions of interest.
CBF values of three different times—preoperative, early postop-
erative, and late postoperative—were assessed in 79 patients with
moyamoya disease who underwent imaging for early postopera-
tive follow-up, and a time effect was examined by using repeated
measured one-way analysis of variance. When a significant time
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Table 1: Comparison between Preoperative and
Postoperative CBF Values in Patients (n = 145) Who
Underwent MCA-STA Anastomosis Based on ASL
Measurements

Parameter Before Surgery After Surgery P Value
Period (d) 40.0 * 6.0 196.7 = 12.6 ...
Absolute CBF

Anastomosis side 352+7.8 51.5 = 12.0 <.001

Nonanastomosis side 47.3 = 6.9

46.1 £9.5 >.05

Cerebellum 48.4 = 9.0 51.7 £ 11.9 >.05
Normalized CBF?

Per cerebellum 0.74 = 0.12 1.12 £ 0.16 <.001

Per nonanastomosis  0.73 = 0.14 1.01 £0.18 <.001

side

Note.—Data are means * standard deviation. Absolute and
normalized values of cerebral blood flow (CBF) before and after
surgery were compared by using paired # test. MCA-STA =
middle cerebral artery—superficial temporal artery.

" Mean period between arterial spin-labeling (ASL) and operation
is preoperative or postoperative days from surgery.

f Normalized CBF (nCBF) values are calculated as follows: nCBF
(per cerebellum) = CBF ) Side/CBF .—and nCBF (per
nonanastomosis side) = CBF /CBF

anastomosis side

nonanastomosis side”

effect was observed, posthoc comparisons between each visit were
conducted with a Bonferroni correction. We also performed x?
test for comparison of the sex ratio and unpaired # test for a com-
parison of the mean age between the early postoperative imaging
group and late postoperative imaging group.

Collateral grading assessment was performed at six sites
(M1-MG6 territory) per patient at the preoperative and late
postoperative stage by using both ASL and DSA. Thus, 12
matched-pair assessments existed for each patient. To assess
the intermodality agreement between ASL and DSA regard-
ing collateral flow, linear k coefficient and the 95% confidence
interval were estimated considering correlations among 12
pairs evaluated in each patient (15). Agreement between re-
viewers was expressed as k value to account for the chance of
agreement between the two reviewers. k values were defined as
follows: less than 0, negative agreement; 0-0.20, positive but
poor agreement; 0.21-0.40, fair agreement; 0.41-0.60, mod-
erate agreement; 0.61-0.80, good agreement; and greater than
0.81, excellent agreement.

McNemar two-tailed test was conducted to compare the
sensitivity of ASL bright vessel appearance for the depiction of
impaired anastomosis site patency by using DSA as the refer-
ence standard. Statistical significance was considered when the
Pvalue was less than .05.

Results

Mean absolute CBF values from ASL in the anastomosis side
at preoperative and late postoperative follow-up were 35.2
mL/100 g per minute = 7.8 and 51.5 mL/100 g per minute *
12.0, respectively. All normalized CBF values (nCBF, ., and
nCBF_, ) were increased at late postoperative follow-up (all 2

< .001) (Table 1).
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Table 2: Contingency Table for Intermodality Agreement of Collateral Flow Grading (n = 1740)

DSA’

Full Four-Point Grade Grade 0 Grade 1 Grade 2 Grade 3 Total
ASLf

Grade 0 297 (84.6) 41 (7.1) 14 (4.2) 19 (4.0) 371

Grade 1 21 (6.0) 445 (77.4) 37 (11.0) 34 (7.1) 537

Grade 2 6(1.7) 44 (7.7) 274 (81.8) 15 (3.1) 339

Grade 3 27 (7.7) 45 (7.8) 10 (3.0) 411 (85.8) 493

Total 351 (100) 575 (100) 335 (100) 479 (100) 1740

ment, 0.60-0.80;
excellent agreement, 0.80-1.00.

emic bed via collateral flow; and grade 3, normal antegrade flow.

and grade 3, normal perfusion without ATA.

Note.—Data are the number of cases, with percentages in parentheses. Collateral grading was used for digital subtraction angiography (DSA)

and arterial spin-labeling (ASL) imaging (baseline and late postoperative follow-up imaging) provided in M1-M6 territory per patient. ASL
vs DSA: weighted K, 0.765 (95% confidence interval: 0.724, 0.805). Linear-weighted k values were calculated for intermodality consensus
grading with common criteria as follows: poor agreement, 0-0.20; fair agreement, 0.20—0.40; moderate agreement, 0.40-0.60; good agree-

" Grade 0, no visible collaterals to ischemic site; grade 1, collateral flow to periphery of ischemic site; grade 2, complete irrigation of isch-

¥ Grade 0, no or minimal ASL signal; grade 1, moderate ASL signal with arterial transit artifact (ATA); grade 2, high ASL signal with ATA;

Table 3: Diagnostic Accuracy of ASL for Detecting
Impaired Anastomosis Site in All Patients (n = 145)

DSA’
Parameter Impaired Normal Total
ASL
Impaired 11 (44) 0 (0) 11
Normal 14 (56) 120 (100) 134
Total 25 (100) 120 (100) 145

Note.—Data are the number of patients, with percentages in
parentheses. Anastomosis patency was evaluated by using post-
operative digital subtraction angiography (DSA) imaging and
follow-up arterial spin-labeling (ASL) imaging. McNemar two-
tailed test was conducted to compare sensitivity of ASL bright
vessel appearance for detection of impaired anastomosis site
patency by using DSA as reference standard. Diagnostic accuracy
of ASL vs DSA: sensitivity of 44%, specificity of 100% (95%
confidence interval: 5.830, 15.813; P <.001).

" Grading is converted to simple two-point system: impaired
(grade 0 or 1) and normal (grade 2).

In the subgroup analysis, in which 79 patients underwent
early postoperative imaging after surgery, no significant differ-
ence was found in the sex ratio (P = .118) and age (P = .694)
between the eatly postoperative imaging group (7 = 79) and the
late postoperative follow-up group (2 = 66). No difference was
found in the mean baseline CBF values between the two groups
(CBFMCA, 35.3 mL/100 g per minute = 8.1 vs 35.2 mL/100 g
per minute * 7.5; nCBF, ., 0.74 mL/100 g per minute = 0.14
vs 0.73 mL/100 g per minute * 0.15; nCBF_,, 0.75 mL/100
g per minute = 0.12 vs 0.74 mL/100 g per minute = 0.13; P =
.94, P=.67,and P =78, respectively). Hyperperfusion is usually
defined as an increase of greater than 100% in CBF compared
with the preoperative value. There were 13 patients with an in-
crease of more than 100% in CBF in the early postoperative
images (mean CBF change, 154.9%; range, 103.4%-234.3%;

baseline CBF, ., vs early postoperative CBF, ., 27.1 mL/100

MCA’

g per minute * 7.8 vs 68.5 mL/100 g per minute * 23.2). Ab-
solute and normalized CBF values at the anastomosis side were
increased at 3 months after surgery compared with those preop-
eratively. They were then stabilized at late postoperative follow-
up (all P2 <.001) (Table E1 [online]).

The k values of intermodality agreement between ASL and
DSA for collateral grading are summarized in Table 2. The over-
all agreement on collateral flow grading was good (k, 0.77; 95%
confidence interval: 0.73, 0.81). Collateral flow grading was in-
terpreted as grade 0 in 297 cases (84.6%), grade 1 in 445 cases
(77.4%), grade 2 in 274 cases (81.8%), and grade 3 in 411 cases
(85.8%) by using ASL and DSA.

Anastomosis patency also showed moderate intermodality agree-
ment between ASL and DSA (k, 0.57; 95% confidence interval:
0.37,0.76). Among 11 patients with fair or poor patency at ASL, all
11 patients also had impaired fair or poor flow at DSA. An analysis
for the diagnostic accuracy of ASL demonstrated that the sensitivity
of ASL bright vessel appearance for the depiction of anastomosis
patency was only 44%. However, its specificity was perfect (100%)
when DSA was used as a reference standard (Table 3).

The interobserver agreement on collateral grading and anas-
tomosis site patency are shown in Table E2 (online). The interob-
server agreement on collateral grading between the two reviewers
for ASL and DSA findings was substantial (k, 0.706). In the
subgroup analysis, the k values for interobserver agreement for
each ASL and DSA showed excellent (k, 0.819) and moderate
agreement (K, 0.589), respectively. The interobserver agreement
on anastomosis site patency was almost perfect between the two
readers regarding the presence of abnormal bright signal at ASL
(k, 0.876) and abnormal anastomosis site at DSA (k, 0.907).

Representative images are shown in Figure 1 and Figure 2.

Discussion

Our study assessed whether ASL MR imaging can identify
changes in CBF, collateral blood flow, and anastomosis site
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. Figure 1: Representative
Preoperative After left bypass digital subfraction angiog.
raphy (DSA) and arterial
spin-labeling (ASL) images
in a 37-year-old woman
who underwent left direct
middle cerebral artery
(MCAJ-superior temporal
artery (STA) anastomosis
with good postoperative
outcome. Preoperative DSA
images show anterior and
lateral projections from both
internal and external carotid
artery injections that demon-
strate occlusion of bilateral
proximal MCAs (arrow in
first row) with reconstituted
collateral flows. Follow-up
DSA after left MCA-STA
anastomosis shows abun-
dant blood flow (arrow-
head:s in first and second
rows) with intact anastomo-
sis site (+ in first and second
rows). Preoperative ASL
images show decreased
perfusion (arrows in third
row) and arterial transit
artifact (ATA) signals (ar-
rowheads in third row) in
bilateral MCA territories
indicating late-arriving flow
via collateral pathways.
After left MCA-STA bypass
surgery, postoperative ASL
images show increased
perfusion with decreased
ATA signals in left MCA ter-
ritories without ATA signal
at each anastomosis site,
indicating normalized flow
and intact anastomosis site
(fourth row). In this patient,
encephalodurogaleosynan-
giosis was also performed
at right side.
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» Figure 2: Representative
Preoperative After left bypass digital subiraction angiogra-
phy (DSA) and arterial spin-
labeling (ASL) images in a
27-year-old woman who
underwent left direct middle
cerebral artery (MCA)-su-
perior temporal artery (STA)
anastomosis with poor
postoperative outcome.
Preoperative DSA images
show anterior and lateral
projections from left internal
and external carotid artery
injections that demonstrate
occlusion of left distal inter-
nal carotid arfery (arrow in
first row) with reconstituted
collateral flows. Follow-up
DSA after left MCA-STA
anastomosis shows im-
paired blood flow (arrow-
heads in first and second
rows) from anastomosis site
(* in first and second rows).
Preoperative ASL images
show decreased perfusion
(arrows in third row) and
arterial transit artifact (ATA)
signals in left distal internal
carotid artery ferritories
(arrowheads in third row)
indicating late-arriving flow
via collateral pathways.
After left MCA-STA bypass
surgery, postoperative ASL
images still show impaired
perfusion and ATA signals
in left MCA territory and
prominent ATA signal in
MCA-STA anastomosis site
(+ in fourth row) indicating
flow stagnation in anasto-
mosis site.
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patency in patients with moyamoya disease after revasculariza-
tion. Results demonstrated that ASL MR imaging can be used
to identify perfusion changes after revascularization with excel-
lent diagnostic performance compared with DSA findings.
Direct revascularization is the most widely used surgical
method in adult patients with moyamoya disease despite its risk of
hyper- or hypoperfusion (16,17). Thus, it is important to monitor
perfusion changes in patients with moyamoya disease after revas-
cularization. Several previous studies have examined the ability of
ASL MR imaging to assess the hemodynamic status as a monitor-
ing tool compared with nuclear medicine methods such as single-
photon emission computed tomography (SPECT) and positron
emission tomography (PET) (2,18,19). Goetti et al have also
reported that ASL allows for the detection of perfusion changes
by using dynamic-susceptibility perfusion MR imaging as refer-
ence (10). However, although quantitative CBF measurements in
ASL have shown good correlation with other modalities, CBF in
affected vascular territories may be underestimated because of de-
layed arterial arrival times (3). Thus, changes of quantitative CBF
after revascularization need to be serially analyzed in a large num-
ber of patients by using ASL. In our study, we found that absolute
CBF

MCA
stabilized at late postoperative follow-up compared with preopera-

values were increased at early postoperative follow-up and

tive values in ASL imaging by using a large number of patients.
An interesting result of our study was that normalized CBF values
adjusted to the nonanastomosis side or cerebellum also showed
similar patterns of improvement and stabilization after revascular-
ization. These results imply that perfusion changes in patients who
underwent direct revascularization could be successfully moni-
tored by using ASL. Sugino et al reported that nCBF, ., values
were increased (to 1.22 mL/100 g per minute * 0.73) within 3
days after surgery and then normalized at 21 days postoperatively
(8). Yun et al showed that nCBF
longer follow-up intervals in the anastomosis side despite use of
different methodologies (2). Cho et al (20) reported that hemody-
namic status became stable at 6 months postoperatively by using

values tend to increase with

SPECT evaluation after surgery, and neovascularization continu-
ously increased during a long-term follow-up period of 54 months
by using angiography. Their hypothesis was that direct revascular-
ization rapidly augmented the CBE whereas abnormal moyamoya
vessels and major cerebral arteries slowly started to regress after at
least 6 months following surgery. Our study also showed that the
CBF in the early postoperative period rapidly increased and then
slightly stabilized at the late postoperative period (approximately 6
months after surgery) compared with that of the preoperative pe-
riod. Therefore, results of our study may reflect the natural course
of perfusion changes in moyamoya disease after surgery. These
clinical values could be used as predictors of complication after
direct revascularization. They could facilitate early detection of hy-
per- or hypoperfusion to minimize the risk of surgical morbidity.
An important limitation of ASL perfusion MR imaging is
that its results can be influenced by the presence of collateral
moyamoya vessels, which may lead to underestimation of CBF
values because of delayed arterial arrival times, or arterial tran-
sit artifact (3,10). There is recruitment of flow from collateral
pathways of the circle of Willis or leptomeningeal anastomoses,
which are maintained by the cerebrovascular reactivity in patients
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with moyamoya disease. Labeled blood flowing through these
collateral pathways would have a delayed arrival at the brain tis-
sue, resulting in a strong ASL signal within the cortical vessels.
However, this disadvantage for quantification of CBF might
be a benefit for visualizing collateral vessels (3). Patients with
moyamoya disease may have significantly different outcomes
based on their ability to recruit collateral pathways. Therefore,
it is important to monitor collateral flow changes after revascu-
larization (3,17). In several previous studies, collateral scoring
based on arterial transit artifact of ASL perfusion MR imaging
has shown good agreement with DSA in steno-occlusive disease
(3,6,13). Our study also showed that collateral flow grading in
each segmental territory of the MCA (M1-M6) had good agree-
ment between ASL and DSA. Therefore, ASL may reflect similar
results in patients with moyamoya disease, although DSA is still
the reference standard for evaluating collateral scoring.

After direct revascularization, anastomosis site patency is the
most important factor when monitoring patients with moy-
amoya disease. If neurologic deterioration or abrupt changes in
CBF occur after surgical treatment, then surgeons should con-
sider DSA to evaluate anastomosis site patency (20). However,
ASL may provide important information by using bright vessel
appearance. Yoo et al have shown that ASL bright vessel appear-
ance occurs when there is an occluded arterial segment with slug-
gish blood flow because of arterial transit artifact (7). Our data
showed that ASL and DSA had moderate intermodality agree-
ment for evaluating anastomosis patency. For detecting impaired
anastomosis patency by using ASL, the sensitivity was 44% and
the specificity was 100%. The low sensitivity could be because of
suboptimal image quality after revascularization surgery. How-
ever, given the high specificity of 100% for detecting impaired
anastomosis, we speculate that the use of ASL as a screening
tool would reduce the need for DSA. The low sensitivity of ASL
might be an indicator of poor diagnostic performance.

Our study had several limitations that need to be taken into
account when interpreting the data. First, accurate drawing of
the MCA territory was challenging. ASL imaging has an overall
low spatial resolution and requires postprocessing for accurate
absolute CBF measurements; it is up to the observer to choose
the region of interest in the MCA territory. Thus, in addition to
quantifying absolute CBF values, we used another methodol-
ogy to assess CBF by analyzing CBF values relative to the con-
tralateral side and cerebellum. In addition, perfusion territory
imaging with vessel selective ASL was not used. Therefore, we
recorded the size of the region of interest to minimize variance
in each patient. There was no difference in size of the region of
interest at the MCA territory or the cerebellum. However, po-
tential bias may have been introduced by including portions of
the temporal and occipital lobes in the regions of interest.

Second, we did not have a standard of reference such as PET,
SPECT, or perfusion CT available to validate quantitative CBF
results from ASL. However, we focused on serial changes of CBF
in each patient after revascularization. We used absolute CBF
values adjusted by the cerebellum, which is supplied by the pos-
terior circulation. In our study, we emphasized the clinical uility
of ASL for evaluation of the collateral flow grading and anasto-
mosis site patency, as well as the importance of the acquisition of
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CBE As mentioned previously, ASL could underestimate CBF
because of the delayed arrival of the blood flow. Previous studies
showed that the combination of multiple inversion time-pulsed
technique of ASL and time-to-peak map in dynamic-suscepti-
bility perfusion MR imaging to improve this drawback could
help assess cerebral hemodynamics in patients with moyamoya
disease (21-23). Therefore, the advancement in ASL technique
might allow for better evaluation of CBF and support the clini-
cal utility of ASL through further study.

Third, our study was performed by using MR imagers with
two different magnetic field strengths. We therefore analyzed
normalized CBF values to minimize possible bias associated with
different field strengths as previously studied (7). In a subgroup
analysis of the two different magnetic field strengths, the only
significant effect was found for nCBF, ., at preoperative imag-
ing (P = .024); the effect of different field strengths on nCBF
was not significant in the preoperative and late postoperative
stage (P = .242 and P = .563) (Table E3 [online]). Therefore,
there was little difference of normalized CBF measurement in
the cerebellum between 1.5-T and 3.0-T imagers. We also per-
formed only pseudocontinuous spin labeling for 1.5 seconds be-
fore a postlabeling delay of 1.5 seconds. Wang et al (24) reported
the multidelay ASL to be able to improve CBF quantification in
patients with moyamoya disease.

Fourth, the percentage of ASL overestimation was 8.8%
(153 of 1740) and the percentage of ASL underestimation was
9.2% (160 of 1740) in the collateral grading evaluation. The
complete mismatch cases (2.6%), 46 of 1740) were reported in
our study. These results could be explained by the difficulties of
applying the DSA collateral grading system, initially developed
for acute ischemic stroke, to a chronic cerebrovascular disease.
ASL images can only show axial images, whereas DSA images
are obtained by using anteroposterior and lateral projection
methods. The difference in image projection could potentially
have caused the observed discrepancy. A previous similar scudy
(3) also described the nonvessel-selective ASL technique to be
unable to distinguish slow antegrade flow from leptomeningeal
or other retrograde collateral flow. Therefore, we used consen-
sus reading for each modality to minimize variability related
to measurement errors. However, the use of consensus opinion
to assess the utility of ASL grading relative to DSA as reference
standard might have led to an overestimation of the level of
agreement that could be expected in clinical practice. In addi-
tion, we evaluated data for a large number of patients by using
segmental territories in the MCA for intermodality agreement.

In conclusion, our results suggest that ASL MR imaging can
be used to identify and monitor perfusion changes in patients
with moyamoya disease after direct revascularization.
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Monitoring Cerebral Perfusion Changes Using Artenial
Spin-Labeling Perfusion MRI after Indirect
Revascularization in Children with Moyamoya Disease
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Objective: To assess the role of arterial spin-labeling (ASL) perfusion MRI in identifying cerebral perfusion changes after
indirect revascularization in children with moyamoya disease.

Materials and Methods: We included pre- and postoperative perfusion MRI data of 30 children with moyamoya disease (13
boys and 17 girls; mean age + standard deviation, 6.3 + 3.0 years) who underwent indirect revascularization between June
2016 and August 2017. Relative cerebral blood flow (rCBF) and qualitative perfusion scores for arterial transit time (ATT)
effects were evaluated in the middle cerebral artery (MCA) territory on ASL perfusion MRI. The rCBF and relative time-to-
peak (rTTP) values were also measured using dynamic susceptibility contrast (DSC) perfusion MRI. Each perfusion change
on ASL and DSC perfusion MRI was analyzed using the paired t test. We analyzed the correlation between perfusion changes
on ASL and DSC images using Spearman’s correlation coefficient.

Results: The ASL rCBF values improved at both the ganglionic and supraganglionic levels of the MCA territory after surgery
(p = 0.040 and p = 0.003, respectively). The ATT perfusion scores also improved at both levels (p < 0.001 and p < 0.001,
respectively). The rCBF and rTTP values on DSC MRI showed significant improvement at both levels of the MCA territory of
the operated side (all p < 0.05). There was no significant correlation between the improvements in rCBF values on the two
perfusion images (r = 0.195, p = 0.303); however, there was a correlation between the change in perfusion scores on ASL
and rTTP on DSC MRI (r=0.701, p < 0.001).

Conclusion: Recognizing the effects of ATT on ASL perfusion MRI may help monitor cerebral perfusion changes and complement
quantitative rCBF assessment using ASL perfusion MRI in patients with moyamoya disease after indirect revascularization.
Keywords: Children; Arterial spin-labeling; Moyamoya disease; Magnetic resonance imaging

INTRODUCTION Therefore, revascularization surgery should be considered for

restoring cerebral perfusion and preventing neurocognitive
Moyamoya disease (MMD) is a cerebrovascular disease decline [2].

characterized by steno-occlusive changes in the distal Arterial spin-labeling (ASL) perfusion magnetic resonance

portion of the internal carotid arteries [1]. Progressive imaging (MRI) is magnetically labeled by the radiofrequency

characteristics can lead to brain injuries due to multiple (RF) pulse protons of arterial blood flowing into the brain as

stroke events, resulting in significant brain disability an endogenous tracer [3]. Labeled arterial blood water acts

and worse prognosis when present at younger ages [1]. as a diffusible tracer for quantitatively estimating cerebral
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blood flow (CBF) in brain tissues without using gadolinium-
based contrast agents [4]. ASL perfusion images can be
generated by subtracting an image that labels arterial spin
from one without such spin-labeling to suppress the signal
from the static tissue [3-5]. The ASL technique has three
main categories: continuous ASL (cASL), pulsed ASL (pASL),
and pseudo-continuous ASL [5,6]. The cASL has a higher
signal-to-noise ratio (SNR) than the pASL, but it cannot be
used in clinical MRI scanners because it requires long and
continuous RF transmission. In contrast with cASL, pASL
has a labeling efficiency, as a short RF pulse with a thick
slab is used to label arterial blood, but it allows a lower
SNR than cASL. Pseudo-continuous ASL is a widely used ASL
technique, and it divides the long continuous RF pulse into
multiple short pulses, resulting in a high labeling efficiency
in the clinical MRI scanner while maintaining a better SNR
[5,6]. This pseudo-continuous ASL perfusion MRI can help
predict clinical outcomes and evaluate surgical success in
patients with MMD [4,7-10]. However, the arterial transit
time (ATT) effect, which is the hyperintense focus of
intravascular signals on ASL perfusion MRI, confounds CBF
measurement and introduces an error into the estimate
[11,12]. However, the ATT effect has essential information
on delayed-arriving arterial flow via collateral vessels and
may complement perfusion MRI even though it complicates
quantitative CBF value calculation [13].

This study aimed to assess whether 1) ASL perfusion
MRI can identify quantitative changes in CBF despite the
presence of ATT effects, and 2) perfusion scores with ATT
effects can help detect perfusion changes after indirect
revascularization, compared with dynamic susceptibility
contrast (DSC) perfusion MRI. Therefore, this study sought
to assess the role of ASL perfusion MRI in identifying
cerebral perfusion changes after indirect revascularization
in children with MMD.

MATERIALS AND METHODS

The Institutional Review Board approved this study. The
requirement for obtaining informed consent was waived
because of its retrospective nature (IRB No. 2007-033-
1139).

Patient Selection

We retrospectively reviewed 34 patients with MMD
who underwent indirect revascularization surgery using
encephaloduroarteriosynangiosis (EDAS) at our institution
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between June 2016 and August 2017. The inclusion
criteria were as follows: 1) perfusion MRI with ASL and
DSC technique at baseline and postoperative follow-up,

2) age of < 18 years at the time of diagnosis, and 3) no
history of revascularization surgery. Four patients were
excluded because of inadequate image quality of ASL and
DSC perfusion (two labeling errors and two severe motions).
Thirty patients were included in the study. Six patients in
this study also participated in the previous report by Ha et
al. [9]; however, the quantitative data for DSC perfusion
MRI and the qualitative change in the ATT effect for ASL
perfusion MRI were not analyzed in the previous study.
The patient characteristics are summarized in Table 1. Age,
sex, family history, and clinical symptoms of transient
ischemic attacks, headache, and others were collected.
Clinical status, including bilateral involvement of MMD and
the presence of an old infarction, was also collected. The
preoperative angiographic severity was assessed using the
Suzuki staging system [14].

Image Acquisition

The standard imaging protocol for MMD patients at our
institution was defined as follows: 1) baseline ASL and DSC
perfusion imaging within 1 month before the first surgery for
MMD diagnosis and 2) postoperative ASL and DSC perfusion
imaging within 1 month before the second surgery on the
opposite side. If there was no contralateral involvement of
MMD, only perfusion imaging was performed after 6 months.
Patients under seven years of age underwent MRI scans

Table 1. Patient Characteristics

Characteristics Value

Age, year, mean + SD 6.3 + 3.0 (range, 2-13)
Sex, boys 13 (43.3)
Family history, present 3 (10.0)
Clinical symptoms

Transient ischemic attack 19 (63.3)

Headache 4 (13.3)

Others 7 (23.3)
Bilateral involvements 30 (100.0)
Presence of old infarction 5 (16.7)
Preoperative Suzuki staging

1 1(3.3)

2 11 (36.7)

3 10 (33.3)

4 3 (10.0)

5 5 (16.7)

Data are number of patients with the percentage in parentheses
unless specified otherwise. SD = standard deviation
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under mild to moderate sedation using sedative drugs.

ASL perfusion MRI was performed using 1.5T MR scanners
(Avanto, Siemens Healthineers) with a 12-channel head coil.
Raw data acquisition of ASL perfusion MRI was performed
before subtraction using the following parameters:
repetition time/echo time (TR/TE), 4290.0/22.0 ms;
section thickness, 10 mm; a generalized autocalibrating
partially parallel acquisition acceleration factor, 2; number
of sections, 30; readout, eight arms x 512 samples; field of
view, 25 x 25 cm; matrix, 96 x 96. Pseudo-continuous spin-
labeling with two-dimensional single-shot-gradient-echo
echo-planar imaging readout was performed for 1.8 seconds
before a post-spin-labeling delay of 1.5 seconds. The total
scan duration for ASL perfusion MRI was 4.5 minutes.

DSC perfusion MRI was performed using a single-shot
gradient-echo echo-planar imaging sequence during
intravenous injection of the gadolinium-based contrast
agent with the following parameters: TR/TE, 1500/30 ms;
flip angle, 60°; field of view, 24 x 24 cm; 17 sections;
matrix, 128 x 128; thickness, 5 mm; intersection gap, 1.5
mm. For each section, 50 images were obtained at intervals
equal to the TR. Gadobutrol at a dose of 0.1 mmol/kg and
rate of 2 mL/s was injected with an MR-compatible power
injector (Spectris, Medrad) four or five times. The total scan
duration for DSC perfusion MRI was 2 minutes.

ASL Perfusion Image Analysis

On a picture archiving and communication system
workstation (Infinitt; Infinitt Healthcare), regions of
interest (ROIs) were drawn manually, covering the middle
cerebral artery (MCA) territories of the operative side by a
pediatric radiologist according to previous studies [4,15,16].
ROIs were drawn at the six locations for the Alberta
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Stroke Program Early CT score (ASPECTS), and a segmental
assessment of the MCA vascular territory over the standard
ganglionic and supraganglionic levels was performed (Fig.
1). CBF calculations for ASL images have been described
previously [9]. All CBF map values were measured in
absolute units (mL/100 g/min). The average CBF values
at each level were derived based on the CBF values at
the ganglionic and supraganglionic levels. To adjust for
interindividual variation, additional ROIs were drawn within
the cerebellum for CBF normalization. Subsequently, relative
CBF (rCBF) values were calculated using the following
equation: rCBF on ganglionic level = CBFgangiionic/CBFcerebetium;
rCBF on supraganglionic level = CBFsypragangtionic/ CBFcerebeltum-
Two pediatric radiologists reviewed the ASL images for
ATT at the ganglionic and supraganglionic levels of the
MCA territory, which were the same levels used in the
quantitative analysis. Qualitative perfusion scoring on ASL
utilizes a 4-point scale: 0, complete absence of parenchymal
perfusion; 1, incomplete parenchymal perfusion (i.e.,
partially absent or conspicuously decreased perfusion with
ATT effect); 2, delayed-but-complete parenchymal perfusion
(i.e., ASL demonstrates complete parenchymal perfusion,
but shows an ATT effect); 3, complete/normal perfusion
(i.e., ASL shows approximately homogeneous parenchymal
perfusion, without obvious ATT effect) [11,13,17,18]. These
perfusion scores were recorded at six ASPECTS areas at the
same location where the ROI was drawn for quantitative
analysis. The average perfusion scores for the ganglionic and
supraganglionic levels were used as the ASL perfusion scores.

DSC Perfusion Image Analysis
DSC perfusion images with CBF and time-to-peak (TTP)
maps were generated using a commercially available

Fig. 1. Example of region of interest placement for ASL imaging assessment.

A. The region of interest manually drawn to cover the cortex of the operated side of the middle cerebral artery territories for each of the
ganglionic and supraganglionic levels on ASL perfusion MRI and dynamic susceptibility contrast perfusion MRI. B. The qualitative perfusion
scoring for ASL utilizes a 4-point scale: 0, complete absence of parenchymal perfusion; 1, incomplete parenchymal perfusion (i.e., partially
absent or conspicuously decreased perfusion with ATT effect); 2, delayed-but-complete parenchymal perfusion (i.e., ASL demonstrates complete
parenchymal perfusion, but shows ATT effect); 3, complete/normal perfusion (i.e., ASL shows approximately homogeneous parenchymal perfusion,
without obvious ATT effect). ASL = arterial spin-labeling, ATT = arterial transit time

kjronline.org https://doi.org/10.3348/kjr.2020.1464
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software package (Olea Sphere, Olea Medical) [19,20]. All
CBF and TTP values were measured on each DSC perfusion
map for the ganglionic and supraganglionic levels of the
MCA territory and cerebellum using the same method
utilized for the ASL CBF measurement by a pediatric
radiologist. The rCBF values for the DSC images were
calculated using the same CBF normalization method
used for the ASL image. The relative TTP (rTTP) value
was calculated using the following equation according

to a previously reported method: rTTP = TTP easured tevel -
TTPcerebellum [21]

Statistical Analysis

Clinical characteristics and preoperative radiologic status
were analyzed using descriptive statistics. The quantitative
and qualitative perfusion changes on ASL perfusion MRI for
the operated side were pre- and postoperatively assessed
using a paired t test. Quantitative changes in DSC perfusion
parameters were pre- and postoperatively assessed using a
paired t test.

The changes in rCBF and rTTP values on DSC perfusion
MRI were used as reference standards for postoperative
perfusion changes after indirect revascularization [21,22].
We analyzed the correlation between the rCBF changes on
the ASL and DSC images and the correlation between the
ATT effect changes on ASL images and the rTTP changes on
DSC images using Spearman’s correlation test.

Interobserver agreement of the reviewers was expressed
as the « value for qualitative perfusion scoring on ASL
perfusion MRI. The « value was interpreted as follows: <0,
negative agreement; 0-0.20, positive but poor agreement;
0.21-0.40, fair agreement; 0.41-0.60, moderate agreement;
0.61-0.80, good agreement; > 0.81, excellent agreement.

All statistical analyses were performed using Med(Calc
software (version 12.1.0; MedCalc Software). Statistical
significance was considered when the p value was < 0.05.

RESULTS

Patient Characteristics

This study enrolled 13 boys and 17 girls (mean age, 6.3
years [range, 2-13 years]). All patients underwent unilateral
EDAS, and only one patient underwent a combination of
EDAS and bifrontal encephalogaleoperiosteal synangiosis.
Baseline and postoperative perfusion MRI were performed
3.5 + 3.6 (mean + standard deviation [SD]) days before
surgery and 73.8 + 56.7 days after surgery.
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All patients had bilateral MMD, three (10%) had a family
history of MMD, and none of the patients had moyamoya
syndrome with associated diseases. Transient ischemic
attack was the most common initial clinical symptom
(63.3%), followed by a headache. Four children had an old
infarction injury at the watershed zone, and one patient had
a territorial cortical infarction on MRI preoperatively. None
of the patients had a newly noted postoperative infarction.
Preoperative angiographic findings with two or three grades
of the Suzuki stage were common findings in our patients.

Perfusion Changes on ASL Perfusion MRI

The results of the quantitative and qualitative
analyses of ASL perfusion MRI are summarized in Table
2. Postoperatively, the rCBF values improved at both the
ganglionic and supraganglionic levels of the MCA territory
on the operated side (mean + SD of 1.04 + 0.28 vs. 1.19
+ 0.44 and 0.92 + 0.35 vs. 1.23 + 0.51; p = 0.040 and p =
0.003). The qualitative perfusion scores for parenchymal
perfusion and ATT also improved at both the ganglionic
and supraganglionic levels (mean + SD of 1.74 + 0.74 vs.
2.54 +0.39 and 1.33 + 0.63 vs. 2.12 + 0.53; p < 0.001 and
p < 0.001). The interobserver agreement for qualitative
perfusion scoring for the two reviewers showed good
agreement (k = 0.797).

Perfusion Changes on DSC Perfusion MRI
The results of the quantitative analysis of the perfusion
values on DSC perfusion MRI are summarized in Table 3.

Table 2. Perfusion Changes on ASL Perfusion MRI after Indirect
Revascularization

Parameter
Relative CBF*

Preoperative  Postoperative P

Ganglionic level 1.04 +0.28  1.19 + 0.44 0.040

Supraganglionic level ~ 0.92 +0.35  1.23 + 0.51 0.003
ASL perfusion scoring’

Ganglionic level 1.74 £ 0.74 2.54+0.39 <0.001

Supraganglionic level  1.33 +0.63  2.12+ 0.53 < 0.001

Values are presented as mean + standard deviation. *Relative
CBF values were calculated as follows: CBFueasured tevel/ CBF corepeitums
The scoring of ASL perfusion was defined as follows: 0, complete
absence of parenchymal perfusion; 1, incomplete parenchymal
perfusion (i.e., partially absent or conspicuously decreased
perfusion with ATT effect); 2, delayed-but-complete parenchymal
perfusion (i.e., ASL demonstrates complete parenchymal perfusion,
but shows ATT effect); and 3, complete/normal perfusion (i.e.,
ASL shows approximately homogeneous parenchymal perfusion,
without obvious ATT effect). ASL = arterial spin-labeling, ATT =
arterial transit time, CBF = cerebral blood flow
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DSC perfusion MRI showed a significant increase in rCBF
values (ganglionic; mean + SD of 1.04 + 0.20 vs. 1.18 +
0.26, supraganglionic; mean + SD of 0.95 + 0.20 vs. 1.07 +
0.22; both p = 0.001). The rTTP values showed a significant
decrease at the ganglionic and supraganglionic levels of the
MCA territory on the operated side (mean + SD of 2.48 + 1.52
vs. 1.54 + 0.86 and 3.00 + 1.82 vs. 1.73 + 1.09; p < 0.001
and p < 0.001).

Correlation between the Change Degrees in ASL and DSC
Perfusion Parameters
When evaluating the correlation between the degrees

Table 3. Perfusion Changes on Dynamic Susceptibility Contrast
Perfusion MRI after Indirect Revascularization

Parameters Preoperative  Postoperative P
Relative CBF*
Ganglionic level 1.04 + 0.20 1.18 + 0.26 0.001
Supraganglionic level  0.95 + 0.20 1.07 £ 0.22 0.001
Relative TTP!
Ganglionic level 2.48 +1.52 1.54 +0.86 <0.001
Supraganglionic level ~ 3.00 + 1.82 1.73+1.09 <0.001

Values are presented as mean + standard deviation. *Relative
CBF values were calculated as follows: CBFneasured tevel/ CBFcerebelium,
'Relative TTP value was calculated as follows: TTPmessured tevel-
TTPcerebetum. CBF = cerebral blood flow, TTP = time-to-peak
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of improvement in ASL and DSC parameters, no significant
correlation between the changes in rCBF values for ASL
and DSC perfusion MRI was found (r = 0.195, p = 0.303).
However, there was a significant correlation between

the changes in perfusion scores for ASL and rTTP on DSC
perfusion MRI (r = 0.701, p < 0.001). The correlation
plots are shown in Figure 2. Representative good and
poor postoperative cases are presented in Figures 3 and 4,
respectively.

DISCUSSION

Our study assessed whether ASL perfusion MRI can be
used to monitor perfusion after indirect revascularization
surgery in pediatric patients with MMD. ASL perfusion
MRI showed an increase in quantitative rCBF values and
improved qualitative perfusion scores for the MCA territory
on the operated side after indirect revascularization.
Compared with the DSC perfusion parameters, there was a
significant correlation between the degree of change in the
qualitative perfusion scores using the ATT effect and the
rTTP improvement on DSC perfusion MRI.

MMD is a progressive steno-occlusive change in the
intracranial vessels, and bypass surgery is currently
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Fig. 2. Correlation plots for the change degrees after surgery for the ASL and DSC perfusion parameters.

A. There was no significant correlation between the mean improvement in rCBF assessed with DSC MRI and the mean improvement in rCBF
assessed by ASL MRI (r=0.195, p = 0.303). B. There was a significant correlation between the mean improvement in rTTP values on DSC MRI and
the mean improvement in the arterial transit time perfusion score on ASL perfusion MRI (r = 0.701, p < 0.001). ASL = arterial spin-labeling, DSC =
dynamic susceptibility contrast, rCBF = relative cerebral blood flow, rTTP = relative time-to-peak
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Before Surgery After Surgery

J o -

Fig. 3. Good postoperative case. A 6-year-old girl underwent right encephaloduroarteriosynangiosis with good postoperative outcomes.

A. Preoperative ASL perfusion image showing ATT effects (arrowheads) and no parenchymal signal areas (arrows) at the ganglionic and
supraganglionic levels of the right MCA territory. Postoperative ASL images show decreased ATT effects (arrowhead) and improved parenchymal
signal intensity (arrows) at the same level in the right MCA territory. B. Preoperative TTP maps of dynamic susceptibility contrast perfusion MRI
showing a delayed TTP area in the right MCA territory (arrows) with several foci having delayed transit times (arrowheads) corresponding to
the ATT areas on ASL images. Postoperative TTP maps show an improved TTP area in the operative MCA territory. Only a subtle delayed TTP area
remained at the supraganglionic level with a delayed transit time (arrowheads) corresponding to the ATT area on the ASL image. ASL = arterial
spin-labeling, ATT = arterial transit time, MCA = middle cerebral artery, TTP = time-to-peak

regarded as its effective treatment [23]. EDAS is an indirect
revascularization method in which the parietal branch of the
superficial temporal artery, together with the surrounding
connective tissue, is separated and sutured into the MCA
territory [1]. Therefore, indirect revascularization involves
grafted cortical blood vessel growth in ischemic vulnerable
brain tissue from the cortical brain surface [1,23]. The
effect of indirect revascularization is based on the extent of
postsurgical neo-angiogenesis; thus, overall hemodynamic
change monitoring is important [24].

For assessing cerebral hemodynamic changes, positron
emission tomography (PET) and single-photon emission
computed tomography (SPECT) have been useful for
quantifying CBF and cerebrovascular reserve alterations.
However, there are intrinsic disadvantages of serial
examinations, radiation concerns, and poor spatial
resolution [25,26]. For the MRI techniques, postoperative
hemodynamic changes on DSC perfusion MRI may be well-
correlated with clinical outcomes after revascularization
surgery in children with MMD [12,21,22]. Yun et al. [21]
reported that the rTTP value of DSC perfusion parameters is
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a useful marker for postoperative hemodynamic monitoring
and clinical outcomes in pediatric patients with MMD. Lee
et al. [22] also showed that the TTP perfusion map reflects
the ischemic status of patients with MMD and the degree
of ischemia reduction after revascularization surgery. As
reported in previous studies, our study also showed that
rCBF and rTTP values on DSC perfusion MRI improved after
indirect revascularization surgery.

However, DSC perfusion MRI is technically more
challenging in children because it requires a gadolinium
contrast agent with high-flow bolus injection, despite
the advantage of providing several quantified perfusion
parameters [27]. Another critical limitation of DSC perfusion
MRI is that confounding due to the presence of collateral
vessels with the effects of arterial arrival delay may lead
to rCBF underestimation and rTTP overestimation [4,28].
This drawback caused by delayed-arriving collateral flow
can also occur during ASL perfusion MRI. However, ASL
perfusion MRI may leverage this disadvantage to facilitate
interpretations for collateral vessels; it also does not require
the use of a gadolinium-based contrast agent, which is an

https://doi.org/10.3348/kir.2020.1464 kjronline.org
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Fig. 4. Poor postoperative case. A 7-year-old boy underwent right encephaloduroarteriosynangiosis with poor postoperative outcomes.

A. Preoperative ASL perfusion image showing ATT effects (arrowheads) and no parenchymal signal areas (arrows) at the ganglionic and
supraganglionic levels of the right MCA territory. Postoperative ASL images show impaired perfusion (arrows) and ATT effects (arrowheads) in

the right MCA territory, indicating flow stagnation in the cephaloduroarteriosynangiosis area. B. Preoperative TTP maps of dynamic susceptibility
contrast perfusion MRI showing delayed TTP area in the right MCA territory (arrows) with profound delayed transit time (arrowheads)
corresponding to those of the ATT areas on ASL images. Postoperative TTP maps show delayed TTP areas (arrows) in the operative MCA territory.
Multiple delayed TTP areas (arrows) remained at the supraganglionic level with a delayed transit time (arrowheads) corresponding to the ATT area
on the ASL image. ASL = arterial spin-labeling, ATT = arterial transit time, MCA = middle cerebral artery, TTP = time-to-peak

advantage [4,8,13]. ASL perfusion MRI has a characteristic
feature: the ATT effect refers to labeled blood, which

fails to reach the capillary bed and remains inside the
artery, appearing as a strong bright signal intensity, which
indicates collateral vascular flow [13]. Therefore, careful use
of ASL images facilitates the assessment of postoperative
hemodynamic status, in which collateral vessels possibly
exist and are reduced in patients with MMD [4,29].

The ATT effect has two conflicting characteristics
regarding CBF estimation: derived CBF may be
underestimated due to a very long ATT when no labeled
blood has reached the imaging volume or overestimated
because the bright intravascular signal blood has slowly
come to the precapillary arterioles [11,12,30]. However,
Fahlstrom et al. reported that the ATT effects used for CBF
calculations may have negligible overestimated effects
when assessed using a vascular region-based CBF on a
single delayed pseudo-continuous ASL perfusion MRI [11].
Our study showed that rCBF on ASL slightly improved after
indirect revascularization surgery, but the difference in
rCBF between the pre- and postoperative stages was low,

kjronline.org https://doi.org/10.3348/kjr.2020.1464

and the standard variation was higher postoperatively.
This phenomenon should be considered as the combined
effect of high (due to the ATT effect) and low (due to the
apparent perfusion deficit) CBF voxels [17].

In our study, there was no significant correlation
between rCBF on ASL and the degree of improvement
of rCBF on DSC perfusion MRI, although the rCBF values
on ASL significantly increased in the MCA territory after
revascularization surgery. The lack of correlation with DSC
perfusion parameters may be related to CBF measurements
based on ASL perfusion MRI and the ATT effects of the
single-delay pseudo-continuous technique. However,
regarding qualitative perfusion changes, we hypothesized
that there was a decrease in collateral vessels at the
operated side of the MCA territory after revascularization
surgery, which may have improved the perfusion scores
with ATT decrease. Recently, Ukai et al. [18] reported that
severe ATT effects on ASL perfusion MRI may suggest a
decrease in cerebrovascular reserve and a severe MMD stage.
Our study showed an ATT effect reduction on ASL due to
improved MCA territory perfusion through the newly grafted
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EDAS flow and decreased delayed-arriving flow through the
collateral vessels.

The qualitative ASL perfusion score was correlated
with an improvement in rTTP on DSC perfusion MRI. Lee
et al. reported the excellent diagnostic performance of
the ATT effect in adult patients with MMD in evaluating
collateral grading and anastomosis patency after direct
revascularization [8]. However, there are few studies on
the changes in ATT effects related to the DSC perfusion
parameters before and after surgery in pediatric patients
with MMD. Therefore, this study suggests the potential
application of single-delay pseudo-continuous ASL
perfusion MRI to postoperative perfusion status monitoring
in pediatric patients with MMD. Additionally, single-delay
pseudo-continuous ASL perfusion MRI is more advantageous
than the multi-delay ASL technique in terms of SNR and
scan time [31].

This study has some limitations. First, we only evaluated
the perfusion status for the ganglionic and supraganglionic
levels of the MCA territory. Perfusion changes in the basal
collateral vessels in the basal ganglia region should also be
evaluated in patients with MMD. However, we emphasized
perfusion changes before and after the EDAS area using
perfusion MRI data, even though the EDAS area did not
exactly match these MCA territories. Potential bias may have
been introduced in the ROIs by only including the ganglionic
and supraganglionic levels of the MCA territories. Second,
only a few patients with MMD were studied. However, our
study included only a homogenous population of pediatric
patients undergoing indirect revascularization, mostly
EDAS, showing changes in perfusion between the pre- and
postoperative stages. Third, we could not compare the data
of ASL perfusion MRI and standard methods, including PET,
SPECT, or perfusion CT, to validate the quantitative CBF
results, because these examinations were not performed
in our hospital. Since SPECT or PET was not used as a
reference standard in this study, the interpretation of
these quantitative results may have some limitations for
both ASL and DSC perfusion MRI. However, rTTP on DSC
has been used as a reference standard for postoperative
perfusion improvement in previous studies [4,21,22].
Therefore, we compared the perfusion changes on ASL
images with the rTTP value for DSC perfusion MRI after
indirect revascularization. Finally, our study was conducted
using an MR imager with a magnetic field strength of 1.5.
Theoretically, 3T can offer an advantage over 1.5T related to
the SNR. However, 1.5T is preferred over 3T for postoperative
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follow-up studies, and it has fewer susceptible artifacts. In
previous studies, there was a slight difference between the
normalized CBF measurements coordinated in the cerebellum
between the 1.5T and 3T imagers [8].

In conclusion, recognizing the effects of ATT on ASL
perfusion MRI may help monitor cerebral perfusion changes
and complement quantitative CBF assessment in MMD
patients after indirect revascularization.
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Postoperative Evaluation of Moyamoya Disease
with Perfusion-Weighted MR Imaging:
Initial Experience

Seung-Koo Lee, Dong Ik Kim, Eun-Kee Jeong, Si-Yeon Kim, Sang Heum Kim, Yon Kwon In,
Dong-Seok Kim, and Joong-Uhn Choi

BACKGROUND AND PURPOSE: Encephaloduroarteriosynangiosis (EDAS) has become the
main treatment for moyamoya disease, a chronically progressive cerebrovascular occlusive
disease in children. We aimed to assess the utility of perfusion-weighted MR imaging for
evaluating hemodynamic changes before and after EDAS.

METHODS: Thirteen patients with angiographically confirmed moyamoya disease who un-
derwent EDAS were investigated, and results were compared with those of a control group (n =
5). Perfusion MR imaging was performed before and after EDAS by using a T2*-weighted
contrast material-enhanced technique. Relative cerebral blood volume (rCBV) and time to
peak enhancement (TTP) maps were calculated. Relative ratios of rCBV and TTP in the middle
cerebral artery (MCA) and basal ganglia were measured and compared with those of the
posterior cerebral artery (PCA). Changes in hemodynamic parameters between pre- and
post-EDAS perfusion maps were investigated.

RESULTS: The mean rCBYV ratio of MCA to PCA in the patient group was slightly higher
than that in the control group, without statistical significance. All 13 patients showed a delayed
TTP in the MCA before EDAS compared with the control group (P = .0006), and the TTP after
EDAS was significantly reduced (P = .0002). In the basal ganglia, shortening of the TTP was
demonstrated before EDAS, but no significant change was observed after EDAS.

CONCLUSION: Perfusion-weighted MR imaging can be applied for evaluating postoperative
changes in cerebral blood flow in moyamoya disease. Shortening of the TTP in the MCA of the
hemisphere operated on is a marker for the development of collateral circulation from the
external carotid artery to the internal carotid artery.

Moyamoya disease is a chronically progressive cere-
brovascular disease affecting the supraclinoid internal
carotid arteries (ICAs) with prominent collateral ar-
terial formation (1). Despite the fact that moyamoya
disease is thought to affect primarily Japanese or
Koreans, it also has been reported in other ethnic
groups (2, 3). The etiology is still uncertain, and
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without proper treatment, children presenting with
ischemic symptoms tend to show an aggravating nat-
ural course (4). Encephaloduroarteriosynangiosis
(EDAS) is the treatment of choice because this pro-
cedure can reestablish cerebral perfusion by means of
external carotid artery (ECA)-to-ICA bypass (5). De-
velopment of collateral vessels after surgery usually
occurs in the middle cerebral artery (MCA) territory
because of the distribution of the superficial temporal
artery, which is the most commonly used supplier for
EDAS. Although other advanced procedures for re-
construction of blood flow to the anterior cerebral
artery (ACA) territory have been introduced recently
(6-8), EDAS is still widely used in many institutes.
Conventional angiography is used to diagnose
moyamoya disease (9), but single photon emission
tomography (SPECT) is known to be the reference
standard for evaluating the hemodynamic status of
patients with moyamoya disease (10, 11). MR imaging
also has been widely used in assessing moyamoya
disease, because of its capacity to illustrate anatomic
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detail and the vascular architecture (12, 13). Re-
cently, T2*-weighted perfusion MR imaging has been
found to be effective in estimating cerebral hemody-
namics in moyamoya disease (14-17). These diagnostic
maneuvers can be used to assess local hemodynamic
changes after ICA-to-ECA bypass surgery (18-20).
However, there is a paucity of reports describing the
efficacy of perfusion-weighted MR imaging in postop-
erative evaluation. The purpose of this study was to
assess the utility of perfusion MR imaging in illustrating
the hemodynamic changes of an ischemic brain in moya-
moya disease before and after EDAS.

Methods

Thirteen patients with childhood moyamoya disease who
underwent EDAS between July 1999 and March 2002 were
evaluated by using perfusion-weighted MR imaging before and
after surgery. The subjects consisted of eight female and five
male patients, with ages ranging from 2 to 27 years (mean, 8.5
years). They received preoperative diagnostic evaluation with
technetium-99m ethyl cysteinate dimer SPECT and conven-
tional angiography. On cerebral angiograms, all 13 patients
showed stenosis, either partial or complete obstruction, in the
supraclinoid portion of the ICAs. All showed patent posterior
cerebral arteries (PCAs) and various degrees of leptomenin-
geal collateral vessels (eg, less than Suzuki grade V [21]).
EDAS was performed according to the patients’ clinical symp-
toms and angiographic findings. EDAS was performed in the
left cerebral hemisphere in four patients, in the right cerebral
hemisphere in three patients, and in both hemispheres in the
remaining six patients.

All patients underwent preoperative perfusion-weighted
MR imaging 3-7 days before EDAS and postoperative perfu-
sion-weighted MR imaging 6—8 months after EDAS. Five
children (three male, two female subjects; mean age, 9.3 years;
age range, ) were included in the control group because healthy
volunteers were not available for perfusion study. Age-matched
control subjects could not be recruited because they would
have needed sedation, and ethical considerations prohibited
this. The control subjects were referred for brain imaging with
the complaint of simple headache or psychiatric problem. They
were found to have no central nervous system disease radio-
logically and at follow-up studies. Informed consent was re-
ceived from all participants or the participants’ parents or legal
guardian, and all procedures were performed under approval
by the institutional board of clinical studies.

The MR examinations were conducted by using a 1.5-T
system (Signa Horizon, GE Medical System, Milwaukee, WI,
or Gyroscan Intera, Philips Medical Systems, Best, the Neth-
erlands) with a quadrature head coil. Perfusion-weighted MR
imaging was performed by using a single-shot gradient-echo
echo-planar imaging sequence during an intravenous bolus
injection of 0.2 mmol/kg gadopentetate dimeglumine (Magne-
vist; Schering AG, Berlin, Germany) with the following param-
eters: 1500/40/1 (TR/TE/excitations), 24-cm field of view, 5-mm
section thickness with a 2-mm intersection gap, and 128 X 128
matrix. Six sections were chosen starting from the anteropos-
terior commisure line including the transthalamic level, and 40
dynamic perfusion images were obtained from each level. Con-
trast material was injected by using a power injector (Spectris;
Medrad, Indianola, PA) after the fifth dynamic image, followed
by flushing with normal saline, and image acquisition continued
until all 40 phase images were obtained.

Data from the eight patients who were examined with the
GE system were transferred to a personal computer, where the
data were analyzed by using a program coded for Interactive
Data Language (IDL 5.4 Win32; Research Systems Inc., Boul-
der, CO). The data of the other five patients examined with the

AJNR: 24, April 2003

Fic 1. Regions of interest (MCA, PCA, and BG) are drawn on a
TTP map. On the rCBV maps (not shown), the relative signal
intensity ratios of the MCA and the BG to the PCA territory were
obtained, whereas on the TTP maps the time differences in the
MCA and BG were calculated and compared with that of the
PCA territory.

rCBYV Ratios and TTP Values in the Control Group and Patients

Control Group Patient Group

Parameter (n=5) (n =13) P Value*
rCBV ratio
MCA to PCA 135 +0.14 1.31 = 0.66 .950
BG to PCA 0.79 = 0.12 0.78 £ 0.25 756
TTP difference (sec)
MCA to PCA 0 437 £225 .0006
BG to PCA -0.76 £0.22  —1.08 = 1.99 765

Note.—Data are the mean = SD.
* Two-tailed ¢ test.

Philips system were processed by Easyvision (Philips Medical
Systems). For each pixel, the time-concentration or AR2* curve
was obtained, which was calculated from the equation
AR2*(t) = [In(SIy/SI(¢))], where SIj is the average precontrast
signal intensity and SI(¢) is the signal intensity at time . The
relative cerebral blood volume (rCBV) was calculated pixel by
pixel from the time-relaxation curve obtained by dynamic im-
aging. The time interval to peak enhancement (TTP) maps
were also calculated. The regions of interest in the bilateral
MCA territory, PCA territory, and basal ganglia were drawn
(Fig 1) and contained more than 20 pixels. The rCBV ratios
and TTP differences of the MCA and of the basal ganglia to the
PCA territory were calculated on the pre- and postoperative
perfusion MR images. Statistical analysis was done between
patients and control group by using the Student’s 7 test for the
independent samples. A paired ¢ test was used to analyze the
patient group for changes before and after EDAS. A P value of
less than or equal to .05 was considered to indicate a statisti-
cally significant difference.

Results

The measured rCBV and TTP values in the control
and patient groups are listed in the Table. The mean
rCBV ratio of the MCA to PCA territory in the
control group was 1.35 = 0.14 in the MCA territory
and 0.79 £ 0.12 in the basal ganglia. The TTP in the
MCA territory was identical to that of the PCA ter-
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Baseline

Pre-EDAS (Rt)

ritory, whereas the TTP in the basal ganglia was
shorter than that in the PCA territory.

The mean rCBV ratio of MCA to PCA territory
was slightly higher than that in the control group,

without statistical significance (P = .950, ¢ test for
independent samples, two-tailed). In the basal gan-
¢glia, no definite change in rCBV was observed in the
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Fic 2. 9-year-old boy with moyamoya
disease.

A, Anteroposterior angiogram of the
right ICA shows an occlusion of the su-
praclinoid portion, with development of
multiple basal collateral vessels (moya-
moya vessels).

B, Left ICA angiogram depicts mild
changes of the luminal caliber in the left
MCA, but with preserved patency. Left
ACA shows severe narrowing.

C, Technetium-99m ethyl cysteinate
dimer SPECT scan (left scan) reveals de-
creased perfusion in both hemispheres,
more prominent on the right side. After the
acetazolamide (Diamox) injection (right
scan), there is no evidence of a significant
perfusion reduction.

D, Perfusion MR images show delayed
TTP in the right hemisphere before EDAS
(arrows in left TTP map) and a signal in-
tensity reduction after EDAS (arrows in
right TTP map), which means a restoration
of rapid flow at the surgical site. Note,
rCBV maps show nothing significant.

Post-EDAS (Rt)

patient group when compared with the control group
(P = .756). The TTP delay was striking in the MCA
territory of the affected hemisphere in the patient
group, with an average 4.37 seconds delay compared
with the control group (P = .0006). Three of 13
patients showed an asymmetric delay in the TTP in
both MCA territories. This corresponded well with
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conventional angiography, which depicted a different
degree of stenosis between both MCAs (Fig 2). In the
basal ganglia, no significant TTP differences could be
found between the two groups.

After surgery, the rCBV ratio in the MCA territory
decreased in the case of the initial rCBV increase, but
the overall change in the rCBV value was not statis-
tically significant (P = .281, paired ¢ test, two-tailed)
(Fig 3A). The rCBYV in the basal ganglia also did not
depict any changes after surgery (Fig 3B). The TTP in
the MCA territory operated on was significantly
shortened after surgery (P = .0002), whereas the TTP
in the basal ganglia was not (Fig 4). TTP shortening
was demonstrated as a marked signal intensity reduc-
tion in the calculated maps after EDAS (Fig 2D).
One patient underwent additional postoperative per-
fusion MR imaging before a second surgery on the
contralateral side. The second perfusion MR imaging
examination was performed 1 month after EDAS on
the left side, and the patient then underwent a right
EDAS. On the second perfusion MR image, the TTP
shortening of the operated hemisphere was not defi-
nite, which suggested that neovascularization was not
established at that time. Six months later, the patient
was again evaluated with perfusion MR imaging and
conventional angiography. On the follow-up conven-
tional angiogram, neovascularization and prominent
vascular staining were demonstrated from the ECA to
the frontoparietal cerebral cortex. The results agreed
well with those of perfusion MR imaging, which de-
picted shortened TTP at the left MCA territory after

surgery (Fig 5).

Discussion

As moyamoya disease forms many collateral vessels
owing to the occlusion of major proximal intracranial
arteries, the key role of imaging diagnosis has been
focused on detecting collateral circulation, although
the disease may induce an infarct or hemorrhage. CT
was found to be useful in detecting the important
diagnostic signs such as arterial occlusions and the
formation of collateral vessels (22). However, a defi-
nite diagnosis is made with conventional angiography
(9), which can depict the characteristic basal collat-
eral vessels resembling a “puff of smoke” (ie, moya-
moya vessels). Conventional angiography provides a
detailed status of collateral development and stenosis
of major cerebral arteries. In children, the moyamoya
vessels change through six stages: 1) carotid fork
stenosis; 2) progressive carotid stenosis with initial
moyamoya collateral vessels and dilatations of cere-
bral arteries; 3) dilatation of moyamoya collateral
vessels and disappearance of ACAs and MCAs; 4)
thinning of moyamoya vessels; 5) contraction of
moyamoya vessels and disappearance of PCAs; and
6) intracerebral vessels perfused from the ECA
and/or vertebrae. On the basis of this grading system,
the moyamoya vessels of all patients in this study were
below grade 5. MR angiography has also played a role
in detecting the collateral arteries, although many
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Fic 3. Aand B, Graphs show changes in the rCBV ratios to the
posterior circulation of the MCA territory (A) and the basal gan-
glia (B). The rCBV can be increased or decreased before (Preop)
and after (Postop) surgery, which cannot characterize the rCBV
patterns of moyamoya disease.
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Fic 4. A and B, Graphs show changes in the TTP delay to the
posterior circulation of the MCA territory (A) and basal ganglia
(B). Note the markedly increased TTP in the MCA territory, with
a significant reduction after surgery (Postop). There were no
specific changes in the TTP values in the basal ganglia.

institutes prefer conventional angiography as a pri-
mary diagnostic tool.

Alterations in the local cerebral hemodynamic sta-
tus are more important in understanding and plan-
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ning treatments for patients with moyamoya disease,
which cannot be assessed with angiography alone.
Scintigraphic methods, such as SPECT or positron
emission tomography, are the reference standard for
assessing cerebral hemodynamics because the tracer

Post Bil. EDAS
6 months
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Fic 5. 7-year-old boy with moyamoya
disease.

A, Preoperative left carotid angiogram
shows an occlusion of the supraclinoid ICA
with basal collateral vessels. No transdural
collateral vessels from the superficial tem-
poral or middle meningeal arteries are seen.

B, Vertebral artery angiogram shows
prominent leptomeningeal collateral ves-
sels supplying the bilateral hemispheres.

C, Serial perfusion-weighted MR im-
ages (rCBV, top row; TTP, bottom row)
were obtained because the patient under-
went bilateral EDAS procedures with a
1-month interval. One-month follow-up per-
fusion MR image shows a mild reduction in
the TTP delay (arrow in middle TTP map),
which means neovascularization is begin-
ning to develop. The last perfusion MR im-
age (right TTP map) shows near-complete
normalization of the TTP in the left hemi-
sphere (solid arrow) and a partial TTP short-
ening on the right side (open arrow).

D and E, Postoperative 7-month fol-
low-up left ECA angiograms show suc-
cessful neovascularization from the mid-
dle meningeal and superficial temporal
arteries.

decay kinetics are well known, and the tracer distri-
bution is proportional to the local cerebral blood
flow. Previous studies have reported reduced regional
cerebral blood flow in the frontal and temporal lobes
and increased flow in the parietal and occipital lobes
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and the basal ganglia (10, 23). These flow changes
reflect the course of the disease, which starts from the
ICA, MCA, and extends to the PCA. The posterior
circulation usually supplies the ischemic frontotem-
poral lobes via the leptomeningeal collateral vessels,
whereas the deep nuclei are supplied from the mul-
tiple basal collateral vessels. Such findings can be
detected with perfusion-weighted echo-planar MR
imaging. Yamada et al (17) demonstrated a reduced
rCBV and a TTP delay at the anterior circulation in
the case of a stenotic PCA. In contrast, the current
study showed a TTP delay in all patients, even those
with a normal PCA, whereas the rCBV changes var-
ied. Angiography showed normal calibers of the
PCAs and prominent leptomeningeal collateral ves-
sels in all subjects. An asymmetric TTP delay between
both MCA territories was also observed in three of 10
patients, in whom a different degree of stenosis was
clearly depicted at conventional angiography. The
TTP delay of the anterior circulation was propor-
tional to the severity of the ICA stenosis. Therefore,
this is a universal finding of moyamoya disease on
perfusion MR images and can reflect the severity of
the disease.

The goal of surgical treatment in moyamoya dis-
ease is to reestablish cerebral blood flow to the isch-
emic regions. EDAS is widely used in childhood
moyamoya disease because it is a simple procedure
and has a low risk of ischemia during temporary
blocking of the cerebral blood flow in a conventional
superficial temporal artery-MCA anastomosis (4,
24). Most surgical procedures have focused on in-
creasing the blood flow primarily in the MCA terri-
tory and do not directly benefit the ACA territory (8).
We measured the perfusion changes of only the MCA
territory because of the nature of the surgical proce-
dure. If a modified procedure that can reestablish the
ACA flow is chosen for investigation, perfusion mea-
surement must be done in the ACA territory in the
future.

After EDAS, the superficial temporal artery or the
adjacent middle meningeal artery participates in
forming collateral pathways and can be detected with
conventional angiography (25) or MR angiography
(20). The effectiveness of EDAS must be assessed not
only by visualizing the neovascularization but also by
monitoring improved perfusion status with other di-
agnostic techniques. In this study, an alteration of the
temporal parameters of perfusion-weighted MR im-
aging (eg, delay of TTP in the affected territory and
reduction of TTP delay after surgical treatment,
which corresponded with the rapid staining of cere-
bral arteries from ECA anastomosis) was shown. All
patients who showed a decreased TTP delay in this
study showed a fairly good outcome after surgery.
Therefore, a reduction of the TTP in the MCA ter-
ritory can indirectly reflect the improved perfusion
status, although an accurate interpretation of the TTP
in cerebral hemodynamics is still unclear.

TTP maps or angiography cannot assess perfusion
at the cellular level, because they depict only the
capillary blood flow. A cellular extraction of radio-
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tracers can reflect such microhemodynamics, and a
complete evaluation of postoperative patients must
include postoperative scintigraphic studies. Although
our protocol did not include postoperative SPECT,
clinical improvement and angiographic evidence are
enough to support satisfactory cerebral perfusion.
Moreover, as conventional MR imaging can be per-
formed easily during the postoperative period, it can
be used as a primary follow-up diagnostic tool for
evaluating the surgical outcome.

All hemodynamic parameters of perfusion-weighted
imaging were relative values; therefore, the differences
between the MCA and PCA territories could not be
compared. The arterial input function of the MCA ter-
ritory was impossible to obtain because the MCA was
not identified in moyamoya disease. Actually, the real
arterial input function of the cerebrum could not be
assessed owing to the nature of the disease.

Previous studies with perfusion MR imaging or
SPECT used a cerebral-to-cerebellar ratio or region-
to-mean hemispheric blood volume to calculate re-
gional cerebral blood flow (17, 26, 27). In the current
study, the authors compared MCA territorial blood
flow to occipital lobe-PCA territory because all pa-
tients showed patent PCAs at angiography. We could
not use the occipital lobe instead of cerebellum as a
standard because posterior fossa images were poor
with echo planar imaging sequences due to suscepti-
bility artifacts by the skull base and mastoid air cells.
If ECA-to-ICA anastomosis occurs, the cerebral he-
modynamics must be changed, including the mean
hemispheric blood flow and volume. Therefore, the
method in this study of using PCA and its territorial
blood volume as a standard may be more ideal than
the mean hemispheric blood volume in the pre- and
postoperative evaluation with normal PCA flow.
However, it is clear whether one should use another
standard hemodynamic parameter if the patient has a
stenotic or occluded PCA.

Lack of normal control values from healthy volun-
teers is a limitation of this study. We used control
data from patients with simple headache or psychiat-
ric conditions because we could not perform dynamic
bolus injection of MR contrast material in healthy
children. However, the control group children were
found to have no central nervous system disease ra-
diologically or clinically on follow-up.

The relatively broad age range of 2-27 years is
another limitation. It may raise the question as to
whether age-related hemodynamic changes would af-
fect outcome. To our knowledge, TTP or rCBV
change according to aging in the childhood period has
not been reported. Oyama et al (28) reported that
cerebral blood flow gradually decreases with aging in
moyamoya disease; however, their patient population
ranged from 16 to 58 years. We also could not get
proper data from a healthy population to get standard
hemodynamic features of children. This remains an
unsolved problem in this study, and future investiga-
tion must be performed.

In summary, TTP perfusion maps can depict the
preoperative hemodyamic status of patients with
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moyamoya disease and postoperative changes as well.
We postulate that perfusion MR imaging is a useful
tool to evaluate cerebral blood flow in moyamoya
disease.

Conclusion

Perfusion-weighted MR imaging can be applied for
evaluating the postoperative changes in the cerebral
blood flow in moyamoya disease. A shortening of the
TTP in the MCA territory of the hemisphere oper-
ated on is a marker for the development of collateral
circulation from the ECA to the ICA.
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Moyamoya is a progressive cerebrovascular disorder that leads to stenosis of the arteries in
the distal internal carotid, proximal middle cerebral and proximal anterior cerebral arteries
of the circle of Willis. Typically a network of collaterals form to bypass the stenosis and
maintain cerebral blood flow. As moyamoya progresses it affects the anterior circulation
more commonly than posterior circulation, and cerebral blood flow becomes increasingly
reliant on external carotid supply. Children with moyamoya are at increased risk for ische-
mic symptoms including stroke and transient ischemic attacks (TIA). In addition, cognitive
decline may occur over time, even in the absence of clinical stroke. Standard of care for
stroke prevention in children with symptomatic moyamoya is revascularization surgery.
Treatment of children with asymptomatic moyamoya with revascularization surgery how-
ever remains more controversial. Therefore, biomarkers are needed to assist with not only
diagnosis but also with determining ischemic risk and identifying best surgical candidates.
In this review we will discuss the current knowledge as well as gaps in research in relation
to pediatric moyamoya biomarkers including neurologic presentation, cognitive, neuroim-
aging, genetic and biologic biomarkers of disease severity and ischemic risk.

Semin Pediatr Neurol 43:101002 © 2022 Elsevier Inc. All rights reserved.

Introduction

From the *Department of Neurology, Boston Children’s Hospital, Boston,

. MA M oyamoya is a progressive non-atherosclerotic cerebral
Harvard Medical School, Boston, MA. arteriopathy that affects the distal internal carotid arter-
;Departrpe/m of Neur?logy, CHU Sainte-Justine, Montreal, Quebec, Canada. ies (dICA), proximal middle cerebral arteries (MCA), and/or
*Université de Montréal, Montreal, Quebec, Canada. . . . . .
INewborn Medicine, Boston Children's Hospital, Boston, MA. proximal anterior cerebral arteries (ACA) of the circle of Wil-
ﬂDe}oartment of Neurosurgery, Boston Children’s Hospital, Boston, MA. lis most Comm0n1Y~ The network of collaterals that deVdOP
*Department of Radiology, Boston Children’s Hospital, Boston, MA. to bypass the stenosis results in the characteristic angio-
**Department of Pediatrics, Division of Neurology, Nationwide Children’s graphic ‘puff of smoke’ appearance described as ‘moyamoya’.

Hospital, Columbus, OH.
T Division of Pediatric Neurology, Division of Cerebrovascular Neurology,
Department of Neurology, Johns Hopkins School of Medicine,

Moyamoya occasionally affects the posterior circulation
(26%-37%) including proximal posterior cerebral arteries
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designated as moyamoya syndrome. With known associa-
tions between moyamoya and certain syndromes, more chil-
dren are being diagnosed with moyamoya through screening
magnetic resonance imaging (MRI) prior to development of
symptoms.”

To date, there is no known therapy able to halt progres-
sion or reverse stenosis of the arteries in the circle of Willis.
The current standard of care centers on both medical man-
agement as well as the use of revascularization surgery
designed to improve cerebral blood flow (CBF) and lower
stroke risk in children with moyamoya. Medical management
can include antiplatelet such as aspirin, avoiding vasocon-
strictive medications and maintaining cerebral perfusion/
hemodynamics when under general anesthesia.

For children with symptomatic moyamoya, especially with
TIA or history of stroke, revascularization surgery is recom-
mended.” Indications for treatment of asymptomatic moya-
moya remain in evolution. The Asymptomatic Moyamoya
Registry (AMORE) is a multi-center prospective cohort study
based in Japan of asymptomatic moyamoya in adults. This
cohort study has revealed that asymptomatic moyamoya is
not necessarily a benign disease, as 20% of cases suffered
silent infarctions at follow-up and 40% of cases had altered
cerebral hemodynamic function with altered cerebral vascu-
lar reactivity.” Such multi-center cohort studies are not yet
available in children, although a growing body of literature
supports the premise that asymptomatic moyamoya has a
high likelihood of progression with concomitant risk to
patients. Lin et al. found in a single-center cohort study that
45% of asymptomatic children became symptomatic over a
mean follow up period of 5 years with 12% suffering a
stroke.” Kaseka et al. found that 24% of children with
asymptomatic moyamoya had ischemic events over median
follow up of 3.76 years and 46% had radiologic progression
over median follow up of 4.83 years.” However, predictors
of progression in children with asymptomatic moyamoya are
lacking.

Biomarkers are needed not only to assist in identifying
children with moyamoya (diagnostic biomarkers) but also to
assist in determining disease severity and ischemic risk (prog-
nostic biomarkers). Given the challenges inherent in stratifi-
cation of ischemic risk, a toolkit of biomarkers that aid in the
identification of suitable operative candidates and quantifies
therapy response are needed. Biomarkers that determine
when or whether these asymptomatic children should have
revascularization surgery is of utmost importance. Many bio-
markers have been studied including neurologic, cognitive,
radiographic, genetic and biologic. In this article we will
review the current literature on these biomarkers in the con-
text of limitations and future therapeutics.

Neurologic Presentation as
Biomarker

Moyamoya has many phenotypes and is heterogeneous
in presentation, progression, and radiographic findings.

Moyamoya disease behaves differently than moyamoya
syndrome. " Children present differently both radiographi-
cally and symptomatically depending on underlying syn-
dromes associated with moyamoya.

Recent cohort studies found the proportion of patients
presenting with stroke, TIA, headache, seizure or asymptom-
atically differed depending on whether the child had moya-
moya disease or moyamoya syndrome and between
syndromic forms as patients with Down syndrome, NF1 and
sickle cell disease displayed distinct clinical phenotypes.'”
Children with Down syndrome were more likely to present
with a stroke and bilateral disease.'” Whereas children with
NF1 were more likely to present with unilateral disease and
less likely to suffer a stroke at follow-up compared to chil-
dren with sickle cell disease. Patients with NF1 or sickle cell
disease were more likely to be asymptomatic at diagnosis
compared to idiopathic moyamoya (moyamoya disease),
which may be related to screening neuroimaging in children
with NF1 and sickle cell disease."* Of note NF1 and sickle
cell disease may have arteriopathy that does not meet the def-
inition of moyamoya and may therefore not have the same
increased risk of stroke as those who have moyamoya syn-
drome. Kaseka and colleagues examined clinical and radio-
logic features to determine if they correlated with long term
outcome. Stroke at presentation or being asymptomatic at
presentation were correlated with Pediatric Stroke Outcome
Measure.* All other symptoms were not significant.

Many studies have also demonstrated that children of
younger age (<2 years old) are more likely to have a stroke
at presentation.'' ' Younger children also have faster pro-
gression of their stenosis and poorer long term
prognosis.' "' Whether children’s stroke risk or need for
surgery can be gauged by their clinical presentation alone still
needs further investigation. For example, whether children
who are symptomatic are at greater risk for future stroke
than asymptomatic children is not fully delineated. Catego-
rizing the child’s moyamoya based on neurologic presenta-
tion alone is not enough to determine who would benefit
from revascularization surgery.

Cognitive Biomarkers

Moyamoya in children is frequently associated with cognitive
impairment. The natural history of many children with
moyamoya without revascularization surgery is development
of neurocognitive decline and disability by adulthood."’
Multiple studies demonstrate that most children with moya-
moya, in the absence of cortical infarct, have baseline normal
range overall intellectual abilities with selective impairment
of various cognitive subdomains.'®"'® Hsu et al. described a
cohort of 13 children with moyamoya presenting with TIA in
which 2 of the children had single domain cognitive impair-
ments and an additional 3 patients had impairment of multi-
ple cognitive domains, largely localizable to frontotemporal
dysfunction.'® Two recent studies have demonstrated an
association between regional hemodynamics and cognitive
outcome. In a study of 30 children with moyamoya, fronto-
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parietal and white matter hemodynamics were shown to be
associated with executive function and processing speed.”
Kazumata et al. demonstrated that in 21 children with moya-
moya disease and no apparent brain lesions, there was a sig-
nificant difference in working memory compared to verbal
comprehension and that regional cerebral blood flow in the
left dorsolateral prefrontal cortex as well as bilateral medial
frontal cortices were associated with lower 1Q, perceptual
reasoning and processing speed without any association with
angiographic severity of disease.'” This suggests that the
chronic ischemia and hypoperfusion due to moyamoya vas-
culopathy leads to selective cognitive impairment, even in
the absence of infarction. Other studies have demonstrated
the changes in neurocognitive profiles before and after surgi-
cal treatment of moyamoya and demonstrated post-operative
improvements in performance 1Q, functional memory, atten-
tion, and impulsivity.'"'” The specific areas of improvement
in these studies post-operatively overall support benefit to
frontal lobe function following revascularization surgery.

Understanding which cognitive domains are at highest risk
for deficits in children with moyamoya, particularly in those
without infarction or neurologic symptoms, may serve as a
prognostic biomarker for moyamoya disease and inform the
need for intervention. Given the relatively limited long-term
studies of cognitive outcomes and the logistical challenges of
obtaining full neuropsychological testing over time, multi-site
research studies are needed to address these gaps. Areas that
require more investigation include long-term outcome studies
of cognition in adulthood following childhood moyamoya
diagnosis, baseline cognitive function and trajectory in chil-
dren with moyamoya without stroke and the role of comorbid
genetic conditions and factors on cognitive outcomes.

Cerebral Perfusion as Biomarker

Cerebral blood flow (CBF) is tightly regulated to provide nec-
essary oxygen and nutrients to different regions of the brain
according to their needs. In moyamoya, collaterals develop
so as to bypass the occlusion and maintain CBF and cerebral
perfusion pressure (CPP). In addition, CPP is maintained at a
relative constant by numerous mechanisms which include a
drop in vascular resistance and vasodilatation, mediated by
cerebral autoregulation. As a consequence of disease progres-
sion and falling CPP, tissue oxygen extraction fraction is
maximized followed by disruption in tissue metabolism and
ischemic brain injury.””*' Measuring cerebral hemodynam-
ics is thus an important aspect of moyamoya assessment and
management. Different imaging techniques have been used
and are being explored to provide the best approximation of
the CBF. Xenon CT perfusion, O'” based PET, or HMPAO
SPECT techniques are quantitative and the gold standard
non-invasive techniques for assessment of cerebral perfusion.
However, these techniques have high capital costs, limited
availability, need for radioisotope injection, difficult to imple-
ment in younger children. Here we highlight imaging techni-
ques with wider availability, suitability for use in children
and lower cost.

The “Ivy Sign” defined as leptomeningeal or sulcal hyper-
intense signals on unenhanced fluid-attenuated inversion
recovery (FLAIR) MRI along the cerebral sulci is frequently
observed in moyamoya patients. The ivy sign is thought to
represent dilated leptomeningeal branches on the surface of
the brain with slow flow. On contrast MRI, its correlate is
increased sulcal vascularity and enhancement. Previous stud-
ies have shown that its presence correlates with the severity
of symptoms at presentation and a decreased cerebral vascu-
lar reserve and the recurrence ischemic symptoms in idio-
pathic moyamoya patients.”” " Data regarding the
significance and impact of the ivy sign in pediatric moya-
moya patients, especially non-Asian and non-idiopathic
ones, is scarce. A recent, multicenter study reviewing the
characteristics of the ivy sign in a pediatric North American
and Israeli cohort showed a correlation between the ivy sign
and clinical outcomes. The authors found that post-operative
reduction of the ivy sign was associated with lower rate of
postoperative stroke.”” However, its utility as a predictor of
ischemic symptom occurrence remains uncertain.

Arterial Spin Label (ASL) perfusion imaging provides non-
invasive assessment of cerebral blood flow without the need
for contrast injection. ASL use does present some limitations
for moyamoya patients. Indeed, standard ASL techniques
such as pulsed and pseudocontininuous ASL are affected by
prolonged arterial arrival times secondary to the arteriopathy,
resulting in delayed brain parenchyma arrival and associated
macrovascular signal and artifactual areas of decreased CBF
map signal.l("27 Two adaptations of ASL permit more accu-
rate quantification of CBF in the face of delayed parenchymal
arrival. First, multi-delay ASL provides information about
arrival time in addition to more accurately quantifying CBF
as demonstrated by comparison with PET perfusion imag-
ing.*® Second, velocity-selective ASL (VSASL) i relies on
imaging principles not affected by variations in arterial arrival
time. Bolar et al. have demonstrated excellent agreement
between VSASL- and DSA- based scoring of CBF in standard
vascular territories and that the CBF, coefficient of variation,
a marker of perfusion variability, between moyamoya
patients with preserved perfusion and healthy controls is
similar when measured with VSASL, but different when
assessed with single-delay pulsed ASL.”’ However, as
pointed out by the authors, one important limitation of ASL
is that it does not distinguish between native collaterals and
surgical collaterals. Furthermore, normative data of ASL per-
fusion imaging are minimal in children.”'

Cerebrovascular Reactivity (CVR) is an estimate of the net
hemodynamic balance between supply, demand and vascular
tone. In the context of fixed arterial stenosis, there is often
maximized autoregulatory and vasodilatory response that
cannot be further increased by additional vasodilatory stimu-
lation. Additionally, in cases of upstream stenosis, asymmet-
rical changes in response to increased tissue demand may
result in a phenomenon termed “steal.””” MRI-based CVR
can be estimated by detecting changes in blood oxygenation
levels resulting from a stimulus that induces vasodilation (eg
breath hold, carbogen breathing, or acetazolamide adminis-
tration).>> The most accurate quantification of CVR results
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from the use of a graded hypercapnic challenge using a
breathing circuit,”” but breath holding may be better suited
for wide deployment in clinical settings. In children with
moyamoya, steal detected using a breath hold protocol has
been associated with a higher risk of future ischemic injury
and cognitive impairment.”””® In adults with moyamoya,
changes in CVR are correlated with new collateral formation,
and CVR at baseline is somewhat predictive of the same.””**

Arterial Anatomy as Biomarker

Catheter angiogram (DSA) is important for the definitive
diagnosis of moyamoya, presurgical planning and Suzuki
grading. The Suzuki grade, however, has not been shown to
be a valid predictor of ischemic risk as a stand-alone test.
Recently, Rosi et al. found that the presence of hypovascular
territories correlated with a symptomatic presentation and
ischemic changes on pre-operative brain MRI."’ The persis-
tence of hypovascular territories at follow-up angiogram was
found to correlate with incidence of post-operative ischemic
symptoms.*” Although, posterior choroidal artery collaterals
have been found to correlate with the risk of cerebral hemor-
rhage in adult idiopathic moyamoya, the role of collaterals in
pediatric moyamoya remains unknown.”" DSA following
revascularization surgery has demonstrated the reduction of
abnormal collaterals as soon as 3 to 6 months post-surgery in
both children and adults with moyamoya.*” Native forma-
tion of transdural collaterals is observed at a high rate in
children. Characterizing these native transdural collaterals
with catheter angiography in order to protect them during
revascularization surgery has been shown to reduce surgical
risk.” Rosi et al. did not observe a correlation between the
pattern of collateralization, the clinical presentation and the
outcome of pediatric moyamoya.” Additionally, DSA is an
invasive procedure associated with risks. Developing a reli-
able non-invasive measure of brain vascularization and perfu-
sion is therefore warranted.

MRI vessel wall imaging is a high-resolution black blood
imaging technique that assesses endothelial disruption via evi-
dence of enhancement and/or thickening within the vessel
wall, although the molecular and cellular mechanisms of this
enhancement are not yet definitively known. It can assist in
not only better classifying a stenotic arteriopathy of uncertain
cause, but it could also inform the likelihood of progression
and stroke recurrence. Some moyamoya patients may demon-
strate vessel wall enhancement. More specifically, a concentric
enhancement has been associated with inflammatory arteriopa-
thies and moyamoya, while eccentric pattern of enhancement
has been associated with dissection and cardioembolic
causes.”*® In adult moyamoya patients, the presence of vessel
wall enhancement was associated with an increased risk of
ischemic event occurrence and progression within 6 months
and a change of vessel wall enhancement has been associated
with recent neurological symptoms.” " Data in pediatric
moyamoya is however lacking.

Transcranial dopplers (TCD) ultrasonography is an attrac-
tive option for future use as a diagnostic and prognostic

biomarker in moyamoya because of its excellent safety pro-
file, cost effectiveness, portability, ability to provide anatomic
and hemodynamic information, and capacity to be per-
formed in resource-limited settings. While TCD has a clear
role in screening children with sickle cell disease for stroke
risk stratification and selection for chronic transfusion ther-
apy, the role of TCD in other childhood moyamoya popula-
tions has not been established.” According to the American
Heart Association Stroke Council, TCD may be used to eval-
uate and monitor children with moyamoya, though there are
no validated TCD criteria for diagnosis or data on risk stratifi-
cation by TCD.”””* In adults with moyamoya, TCD has been
used to identify disease stage, estimate degree of stenosis,
predict postoperative infarction, visualize arterial emboli,
and measure wall shear stress at the sites of vascular steno-
sis.”” " Studies in adult moyamoya have shown a character-
istic change in cerebral blood flow velocities over time as the
disease progresses, with cerebral blood flow velocities
increasing initially and then decreasing with advancing dis-
ease stage.” """ Despite the mounting evidence for a role
of TCD in adult moyamoya, data in children remain limited.
Future studies focusing on the ability of TCD to screen high-
risk pediatric populations outside of sickle cell, to predict
risk and rate of progression in childhood moyamoya, and to
measure cerebrovascular reactivity in moyamoya are needed.

Silent White Matter Ischemia as a
Biomarker

Silent white matter infarcts found on conventional neuroim-
aging is a hallmark imaging finding in children with moya-
moya. Diffusion Tensor Imaging (DTI) is a MRI technique
used to examine white matter tract alterations not seen using
conventional MR imaging techniques. In adults with moya-
moya white matter alterations have been found using DTI
even when conventional imaging was negative for white mat-
ter injury or stroke.’”” These white matter alterations found
using DTI in adults with moyamoya in the lateral prefrontal,
cingulate, and inferior parietal regions were significantly
associated with deficits in processing speed, executive func-
tioning and working memory.®” Children with moyamoya
without stroke or white matter injury also have alterations in
the white matter tracts specifically, in white matter tracts
located within the watershed regions using diffusion MR
imaging techniques.”” These findings are concerning for
ongoing hypoperfusion in children with moyamoya prior to
stroke or white matter injury being seen on conventional
MRI. These diffusion MR imaging techniques could be used
in the future as an imaging biomarker to assist in surgical
decision making. Whether white matter alterations occur to
the same extent in symptomatic versus asymptomatic chil-
dren with moyamoya is unknown.

Genetic Biomarkers

There is increasing evidence of a genetic contribution to
moyamoya, with a recent population based study in Korea
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finding a 132 fold increase in incidence risk for individuals
with an affected first degree relative. In recent years, the avail-
ability of genomic analysis methods has moved beyond
gentic linkage studies and permitted the identification of
genes in a subset of cases. Notably, in 2011, through linkage
analysis followed by exome sequencing of 72 Japanese
patients, Kamada and colleagues identified a major founder
susceptibility variant at p.R4859K of the ring finger protein
213 gene (RNF213), and Liu and colleagues identified a
missense variant p.R4810K in a group of 8 Japanese
families.””° Subsequent studies identified additional patho-
genic RNF213 mutations in other East Asian moyamoya pop-
ulations.”” The identification of RNF213 as a susceptibility
gene for moyamoya has driven better phenotype-genotype
correlation. For instance, Miyatake et al. identified that a
¢.14576G>A mutation is associated with early onset and
severe disease.”” However, despite these developments, most
cases of idiopathic moyamoya remain genetically unex-
plained, especially in non-Asian populations. Beyond the
coding sequence, single nucleotide polymorphisms in the
promoter region of matrix metalloproteinases, tissue inhibi-
tors of metalloproteinases (TIMPs), platelet-derived growth
factor (PDGF) and transforming growth factor beta (TGFp)
have associated with moyamoya disease in some patient
cohorts and suggest a multigenic contribution to risk.”*"”

While the previously described RNF213 founder effect is
present in Korean, Japanese, and Han Chinese populations,
these variants are not observed in the non-Asian population.
Although RNF213 is also identified in the non-Asian popula-
tion, whole exome sequencing of non-Asian moyamoya trios
have further broadened the candidate gene list of associations
with moyamoya, although they are not as robustly replicated
as the RNF213 studies. These variants are observed in genes
that have not been previously associated with moyamoya:
CHD4, CNOT3, DIAPHI, EVL, ZXDC, OBSCN. CHD#4 enco-
des a helicase and CNOT3 encodes a portion of a transcrip-
tion complex, both of these that functions in chromatin
remodeling through histone acetylation.”""*"* DIAPHI enc-
odes a RhoA GTPase that lengthens actin filaments. ZXDC
encodes a zinc finger protein that facilitates transcription of
HMC class II.

Aside from the presenting phenotype, genetic biomarkers
may also associate with physiologic responses such as the
response to treatment. It has been reported that RNF213
polymorphism is associated with better collateral formation
after an indirect pial synangiosis in Japanese idiopathic
moyamoya.”” The description of the various RNF213-related
phenotypes has refined follow-up planning and facilitated
identification of early surgical candidates. Polymorphisms of
vascular endothelial growth factor (VEGF) are also associated
with pediatric moyamoya and may also predict poor
response to surgical revascularization.””’® Of note, 50% of
probands with DIAPH]I variants also had thrombocytopenia
which required transfusion before surgery.”” These genotypic
differences have had variable reports on long term response
to revascularization surgery, with some groups finding wors-
ened cognitive outcome, potentially due to severity of pre-
senting disease, and other groups finding no differences in

functional neurologic grading scales after surgery.””’” Genes
identified in syndromic forms have also shed some light on
the pathophysiology of moyamoya, but additional research is
warranted to identify other susceptibility genes and develop

pathway-targeted treatments.”’

Biologic Biomarkers: Blood,
Urine and CSF Biomarkers

Protein biomarkers have been shown to be useful in brain
tumors focusing on the hypothesis that extracellular matrix
(ECM) remodeling and angiogenesis were necessary in many
CNS disorders. The proteins examined included vascular
endothelial growth factor (VEGF) and matrix metalloprotei-
nases (MMPs). VEGF and MMPs are elevated in the CSF and
serum of patients with moyamoya and have also been found
in urine in children with moyamoya.”””" In some CNS dis-
orders such as arteriovenous malformations (AVM) and
tumors, tissue can be taken for biomarker confirmation with
biomarker staining. Unfortunately in moyamoya it is not pos-
sible to harvest tissue for confirmation. However, there is
research matching CSF to urine or serum.””**?"%* In addi-
tion, there are longitudinal data that demonstrate that the
urinary biomarker profile changes in direct response to
changes in disease status after treatment, as corroborated by
radiographic studies and also with precedent in the
literature, %71

Specifically, in moyamoya disease and other vascular dis-
eases, evidence exists that levels of MMPs and VEGF are ele-
vated in the setting of chronic ischemia. Once successful
revascularization occurs and the ischemia is reduced, the
ischemic stimulus driving the upregulation of MMP and
VEGEF is decreased, with concomitant reduction in the levels
of these markers.””®"?%7>9°%% As documented in previous
work, the CNS levels of these molecules are directly related
to urinary levels, with previous reports linking source tissue,
CSF, serum and urine 792749191 The working model is
that the end-organ (brain) experiences chronic ischemia
from the moyamoya arteriopathy and is elaborating these
angiogenic factors at baseline in order to develop compensa-
tory collateral development. Once surgical revascularization
occurs, transient elevations in these factors enhance surgical
collateral growth until the ischemia is corrected. This pro-
cess is well-documented by postoperative imaging studies,
showing improved perfusion and surgical collaterals on
angiogram at which point the ischemic stimulus no longer
exists, and the production of pro-angiogenic molecules
decreases. —These changes occur in parallel to radiographic
normalization of imaging biomarkers.”” """

Recent in vivo and in vitro data as well as clinical studies
suggest that although moyamoya is not considered an
inflammatory disease, inflammation may play an important
role in its pathophysiology. For example, Ohkubo and col-
leagues have demonstrated that pro-inflammatory cytokines
activate the transcription of RNF213 and that RNF213 is a
downstream effector of the PI3 kinase-AKT pathway in
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endothelial angiogenesis.'**'"” Furthermore, the association
between moyamoya and conditions known to have a pro-
inflammatory state such as sickle cell disease, trisomy 21 and
hyperthyroidism is well recognized.'**'" Deciphering the
inflammatory signature of moyamoya arteriopathy in CSF,
serum and urine will aid the identification of poor prognostic
factors and the development of targeted therapies.

Diagnostic specificity can be improved by looking at a
broader range of molecules and multiplexing several proteins
in combination to create a biomarker “fingerprint” that is
unique to a given disease, as has been done for other CNS
vascular and tumor cohorts, including moyamoya dis-
ease.”""1"77%% In particular, molecules that regulate mecha-
nisms of wvascular morphogenesis and arteriogenesis
(including, but not limited to, axon guidance factors, for
example) may be useful as future areas of investigation to
enhance the functionality of biomarker profiling in moya-
moya disease.

Conclusion

The field of pediatric moyamoya is in need of specific
biomarkers which would assist in diagnosis, treatment deci-
sions, prognostication and development of future therapeu-
tics. Biomarkers could also help to monitor known patients
following treatment to better ascertain response to therapy.
One way to monitor moyamoya may be to determine if there
is a link between protein-based biomarkers (in the urine or
serum) and imaging biomarkers (such as transdural collater-
als, CVR, DTI or ivy sign on MRI).””**"”

The rarity of moyamoya disease makes widespread screen-
ing of the general population to identify de novo cases an
unrealistic goal. Utility would be greater in screening a
defined, at-risk population, such as patients with Down syn-
drome, sickle cell disease or patients with known family his-
tories of moyamoya.”**'°"""' This targeted approach could
reduce risk of scanning, decrease cost of screening and aid in
better detection of disease. Another major difficulty in treat-
ing moyamoya disease is the lack of effective methods to
detect novel or progressive disease prior to the onset of dis-
abling stroke.

Biomarkers in moyamoya disease could aid in stratification
of risk and operative strategy in already identified moyamoya
patients, with biomarker-based risk reassessment on an
ongoing basis. Using biologic biomarkers that change in
response to ischemia and imaging biomarkers that can dem-
onstrate ischemic risk may allow clinicians to better select
operative candidates . This could be especially useful in the
growing number of asymptomatic or early-stage moyamoya
disease cases that are presently without a clear clinical man-
agement strategy.

Development of a prognostic biomarker toolset would
bring something entirely new and needed to the armamentar-
ium of clinicians treating patients with moyamoya disease.
Biomarker “fingerprints” for moyamoya may also have spe-
cific case use scenarios; for example, one fingerprint might
be applied for screening for moyamoya, while a different

group of biomarkers might help to stratify ischemia and fol-
low response to surgery. Finally, the role of biomarkers may
extend beyond diagnostic or prognostic adjuncts and actually
inform the development of novel, biologically-based thera-
pies. This approach of combining a specific therapy with
immediate feedback on efficacy, theranostics, has rapidly
expanded in medicine.

In conclusion, further research is needed to identify which
biomarkers or combination of biomarkers could be used for
early identification, predictors of ischemic risk, determina-
tion of surgical candidates and long-term prognostication in
children with moyamoya. Prospective multi center studies
are needed to examine these biomarkers and further under-
stand and guide management of children with moyamoya.
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Ivy sign: a diagnostic and prognostic biomarker for
pediatric moyamoya

*Alaa S. Montaser, MD, PhD,"'2 Harishchandra Lalgudi Srinivasan, FRCS,® Steven J. Staffa, MS,*
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OBJECTIVE Ivy sign is a radiographic finding on FLAIR MRI sequences and is associated with slow cortical blood flow
in moyamoya. Limited data exist on the utility of the ivy sign as a diagnostic and prognostic tool in pediatric patients,
particularly outside of Asian populations. The authors aimed to investigate a modified grading scale with which to char-
acterize the prevalence and extent of the ivy sign in children with moyamoya and evaluate its efficacy as a biomarker in
predicting postoperative outcomes, including stroke risk.

METHODS Pre- and postoperative clinical and radiographic data of all pediatric patients (21 years of age or younger)
who underwent surgery for moyamoya disease or moyamoya syndrome at two major tertiary referral centers in the US
and Israel, between July 2009 and August 2019, were retrospectively reviewed. vy sign scores were correlated to Su-
zuki stage, Matsushima grade, and postoperative stroke rate to quantify the diagnostic and prognostic utility of ivy sign.

RESULTS A total of 171 hemispheres in 107 patients were included. The median age at the time of surgery was 9
years (range 3 months-21 years). The ivy sign was most frequently encountered in association with Suzuki stage 1l or
IV disease in all vascular territories, including the anterior cerebral artery (53.7%), middle cerebral artery (56.3%), and
posterior cerebral artery (47.5%) territories. Following surgical revascularization, 85% of hemispheres with Matsushima
grade A demonstrated a concomitant, statistically significant reduction in ivy sign scores (OR 5.3, 95% CI 1.4-20.0; p =
0.013). Postoperatively, revascularized hemispheres that exhibited ivy sign score decreases had significantly lower rates
of postoperative stroke (3.4%) compared with hemispheres that demonstrated no reversal of the ivy sign (16.1%) (OR
5.5, 95% CI 1.5-21.0; p = 0.008).

CONCLUSIONS This is the largest study to date that focuses on the role of the ivy sign in pediatric moyamoya. These
data demonstrate that the ivy sign was present in approximately half the pediatric patients with moyamoya with Suzuki
stage Ill or IV disease, when blood flow was most unstable. The authors found that reversal of the ivy sign provided
both radiographic and clinical utility as a prognostic biomarker postoperatively, given the statistically significant associa-
tion with both better Matsushima grades and a fivefold reduction in postoperative stroke rates. These findings can help
inform clinical decision-making, and they have particular value in the pediatric population, as the ability to minimize
additional radiographic evaluations and tailor radiographic surveillance is requisite.

https://thejns.org/doi/abs/10.3171/2021.11.PEDS21384
KEYWORDS moyamoya disease; pediatric moyamoya; ivy sign; vascular disorders

bright signal in the cortical sulci and subarachnoid
space on specific MRI sequences, which was first
described on T1-weighted postcontrast studies, then sub-
sequently on FLAIR images."* Previously called lepto-

T HE ivy sign is a radiographic finding consisting of a

meningeal contrast enhancement or leptomeningeal high
signal intensity,>¢ it was initially recognized decades ago
in a small series of 3 children with moyamoya disease in
Japan.! While the presence of the ivy sign has since been
identified in multiple conditions in which there is slow cor-

ABBREVIATIONS ACA = anterior cerebral artery; AIS = arterial ischemic stroke; MCA = middle cerebral artery; PCA = posterior cerebral artery; PiPeD = pial pericranial

dural; TIA = transient ischemic attack.
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tical blood flow, it is most commonly associated with moy-
amoya (both the syndrome and disease) and is most com-
monly identified on FLAIR sequences. The prevalence
of the ivy sign in patients with moyamoya varies widely
among series, reported to be between 20% and 90%, with
this variability often attributed to inhomogeneity of the
populations under study®~ and the underlying etiology.’
Importantly, the presence of the ivy sign can diminish or
completely vanish with normalization of cerebral blood
flow, as has been reported after surgical revasculariza-
tion.'12

The ivy sign has acquired relevance in the clini-
cal practice of patients with moyamoya for several rea-
sons 3361113716 First it can help to diagnose the presence
of moyamoya, given the ease of identifying the ivy sign
on routine axial FLAIR MRI studies. Second, it has util-
ity in providing visualization of the severity and anatomi-
cal distribution of cerebral ischemia, including providing
data on the potential efficacy of surgical revascularization
if reduction of ivy sign occurs postoperatively. Third, the
ease of acquiring a FLAIR sequence as part of routine
MRI means that it may reduce (or completely obviate) the
need for other studies to assess cerebral perfusion (such
as SPECT/PET), thereby reducing the cost, time, and risk
(of radiation and sedation) of the moyamoya evaluation—a
point particularly relevant to children.”!316-18

The ease of acquisition and ready reproducibility of the
ivy sign makes it an appealing target as a potential radio-
graphic biomarker to provide diagnostic and prognostic
insight. However, the relative rarity of moyamoya, espe-
cially in the pediatric population (where, ironically, the
need for less-invasive testing is most impactful), means
that high-volume studies have been challenging to com-
plete. Herein, we present the largest study (of which we
are aware) to date reporting on the presence and utility
of the ivy sign in the diagnosis and prognosis of pediatric
moyamoya."”

Methods

This study was approved by the IRB at each respective
hospital.

Patient Population

We retrospectively reviewed the medical records of a
consecutive cohort of pediatric patients with moyamoya
disease or moyamoya syndrome who underwent surgery
at one of two large tertiary referral centers in the US and
Israel between July 2009 and August 2019.'%202! We in-
cluded patients who were 21 years or younger at the time
of surgery and who had relevant imaging studies avail-
able at the time of this paper preparation. All patients were
treated with indirect revascularization procedures.??2

Data Collection

The medical records of the identified cohort were re-
viewed, and the following data were extracted using a
standardized data collection form: age at presentation,
sex, associated medical conditions, whether the patient
had received cranial irradiation for a tumor, clinical pre-
sentation, disease laterality, radiographic evidence of
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stroke, presence of the ivy sign on axial FLAIR studies (as
reviewed with the neuroradiology department), presence
of transdural collaterals on DSA at the time of diagnosis
(as defined by our previous study),'? Suzuki grade, indica-
tions for surgery, type of surgical technique, intraoperative
blood loss, intra- and postoperative complications, clinical
and radiographic outcome (including radiographic evi-
dence of stroke on postoperative imaging), and follow-up
duration.?*

The presence of transient ischemic attack (TIA) and/
or clinically and radiologically defined arterial ischemic
stroke (AIS) was recorded. The radiographic outcome
after surgery was determined by evaluating the most re-
cent MRI study, including FLAIR sequences, to assess
the presence of the ivy sign (quantified using the method
described below) and by evaluating the most recent DSA
to assess the engraftment, evidenced by ingrowth of col-
lateral branch vessels and quantified by the Matsushima
grade (in middle cerebral artery [MCA] territories, when
relevant).?26

Neuroimaging Analysis
Ivy Sign Score

Ivy sign was defined as a linear, high signal intensity
along the cortical sulci in the cerebral hemispheres on
FLAIR sequences; all pre- and postoperative images were
matched in acquisition type (2D to 2D and 3D to 3D) to
control for technical variability.>!'?” All MRI studies were
reviewed by neuroradiologists and study authors, and re-
ports detailing the ivy sign and the diagnosis of moya-
moya were generated as part of routine clinical practice.

Each hemisphere was divided into 3 segments in a cra-
niocaudal orientation: 1) from the level of the basal cis-
terns downward to the skull base, 2) from the level of the
basal cistern to the level of the foramen of Monro, and
3) from the level of the foramen of Monro to the vertex
(Fig. 1 and Table 1).2 Furthermore, each segment was di-
vided into vascular territories according to the main vas-
cular supply: anterior cerebral artery (ACA), MCA, and
posterior cerebral artery (PCA) territories. Two caudal
segments included 3 vascular territories (ACA, MCA, and
PCA), while the rostral-most segment included only 2 vas-
cular territories (ACA and MCA); hence, each hemisphere
would have 8 vascular territories.

Each vascular territory was graded as O or 1 for the
absence or presence of ivy sign in that region. Thereby, the
overall ivy sign grade of a given hemisphere could range
from O to 8. This hemispheric ivy sign grade was used to
simplify risk assessment.

In addition to the hemispheric grade, a more refined
analysis of each territory was further carried out to per-
form a more granular assessment of specific regions. In
this secondary analysis, the grading for each of the 8 terri-
tories noted above was expanded from a binary score (0/1
= absent/present) to a more detailed O- to 3-point grading
system, whereby O indicated the absence of ivy sign; 1 indi-
cated that the ivy sign was identified in less than one-third
of the cortical surface in the territory of interest; 2 indi-
cated that the ivy sign was seen in one-third to two-thirds
of the cortical surface; and 3 indicated that the ivy sign
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FIG. 1. Axial MR images showing the subhemispheric regions according to the vascular territories used to calculate the ivy sign
score. The cuts are taken at the midbrain (A), the level of the foramen of Monro (B), and the centrum semiovale (C), with the sec-
tions divided as shown by the red lines. Figure is available in color online only.

was seen in more than two-thirds of the cortical surface
in the territory of interest (Fig. 1). The difference in scor-
ing between ACA/MCA and PCA territories (Table 1) is
due to the size of the relative area of parenchyma perfused
by each vessel. Both the hemispheric grade (0—8) and the
more granular scoring of each territory were recorded for
the preoperative MRI studies and compared with a follow-
up MRI study obtained 6 to 12 months postoperatively.
Ivy sign reversal was recorded for each patient.

Infarction

Regarding hemispheres with radiological evidence of
infarction, ivy sign scoring along the physically adjacent
infarcted cortex was considered uninterpretable. However,
if the cortex overlying the infarcted area (e.g., subcortical
infarction) was spared, then the ivy sign score was record-
ed accordingly.

Digital Subtraction Angiography

Similar to MRI, DSA findings were also reported by
neuroradiologists and/or interventional neuroradiologists
in a nonblinded fashion as part of the routine clinical prac-
tice, and, subsequently, the Suzuki stage was recorded.
Follow-up DSA studies were reviewed to assess the en-
graftment at the site of the surgery for indirect revascu-
larization procedures, evidenced by ingrowth of collateral
branch vessels; the Matsushima grade was recorded for
each hemisphere 232930

Correlation of Ivy Sign Score and DSA Findings

We sought to ascertain the correlation of angiography-
proven disease (Suzuki stage) with preoperative ivy sign
score, of the individual arterial territories and per hemi-
sphere as well. We tested the correlation between the de-
gree of revascularization (as evidenced by postoperative
engraftment and Matsushima grade) and the postoperative
ivy sign score.

Statistical Analysis

All continuous data are presented as median and IQR,
and categorical data are presented as frequencies and per-
centages. Overall analyses as well as stratified analyses
were performed by arterial territory and by preoperative
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TABLE 1. Patient demographics, radiographic characteristics,
surgical intervention, and ivy sign scoring in different arterial

vascular territories

Value
No. of hemispheres 171
No. of patients 107

Median age (range)

9 yrs (3 mos—21 yrs)

Sex

M 36

F 71
Preop infarction (n = 90/171)

ACA 24

MCA 57

PCA 9
Suzuki stage

lorll 30

llor IV 90

Vor VI 35
Op side

Bilat 61

Unilat 46
Op type

Pial synangiosis 123

PiPeD 24

Myosynangiosis 14

Other indirect 10
Arterial territory*

ACA 0-3

MCA 0-3

PCA 0-2

Values represent the number of patients or hemispheres unless indicated

otherwise.

* Refers to the delineation of anatomical regions that correlate with arterial
supply, as described in Fig. 1. Arterial territory numbers indicate the ivy sign
score ranges for the grading system of each vascular territory.
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ivy sign score. Comparisons of categorical data between
subgroups were performed using Fisher’s exact test. The
analyses of changes in continuous ivy sign data by terri-
tory from preoperative to postoperative assessment were
performed using the nonparametric Wilcoxon signed-rank
test. Comparison of ivy sign by preoperative Suzuki stage
was done using the Kruskal-Wallis test. Receiver operat-
ing characteristic curve analysis was implemented to de-
termine the association between ivy sign overall and by
territory versus stroke risk, with Youden’s J index exam-
ined to determine the cut point that maximizes the sum of
sensitivity and specificity. Multivariable, generalized esti-
mating equation logistic regression modeling was imple-
mented to analyze risk factors for preoperative stroke in
the MCA territory, while accounting for nesting of hemi-
spheres within patients. Results from the generalized esti-
mating equation modeling are presented as adjusted odds
ratios with corresponding 95% confidence intervals and p
values. A two-tailed p < 0.05 was considered statistically
significant. All statistical analyses were performed using
Stata version 16.0 (StataCorp LLC).

Results
Patient Demographics and Radiographic Characteristics

A total of 171 hemispheres in 107 patients were includ-
ed in this study, with a median age of 9 years (range 3
months—21 years), including 36 males and 71 females. The
median follow-up for postoperative MRI was 6 months,
and for postoperative angiography it was 12 months.
Radiographic evidence of AIS at presentation MRI, not
including watershed infarcts, was identified in 90 hemi-
spheres (53%). Preoperative diagnostic DSA was avail-
able for 155 hemispheres (91%) and demonstrated Suzuki
grade I or II in 30 hemispheres (19%), Suzuki grade III or
IV in 90 hemispheres (58%), and Suzuki grade V or VIin
35 hemispheres (23%) (Table 1).

The ivy sign was more frequently encountered in as-
sociation with Suzuki stage III or IV in all vascular terri-
tories. In all hemispheres with Suzuki grade IIl or IV (n =
90/171), the ivy sign was encountered in 53.7%, 56.3%, and
47.5% of ACA, MCA, and PCA territories, respectively.
This association was statistically significant in the PCA
territory (p = 0.02) and showed a trend toward the MCA
territory (p = 0.12) but was not associated with the ACA
territory (p = 0.56).

Ivy Sign and Surgical Revascularization

Surgical revascularization led to a decrease or reversal
of ivy sign in each anatomically correlated area separately
(Fig. 2 and Table 2), as well as a decrease or reversal of the
total ivy sign score in the individual hemisphere. The pre-
operative median ivy sign score in the ACA territory was
I (IQR 0, 2), and the postoperative median score in the
same territory was 0 (IQR 0, 1). The preoperative median
ivy sign score in the MCA territory was 2 (IQR 1, 2), and
the postoperative median score in the same territory was
1 (IQR 0, 2). The preoperative median ivy sign score in
the PCA territory was 1 (IQR 0, 2), and the postoperative
median score in the same territory was 0 (IQR 0, 1). The
total median preoperative ivy sign score in a hemisphere
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was 4 (IQR 1, 6), and the postoperative total ivy sign score
was 1 (IQR 0, 4). For patients who had a reduction in the
ivy sign score postoperatively, the stroke risk on follow-up
was 3.4% over the study period, while for those patients
who did not demonstrate a reduction in the ivy sign score
after surgery, the stroke rate was almost fivefold higher at
16.1%. This underscores the prognostic utility of the ivy
sign score on postoperative MRI.

After surgical revascularization, there was a significant
correlation between better engraftment and reduction in
ivy sign as measured by the ivy sign score; 85% of hemi-
spheres with a Matsushima grade A demonstrated a de-
crease or reversal of ivy sign (OR 5.3, 95% CI 1.4-20.0;
p = 0.013) (Fig. 3). This link between the degree of en-
graftment (as quantified by the Matsushima grade) and
concomitant change in the ivy sign score held true, with a
poorer Matsushima grade correlating with lower rates of
ivy sign reversal. A decrease or reversal of ivy sign was
observed in 57.1% of hemispheres with a Matsushima
grade B and only in 47.1% of hemispheres with a Matsu-
shima grade C.

Ivy Sign and Postoperative Stroke Rate

Overall, patients who did not show improvement in ivy
sign scores postoperatively had higher rates of subsequent
stroke than did those patients who showed a decrease or
reversal of ivy sign after revascularization. In contrast, pa-
tients who demonstrated a reduction or reversal of ivy sign
postoperatively had significantly lower stroke risk over
time. Ivy sign was evaluated in the entire hemisphere, even
if just one vascular territory (most commonly the MCA)
was targeted for revascularization. This is important, as
MCA revascularization can provide blood supply to other
(PCA and ACA) territories and furthers the utility of this
imaging technique as a territory-specific marker of surgi-
cal response.

In the ACA territory, none of the hemispheres (n =
0/57) with a decrease in or reversal of ivy sign experienced
a postoperative stroke, and 6.4% (n = 6/94) of hemispheres
that demonstrated no improvement of ivy sign had strokes
(p = 0.084) (Table 3). In the PCA territory, none of the
hemispheres (n = 0/34) with a decrease or reversal of ivy
sign experienced a postoperative stroke, and 5.1% (n =
6/117) of hemispheres that demonstrated no improvement
of ivy sign had strokes (p = 0.338). In the area that is most
commonly treated—the MCA territory—the most striking
correlation was observed. In the MCA territory, 2.3% (n
= 2/86) of hemispheres that showed improvement in ivy
sign had strokes, while 10.8% (n = 7/65) of hemispheres
with no improvement in ivy sign experienced strokes (p
=0.039).

A decrease in or reversal of the total ivy sign score
in the MCA territory was significantly associated with
lower rates of postoperative stroke (2.3%) compared with
hemispheres that demonstrated no reversal of the ivy sign
(10.8%) (p = 0.039). While not of a large enough number
to achieve significance, it was noted that a decrease of or
reversal in the total ivy sign score in the ACA and PCA
territories was also associated with lower rates of post-
operative infarcts. Overall, improvement of the ivy sign
in an individual hemisphere as a whole was significantly
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Ivy Sign Pre- and Post-Surgery
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FIG. 2. Pre- and postoperative ivy sign scores in each vascular territory. Upper: Bar graph showing a significant reduction in the
ivy sign score in the ACA and MCA territories after surgery, with a concomitant trend in the PCA territory. Lower: Graph showing
change in the pre- and postoperative ivy sign scores for the combined entire hemisphere, with a significant reduction (p < 0.001) of

approximately 2 points present postrevascularization.

associated with lower rates of postoperative stroke (3.4%)
compared with hemispheres that demonstrated no rever-
sal of the ivy sign (16.1%) (OR 5.5, 95% CI 1.5-21.0; p =
0.008) (Fig. 4).

Discussion

The ivy sign is well described in the literature for adult
patients with moyamoya, yet reports specific to the pedi-
atric population are very limited. Many ivy sign studies

TABLE 2. Impact of surgical revascularization on ivy sign score

Preop Median Postop Median

Score (IQR) Score (IQR) p Value
ACA 1(0,2) 0(0,1) <0.001
MCA 2(1,2) 1(0,2) <0.001
PCA 1(0,2) 0(0,1) 0.034
Total score 4(1,6) 1(0,4) <0.001

These data are the aggregate scores from all patients in the study (107 pa-
tients and 171 hemispheres). The p values were calculated using the Wilcoxon
signed-rank test.
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that mention children are composed of mixed pediatric
and adult populations, with the majority derived from
East Asian countries, likely encompassing a relatively
homogeneous subset of the disease. Here, we present a
new standardized grading system to quantify the ivy sign
in children. We report the prevalence of the ivy sign at
diagnosis, how the ivy sign changed in response to sur-
gery, and evidence supporting its utility as a prognostic
tool related to postoperative radiographic outcomes and
stroke rates. The novelty in this study is derived from its
specific focus on the pediatric age group, investigation of
a predominantly non-Asian population, and large number
of patients, which affords more rigorous statistical analy-
sis of the data. The anatomical layout used in this study
for ivy sign scoring shares many concepts with precedent
reports,® but with some modifications to allow for ease of
use and reproducibility.

Is the Ivy Sign a Useful Diagnostic Tool?

The ivy sign has been reported to be seen reliably in
patients with moyamoya, including pediatric populations,
but there are limited data that objectively link this MRI
finding with other measures of disease severity.!®!%2731:32
Our data reveal that the degree of ivy sign (as measured
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FIG. 3. Postoperative ivy sign as a function of the Matsushima grade.

Bar graph showing that a better Matsushima grade correlated with a
significantly greater percent improvement (reduction) in ivy sign. This
demonstrates a direct link between the angiographic findings and the MR
image-based ivy sign score, suggesting that increased angiographic re-
sponse (more surgical collaterals as measured by the Matsushima grade)
may lead to reduced ivy sign (better brain perfusion as measured by the
ivy sign score) after surgery. Figure is available in color online only.

by our scoring system) correlates with the degree of dis-
ease severity seen on preoperative angiograms (as mea-
sured by the Suzuki stage). In our series, the ivy sign was
most commonly seen in Suzuki stage III or IV disease
(53.7%, 56.3%, and 47.5% in ACA, MCA, and PCA ter-
ritories, respectively). This finding makes sense hemody-
namically, as Suzuki stage III or IV represents the most
unstable blood supply in the progression of moyamoya.**34
In Suzuki stage I or II, the compromise to blood flow is
minimal, with relatively stable circulation, which con-
trasts sharply to Suzuki stage V or VI, often referred to
as a “burnt out” end stage of the disease. Furthermore, the
majority of patients with moyamoya are symptomatic and
diagnosed at Suzuki stage III or IV disease. In combina-
tion, the findings from our research underscore the ability

TABLE 3. Correlation between ivy sign score improvement and
the risk of postoperative stroke

Postop Infarct Rate

Ivy Sign Improved  Ivy Sign Did Not Improve  p Value
ACA 0/57 (0) 6/94 (6.4) 0.084
MCA 2/86 (2.3) 7165 (10.8) 0.039
PCA 0/34 (0) 6/117 (5.1) 0.338

Data are presented as n (%), where the numerator represents the actual num-
ber of postoperative infarctions, and the denominator represents the number
of hemispheres with improved or unimproved ivy sign. The p values were
calculated using Fisher’s exact test.
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FIG. 4. Bar graph showing the correlation between ivy sign score reduc-
tion after surgery and postoperative stroke risk on follow-up. Figure is
available in color online only.

of the ivy sign to identify brain “at risk” of ischemia and to
link these MRI findings directly with angiography-proven
disease.

Is the Ivy Sign a Useful Radiographic Prognostic Tool?

The results of this study indicate that the ivy sign has
utility as a predictor of postrevascularization angiographic
outcome. The data we present demonstrate that the ivy
sign significantly diminishes (as measured by our scoring
system) with successful revascularization surgery (as mea-
sured by Matsushima grade and the postoperative stroke
rate) (Fig. 5). Our results are in concordance with those of
previous reports.>!1131835 Kawashima et al.!! reported im-
provement of the ivy sign on the ipsilateral side of revas-
cularization surgery in 21 of 22 patients. Hamano et al.»
noted a preoperative ivy sign in 112 of 144 hemispheres
with moyamoya and reported reversal of the ivy sign post-
operatively in all hemispheres. Our research provides a
more objective quantification of the use of the ivy sign in
this specific population.

In our series, we found that surgical revasculariza-
tion led to improvement of the ivy sign score, both in the
specific vascular territory that was treated and in the ip-
silateral hemisphere as a whole (Fig. 2 and Table 2). Our
results represent robust findings in a large volume of pe-
diatric moyamoya cases treated with indirect anastomosis,
confirm diagnostic utility, and add new prognostic tools
directly relevant to clinical practice.

Additionally, we noted that a decrease of the total ivy
sign score was significantly associated with a better Mat-
sushima grade postoperatively. Following surgical revas-
cularization, 85% of hemispheres with Matsushima grade
A demonstrated a statistically significant improvement of
the ivy sign (OR 5.3,95% CI 1.4-20.0; p = 0.013) (Fig. 3).
Improvement of the ivy sign was also observed in 57.1%
of hemispheres with Matsushima grade B, and in 47.1% of
hemispheres with Matsushima grade C. The importance
of this finding is that it adds support for the decreased use

J Neurosurg Pediatr Volume 29 « April 2022 463

Unauthenticated | Downloaded 09/30/25 12:52 PM UTC



Montaser et al.

FIG. 5. A and B: Preoperative axial FLAIR MR image (A) demonstrating
the ivy sign bilaterally (green arrows), and preoperative axial time-of-
flight MR angiogram maximum intensity projection (MIP) image (B)
demonstrating paucity of arterial supply in the MCA territories (more on
the right side). C and D: Postoperative FLAIR MR image (C) show-

ing complete improvement of the ivy sign (red arrows), correlated with
robust postoperative engraftment (red ovals) as shown in the postoper-
ative time-of-flight MR angiogram MIP image (D). Figure is available in
color online only.

of postoperative angiography in patients who demonstrate
good changes in the ivy sign. There is precedent for this
practice in the literature, and our work here adds evidence
that can more objectively inform decision-making to re-
duce the cost, radiation, and risk of postoperative angiog-
raphy.’

Is the Ivy Sign Useful Clinically?

The use of the ivy sign for preoperative assessment and
as a postoperative prognostic is appealing, as it represents
a simple, easy-to-interpret, and uniform tool that could
reduce—or even eliminate—the risks associated with the
use of other tests, which is particularly important in the
pediatric population. While catheter angiography remains
critical for moyamoya diagnosis and surgical planning in
order to identify (and avoid) transdural collaterals, the use
of the ivy sign as a marker of preoperative ischemia and
postoperative revascularization may reduce the need for
studies such as CT perfusion and postoperative angiog-
raphy.'>*¢ For instance, adoption of the ivy sign as a ra-
diographic biomarker of brain perfusion could eliminate
radiation exposure and the additional time and cost asso-
ciated with CT perfusion with acetazolamide challenge.
The standardization of how FLAIR images are acquired
can reduce operator-specific variability or technical chal-
lenges that may differ by institution for certain studies,
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such as arterial spin labeling. Postoperatively, ivy sign
scoring may reduce the need for catheter angiograms. In
combination, a greater use of the ivy sign pre- and postop-
eratively can lead to fewer tests, lower costs, and reduced
risk from radiation and sedation associated with multiple
imaging modalities. The ivy sign serves as a prognostic
radiographic biomarker for postoperative TIA and stroke
risk. Our data suggest that a decrease of the total ivy sign
score in a given hemisphere was significantly associated
with lower rates of postoperative infarct. Importantly, to
our knowledge, this study demonstrates that indirect re-
vascularization in a single (MCA) territory can result in
ivy sign improvement in the entire hemisphere, underscor-
ing the robustness of this approach in children and adding
to the perfusion data reported elsewhere.’” We observed
that 3.4% of hemispheres that demonstrated ivy sign im-
provement had strokes, while 16.1% of hemispheres with
no reversal of ivy sign had strokes. Conversely, the lack
of ivy sign reversal postoperatively was associated with a
fivefold increased risk of stroke following surgical revas-
cularization.

Limitations and Future Directions

Although the current study included a large number of
pediatric patients with moyamoya, the sample size would
benefit from larger cohorts to improve the generalizability
of the results. Our sample size was also too small to power
a study able to differentiate the impact of individual sub-
types of surgical techniques on the persistence of ivy sign
and stroke risk, such as contrasting between procedures
including pial synangiosis, pial pericranial dural (PiPeD)
revascularization, myosynangiosis, and other operative ap-
proaches. However, we do have some data reporting on the
comparative efficacy of ACA revascularization techniques,
comparing a single-institution series of pericranial grafts
with a series of burr holes,?® which demonstrated that burr
holes were markedly inferior for angiographic ingrowth of
collaterals compared with the pericranial technique (28%
collateral growth with burr holes vs 91% pericranium/
PiPeD). Further supporting the value of future studies that
compare the effectiveness of different surgical techniques,
these same series revealed that the ivy sign was markedly
diminished or completely absent in 32% to 50% of patients
within 6 months after ACA pericranial operations, sug-
gesting that the pericranium provides comparable efficacy
to the superficial temporal artery in pial synangiosis.

Another limitation of this study is the lack of blinded
reviewers, making bias and generalizability potential is-
sues. We hope that by simplifying the scoring system and
partnering with radiologists, the approach as outlined here
may become more readily applicable in the future. It is
important to acknowledge technical limitations to ivy sign
acquisition, including noting that the ivy sign is globally
present as an artifact in children sedated with propofol and
that there may be subtle differences in ivy sign visualiza-
tion across scanners from different companies, limiting
the applicability in certain subsets of patients.* Lastly,
future studies could address the interesting approach of a
head-to-head comparison of the ivy sign to other imaging
modalities, such as arterial spin labeling MRI or CT per-
fusion scans with acetazolamide challenge.
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Conclusions

The current study is the largest to date that specifically
focuses on the role of the ivy sign in pediatric moyamoya.
These data demonstrate that ivy sign is present in about
half of pediatric patients with moyamoya with Suzuki
stage 111 or IV disease, when blood flow is most unstable.
Following indirect anastomosis, we have demonstrated
that reversal of the ivy sign provides both radiographic and
clinical utility as a prognostic biomarker, given the statisti-
cally significant association with both better Matsushima
grades and a fivefold reduction in postoperative stroke
rates. These findings can help to inform clinical decision-
making and have particular value in the pediatric popula-
tion, given the potential ability to minimize the need for
additional radiographic evaluations in children.
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Novel Indirect Revascularization Technique with Preservation of Temporal Muscle
Function for Moyamoya Disease Encephalo-Duro-Fascio-Arterio-Pericranial-
Synangiosis: A Case Series and Technical Note

Kei Noguchi, Takachika Aoki, Kimihiko Orito, Soushou Kajiwara, Kana Fujimori, Motohiro Morioka

BACKGROUND: Direct and/or indirect bypass surgery is
the established approach for preventing stroke in patients
with moyamoya disease. However, conventional indirect
revascularization, including encephalo-myo-synangiosis,
has some disadvantages associated with the mass effect
of the temporal muscle under the bone flap and postsurgical
depression in the temporal region. We devised a novel in-
direct revascularization method, using only the temporal
fascia, to address the aforementioned disadvantages.

METHODS: A skin incision was performed along the
superficial temporal artery. The temporal fascia was cut
such that the base of the fascia flap was on the posterior
side. The fascia and temporal muscles were dissected
separately. After turning over the fascia, the muscle was
cut such that the base of the muscle flap was on the
anterior side. Craniotomy, direct bypass, and encephalo-
duro-synangiosis were performed conventionally. Only
the temporal fascia was used for indirect revascularization
and duraplasty. The muscle was replaced in the anatomi-
cally correct position after replacing the bone flap.

RESULTS: We performed the aforementioned surgery on
18 (13 women and 5 men) consecutive patients (21 cerebral
hemispheres) enrolled between 2012 and 2016. The average
age was 28.7 years. The mean follow-up period was 31.6
months. In 17 patients (94%), the symptoms and cerebral
blood flow improved. Digital subtraction angiography
showed satisfactory angiogenesis from the temporal

fascia. Depression in the temporal region and atrophy of
the temporal muscle were negligible.

CONCLUSIONS: This surgical technique provides good
clinical and cosmetic outcomes. It may also be one of the
good surgical treatments available for symptomatic moya-
moya disease.

oyamoya disease is characterized by idiopathic pro-

gressive arterial stenosis or occlusion of the circle of

Willis and development of an abnormal fragile vascular
network, frequently causing stroke in children or young adults.
The symptoms are transient ischemic attacks, cerebral infarction,
and hemorrhage."™ To prevent future instances of stroke,
direct and/or indirect bypass surgical procedures have been
established for patients with moyamoya disease.”’
Encephalo-myo-synangiosis (EMS), using the temporal muscle,
is one of the major indirect procedures. EMS was first described
by Karasawa et al.,'? and many studies have reported the
effectiveness of EMS as an indirect procedure for treating
moyamoya disease.®'®> However, the conventional methods of
indirect revascularization, including EMS and similar technigues,
such as encephalo-duro-arterio-myo-synangiosis, have some
serious disadvantages. First, these techniques lead to a mass
effect of the temporal muscle under the bone flap, and some
studies have reported the calcification or acute swelling of the
muscle flap under the bone flap, causing focal neurologic deficits
and convulsive seizure.'*'® Second, insertion of the temporal
muscle under the bone flap and wide temporal bone window to
prevent the compression of the vascularized temporal muscle
flap causes postsurgical depression in the temporal region.
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These are serious issues because there are many young children
and female patients with moyamoya disease. To solve these
problems, we devised a new surgical method of indirect revas-
cularization that uses only the temporal fascia, and not the
temporal muscle.

MATERIALS AND METHODS

Patient Population

This surgical method was used to treat 18 consecutive pa-
tients (13 women and 5 men) with moyamoya disease (21
cerebral hemispheres) who visited our institute between April
2012 and March 2016. The average age was 28.7 + 16.7
years (range, 3—56 vyears). Eleven patients (61%) were
treated only on the right side, and 4 patients (22%) were
treated only on the left side. Both hemispheres were treated
in 3 patients (17%). In one of these cases, both hemispheres
were treated in a single step. Clinical presentations included
transient ischemic attacks in 11 patients (61%), ischemic
stroke in 3 patients (17%), hemorrhagic stroke in 2 patients
(11%), and periodic headaches in 2 patients (11%). Fifteen
patients (83%) had a preoperative modified Rankin Scale
(mRS) score of 0—1, 2 patients (11%) had a score of 2, and 1
patient (6%) had a score of 4. Patient characteristics and
clinical presentation are shown in Table 1. All patients were
symptomatic and showed reduced cerebral blood flow
(CBF) in the affected side, detected using single photon

Table 1. Demographic Data and Clinical Presentation (N = 18)‘

Characteristic Value
Mean age + SD (range) (years) 28.7 + 16.7 (range, 3—56)
Sex
Female 13 (72)
Male 5 (28)
Total number of hemispheres treated 21
Unilateral treatment 15 (83)
Treatment for right side only 11 (61)
Treatment for left side only 4 (22)
Bilateral treatment 3(17)
Clinical presentation
Periodic headache 2 (11)
TIA 11.(61)
Ischemic stroke 3(17)
Hemorrhagic stroke 2 (11)
Preoperative mRS score
01 15 (83)
2 2 (11)
4 1(6)
Values are numbers (%) unless indicated otherwise.
TIA, transient ischemic attack; mRS, modified Rankin Scale.
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emission computed tomography (SPECT). All cases were
diagnosed as moyamoya disease using well-established and
generally accepted diagnostic criteria.’”'® We obtained
informed consent in all cases, and the institutional review
board approved the study protocol (number 17183). In pa-
tients younger than 18 years of age, informed consent was
obtained from the parent or guardian.

Surgical Outcome

After performing the surgery, we followed-up the patients
and recorded their clinical presentations. All adverse events
experienced by the patients were recorded without excep-
tion. Magnetic resonance imaging (MRI) and magnetic reso-
nance angiography were performed within 3 days of surgery
to evaluate the surgical complications and confirm the bypass
patency; SPECT was performed within 3 days of surgery and
a period of 6 months to 1 year after surgery to assess the
improvement in CBF. The mRS scores were evaluated 1 year
after surgery. To evaluate angiogenesis, we performed digital
subtraction angiography (DSA) within 6—12 months of sur-
gery. To evaluate cosmetic outcome for the patients for
whom the surgery was performed on only one cerebral
hemisphere and more than 2 years had passed since the
surgery, we compared the thickness of the temporal muscle
on the bone flap of the operative side and that of the
nonoperative side at the level of the foramen of Monro in MRI
axial slices.

Surgical Technique

The patient was placed in a supine position with the head
rotated between 30° and 60° to the opposite side of the
surgical site in a Mayfield headrest. The temporal region was
kept horizontal using a shoulder pillow. A skin incision was
made along the parietal branch of the superficial temporal
artery (STA) and extended forward in a gently curving arc.
After dissecting the parietal branch of the STA, an additional
skin incision was made and extended backward from a point
where it intersected the temporal line (Figure 1A). The frontal
branch of the STA was dissected from the inner side of the
skin flap in cases where it was necessary. This skin incision
provided us with a wide access to the temporal fascia
and frontal periosteum (Figure 1B), and we could
use frontotemporal craniotomy to perform indirect
revascularization for a wide region. The temporal fascia was
cut such that the base of the vascularized fascia flap was
on the posterior side, and the temporal fascia and the
temporal muscle were dissected separately. After turning
over the temporal fascia (Figure 1C), the temporal muscle
was cut such that the base of the vascularized fascia flap
was on the anterior side. The temporal fascia on the
temporal line was sutured with the reconstructed temporal
muscle after replacing the bone flap. The frontal periosteum
was also cut to create a vascularized flap with its base
directed toward the anterior side (Figure 1D). After turning
over these vascularized flaps, a wide craniotomy was
carefully performed so as not to damage the middle
meningeal artery. The dura mater was cut open to form
dural flaps, while retaining the main branch of the middle
meningeal artery. A suitable cortical recipient artery (more
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Figure 1. Intraoperative photographs and schematic
drawings demonstrating the surgical procedures. The
skin incision is performed along the superficial
temporal artery (STA), and an additional incision is
performed in the posterior direction to obtain wide
access to the temporal fascia (A and B). The temporal
fascia is incised in the posterior direction toward the
base. The temporal fascia and temporal muscle are
dissected separately, and the fascia is turned to the
posterior side (C). The temporal muscle is incised in the
anterior direction toward the base and turned to the
anterior side. The periosteum is also incised in the
anterior direction toward the base. The base of the
vascularized flap of the temporal fascia is made at the
posterior side, and those of the temporal muscle and

periosteum are made at the anterior side (D). The
temporal fascia on the temporal line is left on the bone
flap to suture with the temporal muscle during closing
of the cranium (arrowheads in D). A wide craniotomy
and encephalo-duro-synangiosis are performed
conventionally. An STA—middle cerebral artery
combined bypass is performed (E). Only the temporal
fascia and periosteum are laid on the brain surface and
used for duraplasty and indirect revascularization (F).
After placing the bone flap back in the original position
(G), the temporal muscle is placed in the anatomically
correct position and sutured with the left temporal
fascia on the temporal line (H). f, temporal fascia; m,
temporal muscle; p, periosteum.

(Continues)

than 0.5 mm) was identified, and STA-middle cerebral artery
(MCA) anastomosis was performed (end-to-side anasto-
mosis, with 10-0 nylon sutures) (Figure 1E). The bypass
patency was confirmed using Doppler ultrasound and
indocyanine green video angiography. The external surfaces
of the dural flaps were inverted on the brain surface
(encephalo-duro-synangiosis). The vascularized flaps of the
temporal fascia and the frontal periosteum were laid on the
frontotemporal brain surface and sutured with the dural
edge. These vascularized flaps were used for indirect
revascularization and duraplasty (Figure 1F). In this way, we
successfully performed indirect revascularization for
frontotemporal lesions in a wide region. We did not perform
EMS, the vascularized flap of the temporal muscle was
returned to the anatomically correct position after replacing
the frontotemporal bone flap, and it was sutured with the
left temporal fascia on the frontotemporal bone flap
(Figures 1G and H). The temporal fascia and the temporal
muscle were positioned such that upward and downward

surfaces were reversed. The skin incision was closed
conventionally.

RESULTS

The indirect revascularization technique was used in 18 cases (21
cerebral hemispheres). Of the 21 cerebral hemispheres, 20
(95%) were treated with STA-MCA direct bypass (single and
double bypass in 12 and 8 cases, respectively). One patient (5%)
could not be treated with direct revascularization because there
was no suitable recipient artery. In all the patients treated with
direct revascularization, we confirmed bypass patency using
magnetic resonance angiography. We followed-up all the pa-
tients for a mean period of 31.6 + 15.7 months. No deaths were
reported within the mean follow-up period. Seventeen patients
(94%) never experienced recurrent ischemic symptoms or stroke
during the follow-up period. These patients also had improved
CBF, as assessed using SPECT. One year after the surgery, the
mRS score improved in 3 cases (17%), remained unchanged in
14 cases (78%), and deteriorated in 1 case (5%). Only 1 patient
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Figure 1. (Continued).

not treated with direct bypass experienced frontal cortical
infarction on the operative side 6 months after surgery. In this
case, no improvement was observed in CBF. One year after
surgery, the mRS score for this case deteriorated from 0 to 1.
This was the only case in which a deterioration in mRS score was
observed. One patient exhibited small wound dehiscence 6
months after surgery and needed reoperation for wound closure.
The summary of each case and surgical outcomes are shown
in Table 2.

Using DSA, we observed abundant angiogenesis from the dura
mater, temporal fascia, and periosteum in 17 cases (94%). Only 1
case had a poor angiogenesis. This was the same case as that
which exhibited a frontal cortical infarction on the operative side 6
months after surgery. No angiogenesis from the indirect bypass
vascularized donors (dura mater, periosteum, etc.) was observed
6 months after surgery, but a remarkable angiogenesis occurred
over 6 months after surgery in this case.

This indirect revascularization technique also had excellent
cosmetic outcomes. The surgery was performed on only 1
cerebral hemisphere in 9 cases. In these cases, more than 2
years had passed since the surgery. The operative side, which
contained the temporal lesion, did not exhibit a depression, and
the shape of the head remained symmetric in all cases. The
mean temporal muscle thickness on the bone flap on the oper-
ative side was 5.6 £ 1.5 mm, and the mean temporal muscle
thickness on the nonoperative side was 6.4 + 1.6 mm at the level
of the foramen of Monro in MRI axial slices. There was no sta-
tistically significant difference between the 2 groups (P = 0.4,
Student t test) (Figure 2 and Table 3).

DISCUSSION

In this study, we report a novel indirect revascularization tech-
nigue for the treatment of moyamoya disease. This technique
provides good outcome, both clinically and cosmetically, with
excellent angiogenesis.

Various indirect procedures and their effectiveness in treating
moyamoya disease have been reported in the literature.
These techniques include EMS, omental transplantation,
encephalo-duro-arterio-synangiosis, encephalo-galeo-synangiosis,
encephalo-duro-arterio-myo-synangiosis, and encephalo-duro-myo-
arterio-pericranial-synangiosis.®'%'9?* These surgical techniques
are essentially based on similar theories stating that vascularized
tissues placed on the brain surface may trigger angiogenesis.
Although the temporal muscle has recently been used as a source of
angiogenesis, there is no report showing obvious angiogenesis
from the muscle itself. Further, the vascularized temporal muscle
flap within the skull substantially increases the risk of brain
compression, which occasionally induces cerebral ischemia or brain
shift. In fact, some studies have reported complications in which the
temporal muscle flap gets swollen during the acute stage after
surgery, and calcified and hypertrophied in the chronic stage after
surgery, and these can cause focal neurologic deficits and convul-
sive seizure.'*'® One of the reasons for this complication is
considered to be the compression of the vascularized temporal
muscle at the site of insertion into the skull. Therefore, it is neces-
sary to construct a wider bone window at the site of temporal
muscle insertion to avoid these complications.'® A study has
reported that shaving the bone flaps to half of their original
thickness is a good way to remove this compression.?® However,
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Table 2. Summary of Cases and Surgical Outcomes ‘

Age (Years), Clinical Direct Follow-Up Postoperative Post-mRS

Case Number Sex Form Pre-mRS Score  Side Bypass CBF Angiogenesis  Period (Months) Course Score

1 24, F TIA 0 Rt. STA-MCA Improved + 60 Uneventful 0
single bypass

2 34, F Cerebral infarction 2 Rt. STA-MCA Improved + 59 Uneventful 1
single bypass

3 48, M TIA 0 Rt. STA-MCA double bypass  Improved + 52 Uneventful 0

4 39, M TIA 0 Rt. STA-MCA double bypass  Improved + 48 Uneventful 0

5 50, F Cerebral 2 Lt. STA-MCA Improved + 47 Uneventful 1

Infarction single bypass

6 5 M TIA 0 Rt. STA-MCA Improved + 47 Uneventful 0
single bypass

7 12, F Periodic headache 0 Rt. STA-MCA Improved + 43 Uneventful 0
single bypass

8 42, F Cerebral hemorrhage 4 Rt. STA-MCA double bypass  Improved + 33 Uneventful 3

9 &, [F TIA 0 Lt. None Unchanged Poor 33 Cerebral infarction 1

Rt. STA-MCA double bypass  Improved Poor 29 In Lt. frontal lobe
6 months after surgery
10 21, F TIA 0 Rt. STA-MCA double bypass  Improved + 28 Uneventful 0
1 56, F TIA 0 Lt. STA-MCA double bypass  Improved + 23 Small wound dehiscence 0
6 months after surgery

12 7, F TIA 0 Lt. STA-MCA Improved + 22 Uneventful 0

single bypass
Rt. STA-MCA Improved + 18

single bypass

13 31, F Periodic headache 0 Rt. STA-MCA Improved + 18 Uneventful 0
single bypass

14 3, F TIA 0 Rt. STA-MCA Improved + 17 Uneventful 0
single bypass

15 21, M TIA 0 Lt. STA-MCA double bypass  Improved + 16 Uneventful 0

16 35, F TIA 0 Bilateral ~ STA-MCA Improved + 14 Uneventful 0
single bypass

17 36, M Cerebral hemorrhage 1 Lt. STA-MCA double bypass  Improved + 14 Uneventful 1

18 48, F Cerebral infarction 1 Rt. STA-MCA Improved + " Uneventful 1
single bypass

mRS, modified Rankin Scale; CBF, cerebral blood flow; F, female; Rt., right; STA, superficial temporal artery; MCA, middle cerebral artery; +, abundant angiogenesis from dura mater, temporal fascia, and periosteum; M, male; TIA, transient ischemic

attack; Lt., left; Poor, no observable angiogenesis from dura mater, temporal fascia, or periosteum.
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Figure 2. Magnetic resonance imaging (MRI)
performed 3 years after surgery on a 24-year-old
woman (left: MRI T1-weighted axial image, right: MRl
T1-weighted coronal image). This case is the same
case described in Figure 3 (case 1 in Table 2). The

temporal muscle is retained in the anatomically correct
position outside the skull (arrowheads). A depression in
the temporal region and atrophy of the temporal
muscle are barely visible, and the head shape is almost
symmetric.

this method may make the bone flap fragile. With respect to
cosmetic outcomes, the insertion of the temporal muscle under
the bone flap and wide temporal bone window can cause varying
degrees of postsurgical depression in the temporal region. There
is also a risk of compromising the symmetry of the head. This is a
serious issue because half of the patients with moyamoya
disease are young girls. Our surgical technique, on the other hand,
has no risk of such cosmetic complications because the temporal
muscle is retained in the anatomically correct position outside the
skull (Figure 2).

The vascularized temporal muscle flap is usually perfused by the
middle and deep temporal artery branches arising from the
maxillary artery.”® On the other hand, the vascularized temporal
fascia flap is perfused by the fascial branch of the middle
temporal artery and the anterior auricular branches of the
STA.?527 The highly vascular inner side of the temporal fascia
was visible intraoperatively, and it is conceivable that these
vessels contributed to the angiogenesis from the temporal fas-
cia. The anterior auricular branch of the STA is usually incon-
spicuous. However, after using the temporal fascia as a
vascularized flap, this vessel was clearly visible and was
detectable using DSA (Figure 3). We confirmed angiogenesis in
this case by angiography of the external carotid artery and its
branches. The angiogenesis from the temporal fascia could be
detected appreciably using the conventional approach of EMS.

We performed the surgeries using the indirect revascularization
technique, with STA-MCA direct bypass to improve the symp-
toms of cerebral ischemia as quickly as possible after treat-
ment.?®?° This combined revascularization is known to vyield
better results than a single direct or indirect bypass operation.’*°
Indirect revascularizations may take several months to develop
neovascularity,'”*' and angiogenesis from indirect revasculari-
zation is occasionally insufficient for adult patients.?®32%3

We performed wide frontotemporal craniotomy for indirect
revascularization of the frontal lobe with a vascularized perios-
teum flap. Many studies have reported the importance of
indirect revascularization of the frontal lobe.>**” Kuroda et al.”*
reported the encephalo-duro-myo-arterio-pericranial-synangiosis
technique. They also reported the importance of improving the

Table 3. Comparison of Mean Temporal Muscle Thickness of

the Operative Versus Nonoperative Side 2 Years After Surgery

Operative Side Nonoperative Side

Temporal Muscle
Thickness (mm)

Temporal Muscle

Case Number* Thickness (mm)

1 41 5.8
2 47 6.1
3 9.3 10.5
4 6.3 6.9
5 46 5.0
6 45 5.3
7 59 6.5
8 47 47
10 6.5 7.0
Mean + SD 56 £ 15 6.4+ 1.6
P valuet 04

*The case numbers are the same as those in Table 2.
Student ¢ test.
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Pre-operative

Figure 3. Pre- and postoperative digital subtraction
angiography (DSA) of a 24-year-old woman (left:
preoperation, right: postoperation). This case is the
same case described in Figure 2 (case 1 in Table 2). The
vascularized temporal fascia flap is perfused by the

Post-operative

anterior auricular branches of the superficial temporal
artery (arrows). This vessel is usually inconspicuous.
However, after using temporal fascia as a vascularized
flap, this vessel is clearly visible and detectable using
DSA. Angiogenesis from this vessel was sufficient.

disturbed cerebral hemodynamics in the frontal lobe using
encephalo-duro-pericranial-synangiosis. Our technique is similar
to the one reported by Kuroda et al. with respect to the indirect
bypass performed to increase CBF in the frontal lobe. We ob-
tained good outcomes in the patients in this study. Meanwhile,
the improvement in mRS scores might be because of the direct
bypass. However, postoperative DSA revealed an excellent
angiogenesis, except for 1 case. Therefore, our surgical proced-
ure is considered similar to EMS in terms of angiogenetic effect.

In this study, only 1 patient had a frontal cortical infarction on the
operative side 6 months after surgery. This particular case did not
involve STA-MCA direct bypass because we were unable to find
a suitable MCA recipient. This case demonstrated no angiogen-
esis not only from the temporal fascia but also from other vas-
cularized donor tissues, including the dura mater and periosteum.
Therefore, we considered that the lack of angiogenesis after
indirect bypass in this case was not because of our technical
procedures. In our experience, this is the first case of a child not
exhibiting angiogenesis after indirect bypass, and the underlying
reason was unclear.

We observed small wound dehiscence 6 months after surgery in 1
case, and reoperation was needed for wound closure. The patient
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KEY POINTS

e An individualized evaluation for the need and type of sedation or general anesthesia is the critical
first step in acquisition of diagnostic-quality imaging.

e MR imaging is the preferred choice of evaluation of children with suspected stroke; however,
despite its poor sensitivity, CT plays a major role if MR imaging is unavailable or contraindicated.

e Utilization of the full potential of MR imaging is necessary when evaluating intracranial arteriove-
nous shunts, such that angioarchitecture and high-risk features are delineated before endovascular

treatment.

e Anatomic variants of the major intracranial arteries are common and seldom of clinical significance,
although in certain conditions detection of these is imperative to make an informed decision before

conventional angiography and neurointervention.

e Imaging of sinovenous thrombosis is riddled with pitfalls, which need to be systematically excluded

when interpreting cross-sectional studies.

INTRODUCTION

Broadly, pediatric neurovascular diseases can be
divided into vaso-occlusive lesions, hemorrhagic
lesions, drivers of hydrovenous dysfunction, and
drivers of neonatal cardiopulmonary failure.’
Compared with adults, pediatric neurovascular
diseases are uncommon with an annual incidence
of 2.5 to 3.1 per 100,000 population in children
aged less than 15 years.” These disorders have
varied presentations often limiting accurate clinical
evaluation.? This limitation is further confounded
by the age of these patients, with some lesions
presenting as early as the neonatal period.

Cross-sectional neuroimaging plays a central role
in the noninvasive evaluation of patients with
suspected and previously known neurovascular
lesions. This review provides an overview of
pediatric neurovascular diseases and currently
available, commonly used diagnostic imaging
techniques.

Sedation: A Radiological Perspective

A major consideration before neuroimaging is
assessment of the need for and type of sedation
(drug-induced central nervous system depression)
or general anesthesia (drug-induced loss of
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Fig. 1. Pediatric arterial ischemic stroke. CT imaging in a 1-year-old referred due to concerns of acute stroke
following extracorporeal cardiopulmonary resuscitation. Axial CT image (A) reveals a large, wedge-shaped
area of hypoattenuation (arrow), with loss of gray-white matter differentiation, involving the left middle cere-
bral artery (MCA) territory distribution, in keeping with an infarction. Coronal maximum intensity pixel projec-
tion (MIP) reconstruction of a CT angiography (CTA) (B) confirms the abrupt loss of contrast opacification
along the left M1-MCA segment (arrow) in keeping with thrombo-occlusion. (C) Coronal MIP reconstruction of
the CTA (including the neck vessels) demonstrates absent opacification of the proximal right common carotid ar-
tery (dotted arrow) secondary to ligation (commonly performed after extracorporeal membrane oxygenation).

consciousness, resulting in an unarousable state,
even following noxious stimuli).>* Achieving
immobility during imaging is crucial because mo-
tion artifacts limit evaluation or obscure the patho-
logic condition. A nondiagnostic study may trigger
patient and/or family anxiety as well as warrant
repeat imaging, with consequent financial implica-
tions, loss of man-hours, and logistical issues.®
Decision for sedation or general anesthesia (S/
GA) is made on a case-by-case basis, with age be-
ing the primary determinant. Generally, patients
aged between 6 months and 6 years require
some form of S/GA, depending on the imaging
test.® The upper age limit may vary across institu-
tions, some considering 5 years as the cutoff,® and
also on the level of cooperation, comorbidities

present, and neurologic status of the child. Infants
younger than 6 months may be imaged using a
“feed-and-sleep” technique, although anesthesia
may be indicated in clinically unstable patients.®
The need for S/GA is reduced in older children,
but concomitant comorbidities (behavioral issues,
involuntary movements) often necessitate S/GA.°
In anxious patients, without comorbidities, non-
pharmacologic methods may be useful (eg, famil-
iarization with mock computed tomography [CT])/
magnetic resonance [MR] imaging drills, allowing
a family member into the imaging suite, applica-
tion of soft restraints, and use of MR-compatible
audiovisual projection goggles).>” Desensitiza-
tion with mock MR imaging drills is shown to
reduce the need for GA by 16.8% in children
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Fig. 2. Pediatric arterial ischemic stroke. MR imaging in a 3-year-old patient, with a complex cardiac anomaly, pre-
senting with acute right-sided hemiplegia. Axial DWI (A) and apparent diffusion coefficient map (B) reveal a
wedge-shaped area of restricted diffusion (arrows in A, B) involving the left MCA territory. MIP reconstruction
of the TOF-MRA (circle of Willis) (C) confirms abrupt loss of flow signal in the left M1-MCA segment (arrow),
in keeping with a thrombo-occlusion. TOF-MRA of the neck was also performed but did not demonstrate a tan-
dem occlusion (not shown). anteroposterior (AP) projection of the left internal carotid artery (ICA) run before
mechanical thrombectomy (D) confirms the left M1-MCA thrombo-occlusion (arrow). AP projection of the left
ICA run following mechanical thrombectomy (E) demonstrates recanalization of the left MCA (arrow), with vaso-
spasm that was treated with intra-arterial calcium channel blockers. Axial T2-weighted (T2W) image (F) obtained
after 6 weeks reveals an area of encephalomalacia in the left MCA territory (arrow) in keeping with interval evo-

lution of the presenting infarction.

aged between 3 and 8 years.” Psychological sup-
port provided by Child Life Specialists can also
reduce the need for S/GA.5®

The type of imaging is also another determinant
when deciding if S/GA is warranted. With the
advent of multidetector CT technology, multi-
volume data collection for each complete gantry
rotation is now possible with a resultant increase
in table speeds and rate of data acquisition, the
latter being 3-to 5-fold faster than the previous
generations of CT scanners, thus reducing the
need for S/GA.°~"" On the other hand, MR imag-
ing, which is more time and motion sensitive,
may warrant imaging under GA, to reduce callback
rates. Sammons and colleagues'? reported a suc-
cess rate of 100% among patients undergoing
neuroimaging under GA (n = 111 children; 56%
with neurodevelopmental disabilities).

Ensuring that fasting guidelines are met is of
prime importance to eliminate aspiration of gastric
contents and associated complications during GA.
The reported incidence of aspiration among pa-
tients undergoing elective procedural sedation
ranges between ~1in825and ~1in 30,037 cases,
whereas single-institution data have shown that
those undergoing emergency procedures under
GA have an incidence of ~1 in 373 cases versus
~1 in 4544 for those undergoing elective GA.* '3
The American Society of Anesthesiologists recom-
mends a fasting period of 2 hours for clear fluids,
4 hours for human milk, 6 hours for nonhuman/for-
mula milk, and 6 hours for a light meal.*

Under GA, patients undergo cardiorespiratory
depression, therefore needing airway support
and close monitoring.® Strict compliance with
MR imaging safety protocols of all appliances
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Fig. 3. Mitochondrial encephalomyopathy with lactic acidosis and strokelike episodes, an imaging and clinical
mimic of stroke, diagnosed in a 9-year-old presenting with new onset of left-sided weakness. Axial DWI (A) re-
veals an area of restricted diffusion predominantly involving the right parietal lobe (arrow). Coronal T2W image
(B) demonstrates corresponding gyriform T2-hyperintense swelling of the right parietal lobe (arrow), within the
corresponding anterior circulation. Maximum intensity projection (MIP) of the TOF-MRA (C) reveals no large
vessel occlusion or flow limiting stenosis along the anterior circulation. Single-voxel MR spectroscopy (TE 144;
D) obtained from the affected right parietal lobe reveals a large lactate peak at 1.3 ppm (arrow).

used for monitoring patients under GA is critical,
because the powerful pull of the magnetic field of
the MR imaging machine can transform ferrous-
containing appliances into a projectile object
causing severe injury to the patient and personnel
as well as hardware damage.®

Pediatric Arterial Ischemic Stroke Imaging:
Computed Tomography versus Magnetic
Resonance Imaging Considerations

Stroke accounts for 10% to 25% of all children
presenting to the emergency department.’* Pedi-
atric stroke is differentiated into the broad

categories of perinatal stroke (occurring between
20 weeks of intrauterine life and the 28th day of
postnatal life) and childhood stroke (occurring
beyond 29 days of life until 18 years of age).'* In
this section, only childhood stroke is discussed
because perinatal stroke is best imaged only on
MR imaging and hyperacute stroke therapies are
not warranted in this age group.’® The article by
Flieva and colleagues in this issue provides a
comprehensive overview of arterial ischemic
stroke in children.

In pediatric stroke, CT as the initial line ofimaging
investigation is often reserved due to concerns of
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Fig. 4. Tuberculous vasculitis in an 8-year-old patient presenting with fever, seizures, and fluctuating levels of
consciousness. Axial DWI (4, B) reveals multiple acute infarcts, predominantly in the perforator territories (arrows
in A, B). Contrast-enhanced axial 3D T1 image (C) demonstrates extensive, thick, leptomeningeal enhancement/
basal exudates coating the optic chiasm (arrow), mesial temporal lobes (dotted arrows), and the pial surface of
the pons (stepped arrow). Follow-up CTA (D) reveals steno-occlusion of the right ICA with multiple lenticulostri-
ate collaterals (arrow). Hydrocephalus was also noted on follow-up CT (not shown).

ionizing radiation.” CT has limited sensitivity and
high false-negative rates in the detection of arterial
ischemic stroke and may not detect as much as
47% of acute arterial ischemic strokes.'® '8
Despite these limitations, CT cannot be excluded
from the armamentarium of pediatric stroke imag-
ing. CT may be used in centers without MR imaging
capabilities, if MR imaging is unavailable, if S/GA
would substantially delay MR imaging, or if contra-
indications to MR imaging are identified (eg, car-
diac devices)'*'® (Fig. 1). In addition, CT is
reasonable when the pretest probability of a large
vessel occlusion is high (eg, following cardiac
catheterization procedures or known cardiomyop-
athies) for thrombectomy candidature. Owing to

quick image acquisition, CT is often used to
monitor expansion, evolution, and hemorrhagic
transformation of infarction. Hence, efforts must
be made to ensure achieving doses as low as
reasonably achievable, without compromise of
diagnostic output. Techniques such as reduced
rotation time, lowered kilovoltage and tube current,
reducing unnecessary z-axis coverage, and dose
modulation allow reduction in radiation dose
without compromising image resolution.™
Craniocervical CT angiography (CTA) poses
challenges with respect to accurate timing of
contrast injection through a rather narrow intra-
venous line in children and dynamic changes in
circulatory physiology related to age. In a study
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Fig. 5. VWI in a 17-year-old patient presenting with tearing neck pain. Axial unenhanced CT (A) reveals no acute
brain parenchymal abnormality. However, a focal hyperdense attenuation of the right V4-vertebral artery (arrow)
was suspected and MR imaging was suggested. MR imaging using the routine stroke protocol did not reveal an
infarction. VWI (B, C) was performed the next day. Axial fat-saturated T1W image (B) and axial high-resolution
T2W image (C) confirms an eccentric mural hematoma along the right V4-vertebral artery (arrows in B, C), in

keeping with dissection.

evaluating image quality in pediatric cerebrovas-
cular CTA, an objective improvement of contrast
opacification was noted with higher flow rates
(2.5-4 mL/s), thereby emphasizing the impor-
tance of larger-bore venous access (Poiseuille
law).™® In a survey conducted on Society of Pedi-
atric Radiology (SPR) members, 44% of partici-
pants (30 of 68) confirmed a rate of injection
greater than 3 mlL/s for iodinated contrast for
head/neck CTA examinations.?° The American
College of Radiology - American Society of
Neuroradiology - Society for Pediatric Radiology
(ACR-ASNR-SPR) consortium suggests dosing
of contrast in children according to weight with
a general guideline of 4 mL/s in any patient
weighing 50 kg or more, reaching up to 6 mL/s
for larger patients.?! In infants, a 2-mL/s injection
rate may be reasonable.?’

Often patients may have venous access only via
central lines. According to ACR guidelines, power
injection of contrast media via a nonimplanted
central venous catheter can be safely performed
provided intravascular location of its tip is
confirmed and venous backflow is tested.?°
Large-bore (9.5F-10F) central venous catheters
can be injected using a flow rate of only up to
2.5 mL/s.2° In the same survey by SPR, most re-
sponders preferred hand injection (54%) or a com-
bination of hand and power injection (35%).2°
Although safe, a theoretic risk of catheter damage
exists, especially during hand injections, which
obviously is undesirable from a patient safety
standpoint, particularly in the time-sensitive
context of stroke.?°

Substantial age- and physiology-dependent
variations in circulation time mandate an appro-
priate delay following contrast injection, to ensure
optimal arterial opacification for CTA. Accurate
triggering of the scan can be achieved if the imag-
ing is started as soon as contrast is visible in the
region (artery) of interest, which in turn relies on
the radiographer’s skill and expertise.'® Manual
triggering has largely been replaced by automated
triggering software based on real-time attenuation
monitoring of vessels of interest (great neck vessel
or arch of the aorta) using low-dose scans after the
initiation of the contrast media injection; imaging is
automatically triggered when enhancement rea-
ches a predetermined attenuation.?’

Last, CT contrast is associated with the poten-
tial risk of allergic and allergiclike reactions. In a
study by Dillman and colleagues,?? 11,306 pediat-
ric intravenous administrations of low-osmolality
nonionic iodinated contrast material revealed
acute allergiclike reactions in 20 (0.18%) patients.
Sixteen (80%) of these were categorized as mild,
whereas 1 (5%) and 3 (15%) were categorized as
moderate and severe, respectively.?’> Patients
with known contrast allergies require premedica-
tion with steroids and antihistamines.

Accounting for these concerns and variables
during CT imaging, better spatial resolution, and
capability of vascular evaluation without injected
contrast, MR imaging is the favored modality in
the imaging workup of pediatric stroke.’* MR im-
aging is also superior to CT scan in the diagnosis
of alternate etiologies presenting with acute focal
neurologic deficits.’* MR imaging of a child with
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Fig. 6. VWI in a 5-year-old patient with inflammatory focal cerebral arteriopathy. Axial DWI (A) reveals focal
striatocapsular acute infarcts (arrows) in the left MCA territory. MIP reconstruction of the TOF-MRA (B) reveals
attenuation, and flow irregularity, involving the left supraclinoid ICA (arrow), extending into the left A1-anterior
cerebral artery (ACA) and M1-MCA segments. Contrast-enhanced coronal black blood T1W VWI (C) reveals
concentric wall enhancement along the affected left ICA (arrow) and the T-junction. Frontal projection of left
ICA catheter-directed digital subtraction angiogram (D) reveals an irregular beaded appearance of the intradural

left ICA (arrow).

suspected acute stroke comprises diffusion-
weighted imaging (DWI) and apparent diffusion
coefficient maps to detect acute parenchymal
infarction, with susceptibility-weighted imaging
(SWI) or gradient echo (GRE) sequences to assess
for hemorrhage and intravascular thrombus and
fluid-attenuated inversion recovery (FLAIR) imag-
ing to assess subacute/chronic parenchymal
changes.'® Time-of-flight (TOF) MR angiography
(MRA) of the craniocervical arteries is always per-
formed to locate sites of arterial occlusion and
identify evidence of arteriopathy'* (Fig. 2). TOF-
MRA uses short radio frequency pulses that

saturate (lose signal) stationary spins, whereas
newly entering unsaturated spins within vessels
impart a signal. Appropriate saturation bands are
used to null out venous flow so that an angiogram
depicting only arteries can be obtained.?® In sce-
narios where hyperacute stroke therapy is not indi-
cated, or where an imaging mimic of stroke is
identified, a full-brain imaging protocol may be
used for comprehensive characterization (Figs. 3
and 4).

Safe MR imaging relies on thorough knowledge
of implanted hardware and medical devices, before
the scan. These hardware and devices may interact
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Fig. 7. Role of VWI in an 8-year-old patient presenting with acute right hemiplegia. Axial DWI (A) demonstrates
acute infarction involving the left MCA territory (arrow). MIP reconstruction of the TOF-MRA (B) demonstrates
mild attenuation, and flow irregularity, involving the left M1-MCA segment (arrow). Additionally, there is loss
of flow signal in the proximal left A1-ACA (dotted arrow). Given that there was no thrombo-occlusion, VWI
was performed. Contrast-enhanced axial (C) and sagittal (D) black blood T1W sequences reveal concentric
enhancement of the left M1-MCA (arrows in C, D) and its cortical branches (stepped arrows in C, D) suggestive

of an inflammatory arteriopathy.

with the magnetic fields causing susceptibility arti-
facts that limit visualization of the anatomy, or even
worse, these interactions can lead to device heat-
ing, device movement, or device failure. Orthodon-
tic hardware/dental braces are relevant in a
pediatric setting, often distorting brain and MRA
images.?* Commercially available orthodontic
braces may contain stainless steel (SS), ceramic,
or titanium brackets.>* As a consensus, SS
brackets cause the mostimage distortion, requiring
removal before MR imaging.?* If needed, imaging
on lower field strengths (1.5T), with signal-to-
noise ratio (SNR) sacrifice, and use of sequences

relatively less insensitive to susceptibility artifacts
(turbo spin echo rather than GRE sequences) may
be considered if braces cannot be removed. 424

Perfusion-weighted imaging and flow-
sensitive imaging in pediatric stroke

Although penumbral imaging in adults with arterial
ischemic stroke is most often performed with
CT or MR imaging-based contrast-enhanced
perfusion-weighted imaging, flow-sensitive arterial
spin labeling (ASL) technique is typically used to
create cerebral blood flow maps in pediatric stroke
imaging.’® ASL uses endogenous flow tracers



(magnetically labeled arterial blood water), without
contrast agents. For ASL imaging, 2 sets of images
are obtained: first a baseline brain image followed
by imaging after labeling/tagging blood arterial
water protons within the cervical arteries. The sec-
ond set is obtained after a delay, allowing tagged
protons to enter the imaging slice. Subsequent
subtraction of the datasets allows quantification
of the blood entering the brain.?® Various types
of tagging are available (continuous ASL, pulsed
ASL, pseudocontinuous ASL), the discussion of
which is beyond the scope of this article.

Imaging of Pediatric Neurovascular Diseases

Vessel wall imaging in pediatric stroke

Black blood vessel wallimaging (VWI) is a technique
in which high-resolution images of the intracranial
or cervical arterial walls are obtained, distinct from
the lumen.?® Signals from blood are suppressed us-
ing long turbo spin echo readout or using an inver-
sion recovery to null the longitudinal component
of the blood-water magnetization.'” VWI is often
performed using a T1-weighted sequence due to
the background cerebrospinal fluid suppression
and the potential to perform contrast-enhanced im-
aging to detect vessel wall enhancement.?® Owing
to the need for high-resolution and thin-section

%

Fig. 8. Incidental aneurysm in a 12-year-old patient presenting with headache. 3D-volume reconstruction of a

TOF-MRA (A, B) reveals marked dolichoectasia of the right supraclinoid ICA (dotted arrow in A). The right A1-
ACA (stepped arrow in A) arises from the carotid terminus. The proximal right M1-MCA (thin arrow in A) dem-
onstrates diffuse fusiform dilatation. Note the posteriorly directed saccular daughter aneurysm arising at the
level of the right posterior communicating artery origin (arrow in B). Frontal (C) and lateral (D) projections of
the right ICA catheter-directed digital subtraction angiogram confirms dolichoectasia of the intradural right
ICA (dotted arrow in C) and associated posteriorly directed saccular daughter aneurysm (arrow in D); the latter

is seen incorporating the right posterior communicating artery (arrowhead).
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Fig. 9. Saccular aneurysm in a 9-year-old patient initially presenting with traumatic head injury. CT on presenta-
tion (not shown) revealed multifocal parenchymal hematomas and a large right frontal subdural hematoma war-
ranting emergent evacuation and a decompressive right hemicraniectomy. CTA on presentation (not shown)
revealed no significant intracranial or extracranial arterial injury. Unenhanced CT image (A) obtained 3 weeks
postsurgery reveals extensive encephalomalacia involving the right frontal lobe (dotted arrow) along with hypo-
dense subdural hygromas (asterisk) along the left cerebral convexity and the right posterior parafalcine region.
Follow-up axial CTA image (B) and corresponding sagittal MIP reconstruction (C) reveals interval development of
a traumatic saccular aneurysm/pseudoaneurysm (arrows in B, C) involving the right A2-ACA segment. Lateral pro-
jection microcatheter digital subtraction angiogram of right A2-ACA (D) showing the pseudoaneurysm (arrow)

along the pericallosal ACA. This was coil embolized.

imaging, reduced SNR is a major trade-off. Hence,
VWI is often performed on high-field MR imaging
systems given their higher intrinsic SNR.2*> VWI
has great promise in the detection of arterial dissec-
tions. In this setting, an unenhanced VWI| sequence
may depict a T1-hyperintense intramural hema-
toma'®'” (Fig. 5). Contrast-enhanced VWI is also
useful in the characterization of arteriopathies.
Wallenhancement is presumed to reflect inflamma-
tion and increased flow within the vasa vasora of
large arteries'®"7-2° (Figs. 6 and 7).

Pediatric Intracranial Aneurysms

A comprehensive overview of intracranial arterial
aneurysms in the pediatric population is given in
the article in this issue by Kartik D. Bhatia and
Carmen Parra-Farinas’s article, “Intracranial
Arterial Aneurysms in Childhood,” in this issue.
For noninvasive imaging of intracranial arterial an-
eurysms in children, CTA, in conjunction with an
unenhanced CT scan of the head, is widely
used for initial workup. This approach is
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Fig. 10. MR appearance of an infundibulum in a 12-year-old presenting with focal seizures. Oblique axial (A) and
oblique sagittal (B) MIP reconstructions of a TOF-MRA reveal an incidental conical, posteriorly directed outpouch-
ing (arrows) along the right P1-posterior cerebral artery segment in keeping with an infundibulum.

particularly favored in patients presenting with
nontraumatic  subarachnoid hemorrhage.?%2”
The sensitivity for detecting aneurysms less than
2 mm is 53%, improving to 95% for aneurysms
larger than 7 mm.?82° CTA comes with the
inherent limitations of calculating appropriate
contrast dosage and timing of the CTA, but these
are outweighed by the sensitivity and speed of
imaging acquisition. MRA is often reserved only
for follow-up imaging?® Fig. 8.

Intracranial aneurysms may be encountered in
children under specific clinical circumstances. An-
eurysms following a traumatic brain injury account
for approximately 5% to 10% of all pediatric intra-
cranial aneurysms (PIAs) and often occur on the
distal anterior cerebral artery (40%), on arteries
crossing the skull base (35%), or on distal cortical
branch arteries (25%)° (Fig. 9). Notably, traumatic
aneurysms involving the petrocavernous internal
carotid artery are frequently associated with direct
carotid-cavernous sinus fistula. Nontraumatic dis-
secting aneurysms account for up to 50% of all an-
eurysms among heonates, infants, and young
children.®® These aneurysms are frequently
circumferential or fusiform and may be associated
with focal tortuosity or adjacent stenoses. Infec-
tious (mycotic) aneurysms often involve distal
cortical branch arteries.*°

Infundibular dilations (also known as infun-
dibula) are conical or funnel-shaped dilatations at
arterial ostia, with the arterial mainstem seen
extending from the apex®' (Fig. 10). These struc-
tures mimic aneurysms but can be distinguished
based on their morphology (ie, lack of neck or
asymmetric outpouching).®? In a study on pediatric

infundibula, Dmytriw and colleagues® found
infundibula are commonly located along the left
P1-posterior cerebral artery (35%). Largely, infun-
dibula are considered benign; however, adult liter-
ature has reported evolution into true aneurysms,
attributed to flow-related wall shear stress, with
histopathological studies confirming changes in
the arterial media.® In the study by Dmytriw and
colleagues,® none of the infundibula showed
aneurysmal evolution over the pediatric age spec-
trum (total follow-up period of 86 patient-years;
mean of 32.3+35.7 months). Nevertheless, an
increased incidence was noted in patients with
sickle cell disease, which is a known association
with PIAs.®? Fenestration variants. which are
commonly found at the vertebrobasilar junction
and at the anterior communicating artery complex,
can lead to unusual appearances that mimic aneu-
rysms on cross-sectional imaging. In addition,
arterial loops that are at the limit of cross-
sectional imaging can mimic aneurysms, as can
small arteries that turn out of the imaging plane
in a TOF-MRA sequence.

Noninvasive Imaging of Intracranial
Arteriovenous Shunts in Children

Numerous articles in this issue have content that
address childhood hemorrhagic stroke and intracra-
nial vascular malformations of childhood. To avoid
redundancy, this article focuses specifically on prin-
ciples of noninvasive cross-sectional imaging that
are complementary to the other articles. A focused
overview of intracranial vascular malformations of
childhood including arteriovenous malformations
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Fig. 11. Imaging appearances of a ruptured AVM with superficial venous drainage in a 16-year-old patient pre-
senting with acute onset of headache. Axial unenhanced CT image (A) reveals a large, hyperdense, acute lobar
hematoma in the left frontal lobe (arrow) exerting mass effect and a rightward midline shift. Axial MIP recon-
struction of a CTA (B) reveals a small AVM nidus located along the anteromedial aspect of the hematoma (arrow).
Lateral projections of the left ICA catheter-directed digital subtraction angiogram in early arterial (C) and capil-
lary phases (D) confirm the AVM nidus in the basal left frontal lobe (arrow in C) supplied from the orbitofrontal
branch of the left ACA (stepped arrow in C). A small superiorly directed pseudoaneurysm is also noted (dotted
arrow in C). The AVM is drained via a superficial cortical vein (thin arrow in D) into the anterior aspect of the

superior sagittal sinus.

(AVMs) is given Karim and colleagues’ article,
“Intracranial Vascular Malformations in Children,” in
this issue. Fetal vascular malformations (vein of
Galen malformations, non-Galenic choroidal arterio-
venous fistulae, pial arteriovenous fistulae, and dural
sinus malformations) are covered in Qureshi and col-
leagues’ article, “Neurovascular Malformations in the
Fetus and Neonate,” in this issue. Neuroimaging of
childhood hemorrhagic stroke is presented in the
Leach and colleagues’ article, “Imaging of
Hemorrhagic Stroke in Children,” in this issue. The

initial imaging evaluation of hemorrhagic stroke in
children is often done using CT/CTA®®>** (Figs. 11
and 12). The lack of temporal resolution and the
inability to detect micro-AVMs are a technical limita-
tion of this technique. In patients with hereditary hem-
orrhagic telangiectasia, contrast-enhanced and ASL
sequences are useful in detecting micro-AVMs and
capillary malformations (Fig. 13). MR imaging/MRA
is useful in the evaluation of both ruptured and unrup-
tured AVM and arteriovenous fistula (AVF) (Figs. 14—
17).
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Fig. 12. Imaging appearances of a ruptured AVM with deep and superficial venous drainage in an 11-year-old
patient presenting with left-sided weakness. Axial unenhanced CT image (A) reveals a large, hyperdense acute
hematoma in the right external capsule (arrow). Note the marked mass effect exerted by the hematoma with
resultant compression of the right lateral ventricle and a midline shift toward the left. A small amount of hem-
orrhage dissecting into the right frontal horn is also seen. Coronal oblique MIP reconstruction of a CTA (B) reveals
a large AVM nidus located along the superior aspect of the hematoma (arrow), supplied by the distal cortical
branches of the right MCA (thin arrow) and drained via the right thalamostriate vein into the right internal ce-
rebral vein (dotted arrow). Frontal (C) and lateral (D) projections of the follow-up right ICA catheter-directed dig-
ital subtraction angiogram confirm a compact AVM nidus in the in the right frontoparietal lobe (arrow in C)
supplied by arteries distributed by the right MCA (thin arrow in C) and drained by the right thalamostriate
vein (dotted arrows in C, D) into the corresponding internal cerebral vein along with superficial drainage via a
single cortical vein (stepped arrow in D) into the midportion of the superior sagittal sinus.

Catheter-directed digital subtraction angiog-
raphy (DSA) is the gold-standard for imaging intra-
cranial arteriovenous shunts. A detailed overview
of catheter-directed neuroangiography in children
is presented in the Tierradentro-Garcia and col-
leagues’ article, “Catheter-directed Cerebral and
Spinal Angiography in Children,” in this issue.
Exceptional spatial (0.08 mm x 0.08-

0.2 mm x 0.2 mm) and temporal (up to 24 frames
per second) resolution is achieved with DSA.3°
Superselective microcatheter angiography and 3D
rotational reconstructions allow detailed evaluation
of AVM angioarchitecture.®® C-arm cone-beam CT
(CBCT) imaging is performed with a C-arm-
mounted flat-panel detector system and provides
fast, high-resolution volumetric imaging. This
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Fig. 13. Capillary malformation in a 5-year-old patient with hereditary hemorrhagic telangiectasia. Axial
contrast-enhanced 3D T1 image (A) and its sagittal reconstruction (B) reveal a punctate focus of enhancement
in the left frontal cortex (arrows in A, B). Axial TOF-MRA (C) and its MIP reconstruction (D) reveal no flow
signal/nidus in this region or elsewhere intracranially. The findings favor capillary malformation over micro-
AVM given the absence of discrete macrovascular structures forming a central nidus. No arteriovenous shunting
was observed on catheter-directed digital subtraction angiography.

imaging has been found to provide morphologic
characteristics and anatomic relations of contrast-
injected vessels with excellent spatial resolution
(0.1-0.2 mm voxels).>° CBCT also permits multipla-
nar and 3D volume reconstructions using a single
acquisition dataset. However, despite these advan-
tages, CBCT increases radiation dosage. Data from
adult literature suggest that a 20-second CBCT
angiogram acquisition is associated with 0.2 Gy ra-
diation dose versus a 5-second 3D rotational angi-
ography, which provides an exposure of 0.065 Gy.
In comparison, a standard catheter-directed DSA
run is associated with 0.15 Gy of radiation expo-
sure.*® Doses for 3D rotational pediatric neuroan-
giography can be significantly reduced to about

15% of a standard DSA run by tailoring protocols
for effectiveness and dose optimization.®®
Although TOF-MRA is a flow-sensitive MR im-
aging sequence that conveys some information
about flow, it lacks hemodynamic information
needed for adequate characterization of intracra-
nial arteriovenous shunts.?® Contrast-enhanced
time-resolved MR angiography (CE TR-MRA), a
modification of bolus-chase MRA, enables rapid
acquisition of vascular flow data. Along with short
repetition time, low spatial resolution, parallel
imaging, and partial Fourier acquisition, this tech-
nique performs multiple, sequential, rapid acquisi-
tions of the entire imaging volume following
intravenous contrast bolus administration. The
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Fig. 14. Neonate with a single-hole pial arteriovenous fistula (PAVF). Coronal T2 image (A) obtained antenatally
reveals a large venous pouch (arrow) along the right parietal lobe. Follow-up coronal T2 image (B) obtained a
few hours following birth reveals an unchanged venous pouch (arrow) along the right parietal lobe. MIP recon-
struction of a TOF-MRA (C) and lateral projection of the right ICA catheter-directed digital subtraction angiogram
(D) confirm a PAVF supplied by a parietal branch of the right MCA (dotted arrows in C, D) with a large venous
pouch (arrows in C, D). The arterialized venous pouch is drained via 2 venous structures, one draining superome-
dially toward the superior sagittal sinus (thin arrows in C, D) and the other via a posteriorly directed vein (stepped

arrows in C, D) draining into the right transverse sinus.

acquisitions serve as snapshots of contrast transit
and can be summed as maximum intensity pixel
projections to be displayed as time-resolved
“movies.”?® Temporal imaging enables assess-
ment of intracranial hemodynamics and the
venous drainage patterns for shunting lesions.*”
There is little literature on time-resolved MRA
use in the pediatric age group, but experience
from adult literature is encouraging. In a study by
Machet and colleagues,®® CE TR-MRA was
able to detect 17 of 19 AVMs confirmed by
catheter-directed DSA and found good agreement
between the 2 techniques when evaluating

nidus size and venous drainage (k = 0.75, 0.77)
along with moderate agreement (k = 0.44) when
evaluating arterial feeders. Furthermore, Farb
and colleagues®® reported that CE TR-MRA accu-
rately identified and assigned Borden classifica-
tion for 93% of adult-type dural arteriovenous
fistula.

Vascular Anatomy and Variants

Selective ophthalmic artery infusion
chemotherapy

Retinoblastoma is the most common pediatric
primary ocular malignancy, affecting 1 in 15,000
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Fig. 15. Multihole PAVF in a neonate. Sagittal T2W image (A) reveals a venous pouch in the supravermian cistern
(arrow). Axial TOF-MRA (B) reveals arterialized flow within the venous pouch (arrow) supplied by a hypertrophi-
ed left superior cerebellar artery (dotted arrow). MIP reconstruction of the TOF-MRA (C) and lateral projection of
the left vertebral catheter-directed digital subtraction angiogram (D) confirm the multihole PAVF with a solitary
venous pouch (arrows in C, D), supplied by the left superior cerebellar artery (dotted arrows in C, D) and left pos-
terior inferior cerebellar artery (stepped arrows in C, D). The postfistulous venous drainage is noted via the tor-

cula (thin arrow in D).

to 20,000 live births. Two-thirds of all cases are
diagnosed before age 2 years and 95% before
the age 5 years.*%*! Treatment options in patients
with retinoblastomas have evolved over the years
from enucleation and external beam radiotherapy
to more targeted chemotherapeutic drug delivery
via the superselective catheterization of the
ophthalmic artery (intra-arterial chemotherapy
[IAC]).#?

At our institution, all patients who are candi-
dates for selective ophthalmic artery infusion
chemotherapy undergo MR imaging of the brain
and orbits, along with TOF-MRA to assess the
OA. We use the results of TOF-MRA for

neuroendovascular surgical treatment planning
to improve procedural workflow efficiency. When
a small caliber of the OA, variant OA origin, or un-
favorable angulation of the proximal OA stem sug-
gests that direct catheterization of the OA will be
difficult or impossible, an alternative approach is
formulated in advance. In such cases, chemo-
therapy can be administered directly into the
orbital branch of the middle meningeal artery or
into the infraophthalmic internal carotid artery
during concurrent balloon occlusion of the supra-
ophthalmic internal carotid artery. Advanced
planning of this nature can reduce the number of
vessel catheterizations, reduce patient radiation
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Fig. 16. Dural sinus malformation with dural arteriovenous fistulae. Sagittal T2W image obtained prenatally (A)
and sagittal T2 image obtained within the first few hours postnatally (B) reveal a large venous pouch created by
massive enlargement of the posterior segment of the superior sagittal sinus and contiguous torcula (arrows in A,
B). Note the marked mass effect exerted over the posterior aspects of the cerebral hemispheres and the posterior
fossa structures. Axial TOF-MRA (C) and lateral projection of the left external carotid artery (ECA) catheter-
directed digital subtraction angiogram (D) reveal an arteriovenous macrofistula (thin arrow in D) between the
venous pouch and the posterior division of the left middle meningeal artery (MMA) (dotted arrows). Arterial sup-
ply via the contralateral MMA and the dural branches of the posterior cerebral arteries was also noted (not

shown).

exposure, reduce contrast load, and ensure that
all necessary equipment is available at the time
of neuroendovascular treatment.*>*# (Fig. 18)

Wada test

Despite significant advances in functional brain MR
imaging, the Wada test remains an important part of
the preoperative evaluation of patients with medi-
cally refractory seizures who are under consider-
ation for temporal lobectomy. This test typically
entails slow injection of sodium amobarbital (100-
500 mg) into the cervical ICA. This injection

anesthetizes the ipsilateral cerebral hemisphere
for almost 5 to 10 minutes, during which memory
and language function can be evaluated in awake
patients.*® In patients with persistent primitive
carotid-vertebrobasilar anastomoses (ie, trigeminal
artery), a modified superselective Wada test
involving microcatheter-directed infusion of amytal
directly into the intracranial internal carotid
artery is necessary to prevent amytal-induced res-
piratory depression and loss of consciousness*®
(Fig. 19). Recognition and reporting of persistent
primitive carotid-vertebrobasilar anastomoses can
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Fig. 17. Partially thrombosed dural sinus malformation (DSM) in a 3-month-old patient presenting with seizures.
Axial T2W image (A) reveals marked ectasia of the left transverse sinus and torcula in keeping with a DSM (ar-
row). Coronal T2W image (B) reveals confluent T2 hyperintensity (dotted arrow) in the left temporal lobe along
with distended cortical veins (thin arrow) in the left parietal region representing changes of chronic venous
congestion. Axial multiplanar gradient recalled acquisition (MPGR) (C) demonstrates tubular foci of T2 hypoin-
tensity (stepped arrows) corresponding to thrombosed cortical veins and/or hemorrhage in the affected left tem-
poral lobe. Axial contrast-enhanced 3D T1W image (D) reveals a large filling defect (arrow) within the DSM in
keeping with partial thrombosis. MIP reconstructions of a TOF-MRA (E, F) reveal dominant arterial supply arising
from the middle meningeal arteries (arrows in E), the occipital arteries (dotted arrow in F), and the meningohy-
pophyseal arteries (stepped arrow in F).

-
hLA -

Fig. 18. Normal and variant appearances of the ophthalmic artery (OA). Axial MIP reconstruction of a TOF-MRA

(A) reveals normal takeoff of the left OA (arrow) arising from the intradural paraclinoid segment of the left ICA

(A). Axial (B) and oblique (C) 2D-MIP reconstructions of a TOF-MRA in another patient reveals dorsal variant anat-

omy of the left OA (arrows in B, C) arising from the lateral aspect of the cavernous left traversing the left superior

orbital fissure.
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Fig. 19. Appearances of a persistent trigeminal artery. Lateral (A) and axial (B) MIP reconstructions reveal a persis-
tent trigeminal artery (arrows) arising from the cavernous segment of the left ICA (dotted arrows) and supplying
the distal basilar trunk (thin arrows). Note that the basilar artery caudad to the trigeminal artery is hypoplastic.

therefore improve procedural workflow efficiency
for patients undergoing Wada testing. Although
many such variants are well demonstrated on con-
ventional brain MR imaging studies, TOF-
MRA may be valuable for detection of less-
conspicuous variants that influence the distribution
of drug infused into the cervical internal carotid
artery.

Cerebral Sinovenous Thrombosis: Pearls and
Pitfalls

Cerebral sinovenous thrombosis (CSVT) refers to
thrombo-occlusion of the dural venous sinuses,
cortical veins, and/or deep cerebral veins. CSVT

is a neurologic emergency with an incidence of
0.25 to 0.67 per 100,000 children per year and
0.82 to 12 per 100,000 neonates per year.*” The
associated mortality rate and risk of permanent
neurologic damage range between 8% to 19%
and 38% to 48.1%, respectively.*” Patients may
present with a wide spectrum of symptoms (head-
ache, seizures, altered mentation, lethargy, and/or
focal neurologic deficits).*® Dehydration, infection,
trauma, cancer, anticancer treatment, prothrom-
botic states (antiphospholipid syndrome, pro-
thrombin G20210A mutation, antithrombin I
deficiency, elevated homocysteine), lupus, and
nephrotic syndrome are reported causes of CSVT
in children.#49

Fig. 20. CT appearances of sinovenous thrombosis in an 18-month-old patient. Axial unenhanced CT image (A)
reveals hyperdensity within the superior sagittal sinus (arrow); however, this may be overlooked due to inade-
quate window settings. Axial unenhanced CT image viewed using a narrow window setting (B) accentuates
the hyperdense attenuation of the superior sagittal sinus (arrow). CT venography (C) performed subsequently
confirms the occlusive thrombus within the superior sagittal sinus (arrow).

509



510

Pai et al

Fig. 21. Typical appearances of an acute CSVT in a 2-year-old patient. Coronal T2W image (A) reveals marked
distention of the right transverse sinus (arrow), due to a T2-hypointense thrombus mimicking a flow void. Axial
MPGR sequence (B) reveals abnormal susceptibility within the occluded right transverse sinus (arrow). MIP recon-
struction of the phase contrast MRV (C) confirms complete loss of flow signal within the right transverse sinus
(arrow) and the right sigmoid sinus. Contrast-enhanced 3D T1W image (D) reveals a large filling defect within

the right transverse sinus (arrow).

Neuroimaging is essential to diagnose/confirm
CSVT, identify the extent of cerebral venous
compromise, and evaluate for secondary compli-
cations (venous ischemia, hemorrhage, and so
on).“® CT and MR imaging, with venographic tech-
niques, are the mainstay of imaging a patient with
known or suspected CSVT.*® In this section the
imaging features and pitfalls of CSVT imaging on
CT and MR imaging are discussed. The important
role of CSVT as a cause of pediatric hemorrhagic
stroke and related neuroimaging issues is pre-
sented in Leach and colleagues’ article, “Imaging
of Hemorrhagic Stroke in Children,” in this issue.

On CT imaging the intraluminal thrombus of
CSVT appears hyperdense in the acute phase
due to low water and high hemoglobin concentra-
tions. This situation persists for 1 to 2 weeks, after
which the clot evolves to become isodense and
later hypodense. It is imperative to ensure
adequate window settings when evaluating the
dural venous sinuses on unenhanced CT because
narrow window settings make differentiation be-
tween the sinus and the adjacent bone difficult.
Beam-hardening artifacts at the skull base may
obscure the venous system. Diffuse venous hyper-
density must also be evaluated with caution
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Fig. 22. Deep venous thrombosis in a 6-year-old patient presenting with altered mentation. Axial DWI (A) reveals
bilateral, asymmetric areas of restricted diffusion in the thalami (arrows), more extensive on the left. Subtle
restricted diffusion is also seen in the right caudate nucleus (dotted arrow). Axial FLAIR (B) reveals marked hyper-
intense swelling of the thalamocapsular regions (arrows). Subtle similar signal is also noted in the caudate nuclei
(dotted arrows). Axial MPGR (C) reveals foci of hemorrhage within the involved thalami (arrow) along with
abnormal susceptibility within the internal cerebral veins (stepped arrow). Some hemorrhage along the glomus
of the left choroid plexus is also seen (thin arrow). Oblique MIP reconstruction of a TOF-MRV (D) reveals complete
absence of flow signal within the deep cerebral venous system (arrow).

because this finding may be due to physiologic
polycythemia (eg, in neonates).*” On CT venog-
raphy, intraluminal clot is seen as a filling defect
within the sinus or vein*’ (Fig. 20).

The appearance of intraluminal venous clot on
MR imaging varies with the stage of its evolution.
In the acute phase, the clot is isointense on T1 but
hypointense on T2/FLAIR sequences. As the clot
evolves into the subacute phase, the degradation
of deoxyhemoglobin to methemoglobin imparts a
hyperintense signal on T1 sequences initially, with
hyperintensity seen on T2/FLAIR sequences in the
late subacute phase (extracellular methemoglobin).

SWI/GRE is reliable at these stages because the
degradation of hemoglobin causes a blooming arti-
fact (hypointense signal) (Figs. 21 and 22). A chronic
thrombus may be variable in signal intensity but
usually hypointense on T1 and T2 sequences.
Flow voids within a partially recanalized thrombus
may be noted. SWI in the chronic phase is not as
reliable because ferritin and hemosiderin (superpar-
amagnetic substances) are removed by macro-
phages.*” In a study on 37 patients with CSVT,
Wagner and colleagues® concluded that 96% of
cases could be identified on T1 and T2 sequences
(74 of 77) and 88% (68 of 77) were detected on
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Fig. 23. MR imaging of sinovenous thrombosis in a 9-year-old patient with a known history of T-cell acute
lymphoblastic leukemia on pegylated L-asparaginase. Sagittal TIW image (A) reveals hyperintense thrombosis
extensively involving the superior sagittal sinus (arrow). Coronal T2W image (B) reveals corresponding loss of
the expected flow void within the midportion of the superior sagittal sinus (arrow). Axial SWI (C) reveals
abnormal susceptibility within the superior sagittal sinus (arrow). Also note, similar susceptibility artifacts in
the cortical veins along the right frontoparietal convexity (dotted arrows), suggestive of concomitant cortical
venous thrombosis. MIP reconstruction of a TOF-MRV (D) reveals apparent faint signal within the superior sagittal
sinus (arrow), due to thrombus shine through effect; this could potentially mimic normal flow signal. PC-MRV (E)
confirms absent flow in the superior sagittal sinus (arrow). Sagittal contrast-enhanced 3D T1W image (F) confirms
a filling defect (arrow) extensively involving the superior sagittal sinus in keeping with thrombosis.

FLAIR images. Although 94% of thrombi within the
dural venous sinuses were revealed by DWI/Diffu-
sion tensor imaging (DTI) (72 of 77), only 40%
showed restricted diffusion.*®

Although these sequences help in the initial
identification of CSVT, they are not enough to
delineate the site and extent of the thrombus.
TOF-MR venography (TOF-MRV) is useful in
detecting defects in flow within the venous si-
nuses. Saturation of mobile spins, depicted as
flow gaps, due to parallel orientation of the vessel
and the imaging plane may mimic an occlusion.
Thrombus shine through effect due to the native
T1 hyperintensity of a clot, resulting in apparent
flow signals in the lumen, is another important
pitfall. This pitfall can be mitigated by correlating
with spin echo sequences and phase contrast
MRV (PC-MRV).47:50

PC-MRV uses bipolar gradients to induce a
phase shift of mobile spins and restore it to
generate a signal. A velocity-encoding gradient
(VENC) is then applied to filter out the flow within
the vascular structure of choice (veins in this
case). Hence use of the correct VENC is critical
to obtain robust intraluminal flow signals with
PC-MRYV. Flow velocity outside the VENC is not
displayed and hence may erroneously be inter-
preted as occlusion. This phenomenon is more
common at sites where flow is faster or turbu-
lent, for example, around an arachnoid granula-
tion or along the stenotic distal transverse
sinuses in the setting of idiopathic intracranial
hypertension.*”-%°

Contrast-enhanced MRV is a technique that
uses intravenous gadolinium to cause intraluminal
T1 shortening, thereby producing a lumenogram.



This technique provides better spatial resolution
and is devoid of the effects of in-plane saturation
or the need for application of a velocity-based
gradient. Thrombi, including those with T1 hyper-
intensity, are seen as filling defects. (Fig. 23) How-
ever, chronic thrombi may enhance due to
replacement of thrombus with organized connec-
tive tissue and capillary proliferation (granulation
tissue).*”-°C

SUMMARY

Cross-sectional neuroimaging rests on 2 major
pillars, that is, CT and MR imaging. These technol-
ogies have revolutionized the evaluation of chil-
dren with neurovascular pathology, by improving
the delineation of neurovascular lesions and
illuminating diverse mechanisms of disease path-
ogenesis. The addition of catheter-directed angio-
graphic techniques and hemodynamic imaging
enables a deeper and complementary character-
ization of pediatric neurovascular pathologies.
Expert interpretation of cross-sectional and
catheter-directed neuroimaging data empowers
neuropediatric specialists to formulate optimal
patient-oriented treatment strategies across the
full range of clinical neurovascular pathology.
Despite the advantages that neuroimaging has
brought to pediatrics, there are limitations and
trade-offs that interpreting radiologists must be
cognizant of to avoid erroneous diagnostic
evaluations.

CLINICS CARE POINTS

e MRI with abbreviated stroke specific se-
quences is the modality of imaging modality
of choice in patients presenting with clinical
features of stroke. However, stroke mimics
are frequent. Hence active monitoring during
image acquisition is warranted so that further
imaging sequences, as necessary, may be
obtained.

e AV shunts in pediatric patients are different
in terms of pathophysiology and angioarchi-
tecture compared to adults. Most shunts
which cause high output cardiac failure may
be detected in utero. In those who present
in the post-natal MRl and CT both play a com-
plimentary role in evaluating the shunting
lesion as well as its effects on the brain
parenchyma.

e Sinovenous thrombosis in children may be
due to underlying prothrombotic causes,

complication of an intracranial pathology

Imaging of Pediatric Neurovascular Diseases

(e.g., infection) or idiopathic. The dural
venous sinuses are an important review area
in clinical practice. Understanding the phys-
ics, advantages and limitations of the various
imaging sequences available is extremely
important in order to avoid a mis- or missed
diagnosis.
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Abstract

Objective

To determine that children with arterial ischemic stroke (AIS) due to an identifiable arterio-
pathy are distinct from those without arteriopathy and that each arteriopathy subtype has
unique and recognizable clinical features.

Methods

We report a large, observational, multicenter cohort of children with AIS, age 1 month to 18
years, enrolled in the International Pediatric Stroke Study from 2003 to 2014. Clinical and
demographic differences were compared by use of the Fisher exact test, with linear step-up
permutation min-p adjustment for multiple comparisons. Exploratory analyses were conducted
to evaluate differences between cases of AIS with and without arteriopathy and between
arteriopathy subtypes.

Results

Of 2,127 children with AIS, 725 (34%) had arteriopathy (median age 7.45 years). Arteriopathy
subtypes included dissection (27%), moyamoya (24.5%), focal cerebral arteriopathy-
inflammatory subtype (FCA-i; 15%), diffuse cerebral vasculitis (15%), and nonspecific arte-
riopathy (18.5%). Children with arteriopathic AIS were more likely to present between 6 and 9
years of age (odds ratio [OR] 1.93, p = 0.029) with headache (OR 1.5, p = 0.023), multiple
infarctions (OR 2.0S, p < 0.001), sickle cell anemia (OR 2.9, p = 0.007), and head/neck trauma
(OR 1.93, p = 0.018). Antithrombotic use and stroke recurrence were higher in children with
arteriopathy. Among arteriopathy subtypes, dissection was associated with male sex, older age,
headache, and anticoagulant use; FCA-i was associated with hemiparesis and single infarcts;
moyamoya was associated with seizures and recurrent strokes; and vasculitis was associated
with bilateral infarctions.

Conclusion

Specific clinical profiles are associated with cerebral arteriopathies in children with AIS. These
observations may be helpful indicators in guiding early diagnosis and defining subgroups who
may benefit most from future therapeutic trials.
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Glossary

AIS = arterial ischemic stroke; CI = confidence interval; FCA = focal cerebral arteriopathy; FCA-i = focal cerebral arteriopathy,
inflammatory type; IPSS = International Pediatric Stroke Study; OR = odds ratio; PSOM = Pediatric Stroke Outcome Measure;

VIPS = Vascular Effects of Infection in Pediatric Stroke.

Cerebral arteriopathies are reported in 30% to 50% of all
children with arterial ischemic stroke (AIS)."* Most child-
hood cerebral arteriopathies are characterized either by
dissection or by stenosis and irregularity of the intracranial
arteries such as moyamoya and focal cerebral arteriopathy
(FCA) of childhood. FCA is characterized by acute, uni-
lateral, segmental stenosis of >1 large arteries of the
anterior circulation”> and is presumed to be inflammatory
in origin,zfé"6 although the angiographic appearance can be
mimicked by intracranial dissection.” One-third of cases of
FCA may demonstrate initially progressive arterial nar-
rowing, but by definition, arterial narrowing does not
progress beyond 3 to 6 months after stroke.® Most impor-
tant, childhood cerebral arteriopathies are associated with
a 5-fold higher risk of stroke recurrence’ and poor out-
come.'® Therefore, their improved understanding is crucial
to the development of immediate and preventive treatment
strategies.

The difficulty in identifying and classifying childhood ce-
rebral arteriopathies is a major limitation, relating often to
the imaging technique, inability to consistently and accu-
rately identify the diagnosis at presentation, and lack of
standardized terminology and diagnostic criteria.">®'""?
Recent cohorts of cerebral arteriopathy have come from the
International Pediatric Stroke Study (IPSS)," in which
arteriopathies are classified using gradually developed and
refined consensus-based definitions."® Recently, a substudy
of the IPSS rereviewed neurovascular imaging of their
arteriopathic cases and noted that a substantial proportion
(up to 30%) of arteriopathies in their cohort remained
challenging to classify.” Such challenges are a frequent oc-
currence in clinical practice, suggesting that a clinical fin-
gerprint may be helpful in the diagnosis and classification of
childhood cerebral arteriopathies, especially early in the
disease course when the arteriopathy has not declared its
clinical course (progression, stabilization, improvement).
We hypothesized that children with AIS due to an identi-
fiable arteriopathy are distinct from those without arterio-
pathy and that the arteriopathy subtypes are distinct.

Methods
Study design

The IPSS is a prospective, multicenter, observational reg-
istry that enrolls and follows up children with ischemic
stroke and related conditions. The IPSS currently com-
prises >300 investigators (representing 24 countries across
5 continents) and a web-based master database housed at
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the study coordinating center, The Hospital for Sick Chil-
dren, Toronto, Ontario, Canada.'®> The IPSS design has
been previously published."'® The present analysis in-
cludes children with AIS with and without an underlying
cerebral arteriopathy who were enrolled between January
2003 and July 2014 (including previously reported 667
cases enrolled from 2003 to 2007 in the IPSS" and 355 cases
from 2010 to 2014 coenrolled in the IPSS and an IPSS
substudy, the Vascular Effects of Infection in Pediatric
Stroke [VIPS]?).

Standard protocol approvals, registrations,
and patient consents

As per IPSS policy, each site investigator obtained and
maintained research ethics approval according to that inves-
tigator’s institutional policy to enroll and study eligible cases.

Study Population

Inclusion criteria were age from 1 month to 18 years and
AIS presenting with acute onset of neurologic deficit and
a radiologic pattern consistent with arterial territory is-
chemia. Arteriopathy was defined a priori as any abnor-
mality on vascular imaging (stenosis, irregularity, banding,
pseudoaneurysm, dissection flap) except isolated vessel
occlusion, which may be due to an embolus rather than
a primary blood vessel abnormality.” Children without
arteriopathy had either idiopathic AIS (no obvious risk
factor or etiology) or well-described nonarteriopathic risk
factor for AIS (e.g., cardioembolic stroke). The presence of
arteriopathy and its subtype were determined by the en-
rolling IPSS site investigators and clinicians involved in the
child’s care using the IPSS consensus-based definitions.’
Because a centralized review of radiographic films could not
be performed due to the lack of an imaging repository in the
IPSS dataset, we validated the arteriopathy diagnosis and
subtype classification on the basis of the radiographic data
available through the free text comment boxes in the IPSS
dataset. In cases with unclear descriptions, more data were
requested and obtained from the submitting IPSS site
investigators (figure 1A). The authors further refined the
arteriopathy classification referencing recent literature'*
through consensus at 3 teleconferences and 1 face-to-face
meeting.

The refined arteriopathy subtypes included 5 mutually exclu-
sive subtypes: (1) FCA, inflammatory type (FCA-i), which in-
cluded idiopathic or presumed inflammatory FCA, transient
cerebral arteriopathy, and postvaricella arteriopathy cases™>>';
(2) dissection (extracranial, intracranial); (3) moyamoya (pri-
mary moyamoya disease, moyamoya syndrome secondary to
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Figure 1 Study population
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enrolled in the IPSS January 1, 2003-July 31, 2014
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Excluded (n = 12):
e Mitochondrial strokes (12)

Children with AIS included in the study
(n=2,274)

No arteriopathy as per IPSS Arteriopathy as per IPSS
(n=1,595) (n=679)

Excluded from analysis (n = 147):

* No risk factors reported (65)

+ Pl unable to determine presence
or absence of arteriopathy (82)

Reclassified as arteriopathy (n = 46):*
o Determined from ‘other’ text variables (1)
e Determined from review of radiology data (45)

Final study population (n = 2,127):
« With arteriopathy (725)
¢ No arteriopathy (1,402)

With arteriopathy
(N =725)

[
[ I [ I ]

Moyamoya Dissection F:rctzlricoe;::)rzjl Vasculitis Other
(n=177) (n=193) (n=110) (n=111) (n=134)
| | Idiopathic/primary ) Post varicella . Acquired (n = 93):
(n=115) || Extracranial - hv (PVAR Infectious ’
(n =76) —{ arkerlopathy (PVAR) (n=25) « HIV vasculopathy (2)
(n =59) » Multiple arteriopathy (4)
« Radiation arteriopathy (7)
—|  Reversible cerebral
| Secondary . Transient cerebral N vasoconstriction (2)
(n=62) n Intracranial || arteriopathy (Tca) | L Non-infectious « Sickle non-moyamoya (25)
(n=45) (n = 49) (n=86) « Unspecified (53)
Unclassified Idiopathic FCA-i Congenital (n = 41):
(n=72) (n=2) e Aneurysm (14)
e Arteriovenous malformation (3)
e Fibromuscular dysplasia (3)
« Hypoplasia benign variants
L excluded (7)
e Syndrome (8)
« Unspecified (6)

(A) International Pediatric Stroke Study (IPSS) cohort of children with arterial ischemic stroke (AIS) and cerebral arteriopathies. (B) IPSS cohort of children with
AIS associated with arteriopathy. FCA-i = focal cerebral arteriopathy-inflammatory subtype.

other conditions); (4) diffuse cerebral vasculitis (infectious,  (figure 1B). Lack of sufficiently detailed vascular imaging limited
noninfectious); and (S) nonclassifiable/nonspecific arterio-  our ability to further subcategorize vasculitis. We excluded chil-
pathies labeled as other arteriopathy (congenital, acquired)  dren with arteriopathy but without stroke.
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Data collection and abstraction

Study data were collected at each site by the IPSS site inves-
tigators and entered into the web-based IPSS database. The
variables studied included demographic data (age at stroke
diagnosis, sex, geographic region, race), clinical features
(hemiparesis, visual field deficit, speech deficit, ataxia, de-
creased level of consciousness, headache, seizures, prior/
concurrent thromboembolic event), radiographic information
(circulation, stroke laterality, number of infarcts, hemorrhage),
risk factors for stroke (cardiac disorder, underlying chronic
disease, acute systemic disease, acute and chronic head/neck
disease, family history of stroke), neuroimaging features (lo-
cation and number of infarcts), antithrombotic treatments
(classified as antiplatelet or anticoagulant agents), and out-
comes. Management decisions for each case were guided by the
published pediatric stroke management guidelines'® but varied
according to the treating physician’s preferences and local in-
stitutional protocols. Outcomes included neurologic deficits
at discharge, stroke recurrence, case fatality, and standardized
stroke outcomes at 1 year and last follow-up visit that were
collected through a parental Recurrence and Recovery
Questionnaire'”'® (mean duration 2.3 years), and Pediatric
Stroke Outcome Measure (PSOM)'”'® (mean duration
2.5 years). Poor outcome was defined as a PSOM score >1.

Statistical methods

Analyses were performed with SAS version 9.4 statistical soft-
ware (SAS Institute, Cary, NC). Descriptive analysis, including
proportions, means, and frequencies, was used to define par-
ticipant characteristics. Intracranial dissection, extracranial
dissection, FCA-i, moyamoya, and vasculitis were included in
the subtype comparison exploratory analyses. Cases with
multiple arteriopathies or missing data were excluded from the
analysis. Cases with dissection that could not be classified as
either intracranial or extracranial dissection were excluded
from the arteriopathy subtype analysis. Multiple comparisons
(arteriopathy- vs non-arteriopathy-associated AIS, arterio-
pathy subtypes) were performed with the Fisher exact test with
linear step-up permutation min-p adjustment. Values of a <0.05
were considered significant. Significant variables were included
in a stepwise multiple logistic regression analysis. Poisson re-
gression was used to test the difference of treatment over time,
and logistic regression and x” tests were used as necessary to
describe and measure associations involving multilevel cate-
gorical variables.

Data availability

All data used for analysis are presented in the tables and figures
in this article. Data will be shared after ethics approval if
requested by other investigators for purposes of replicating the
results.

Results

A total of 4,294 children were enrolled in the IPSS during the
study period. We identified 2,274 (53%) children, 1 month to
18 years of age, with AIS. Of these, 2,127 (93%) children
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fulfilled the current study inclusion criteria. Of this cohort, 725
(34%) children were identified as having AIS due to arterio-
pathy, and 1,402 (66%) children had AIS due to non-
arteriopathic causes (figure 1A and table 1). In 2,127 children
with AIS, nonarteriopathic risk factors (either single or multiple
in a study participant) included cardioembolic disorders (29%),
chronic diseases (31%), acute systemic illnesses (26%), acute
head or neck infections/trauma (21%), chronic head or neck
disorders (8%), and family history of stroke (14%) (table 2). In
725 children with arteriopathy, arteriopathy subtypes were
categorized as craniocervical dissection in 193 (27%), moya-
moya in 177 (24%), FCA-i in 110 (15%), diffuse cerebral
vasculitis in 111 (15%), and other arteriopathy in 134 (19%)
(figure 1B). Although dedicated vascular imaging was reported
in 1,409 of 2,127 (66%) cases (74% noncardiac and 26% car-
diac AIS), this number is underreported due to the missing data
in the dataset. Of the 718 (34%) cases with no vascular imaging

Table 1 Demographic profile of children with AIS with
and without arteriopathy

Arteriopathy,
n (%)

No arteriopathy,

Variables n (%)

Age at index stroke, median 7.45 (3.68-12.76) 4.6 (1.11-12.18)

(IQR), y**
0-3 146/725 (20) 573/1,399 (41)
3-6 145/725 (20) 203/1,399 (14)
6-9 137/725 (19) 130/1,399 (9)
9-12 88/725 (12) 135/1,399 (10)
12-15 113/725 (16) 161/1,399 (11)
15-18 96/725 (13) 197/1,399 (14)
Male sex 423/725 (58) 806/1,402 (57)
Geographic region
Africa 0/725 (0) 3/1,402 (<1)
Asia 22/725 (3) 91/1,402 (6)
Australia 38/725 (5) 65/1,402 (5)
Europe 129/725 (18) 219/1,402 (16)
North America® 506/725 (70) 923/1,402 (66)
South America 30/725 (4) 101/1,402 (7)
Race
Black?® 73/492 (15) 86/993 (9)
White 321/492 (65) 648/993 (65)
Other 98/492 (20) 259/993 (26)

Abbreviations: AlIS = arterial ischemic stroke; IQR = interquartile range.

2 Fisher exact test showed statistically significant association with the pres-
ence of arteriopathy before multiple-comparisons adjustment.

b Significant association of age and arteriopathy: age as continuous variable
(p < 0.0001, odds ratio [OR] 1.04 per unit increase) and as categorical vari-
able (using 15-18 years as reference, those 0-3 years old are less likely to
have arteriopathy [p < 0.0001, OR 0.52] and those 6-9 years old are more
likely to have arteriopathy [p < 0.0001, OR 2.16]).
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Table 2 Clinical profile of children with AIS with and without arteriopathy

Arteriopathy, No arteriopathy,
Variables n (%) n (%)
Hemiparesis® 573/707 (81) 991/1,321 (75)
Visual field deficit 76/568 (13) 141/1,032 (14)
Dysarthria® 163/639 (25) 193/1,155 (17)
Ataxia? 77/705 (11) 82/1,349 (6)
Altered consciousness 252/685 (37) 514/1,298 (40)
Headache?® 285/637 (45) 324/1,092 (30)
Seizures 158/691 (23) 439/1,313 (33)
Prior/concurrent thromboembolism? 123/629 (19) 142/1,233 (11)
Anterior circulation involvement 434/645 (67) 810/1,224 (66)
Posterior circulation involvement 141/645 (22) 278/1,224 (23)
Both circulation involvement 70/645 (11) 136/1,224 (11)
Right-sided infarction® 251/639 (39) 412/1,218 (34)
Left-sided infarction 232/639 (36) 559/1,218 (46)
Bilateral infarction? 156/639 (25) 247/1,218 (20)
Multiple infarcts® 309/578 (53) 415/1,097 (38)
Single infarcts 269/578 (47) 682/1,097 (62)
Hemorrhagic infarct 55/566 (10) 178/1,085 (16)
Cardiac disease 98/723 (13) 512/1,402 (37)
Underlying chronic disease 242/723 (33) 415/1,402 (30)
Connective tissue disease? 171723 (2) 17/1,402 (1)
Malignancy 9/723 (1) 23/1,402 (2)
Sickle cell anemia? 60/723 (8) 37/1,402 (3)
Presence of syndrome 49/723 (7) 86/1,402 (6)
Prothrombotic state 66/723 (9) 131/1,402 (9)
Acute systemic disease 147/723 (20) 405/1,402 (29)
Acute head and neck disease? 168/723 (23) 275/1,402 (20)
Significant infection® 18/723 (2) 59/1,402 (4)
Noniatrogenic trauma?® 85/723 (12) 100/1,402 (7)
Chronic head and neck disorder 53/723 (7) 110/1,402 (8)
Family history of stroke 100/687 (14) 173/1,303 (13)
Treatment with anticoagulant agent 229/694 (33) 393/1,331 (30)
Treatment with antiplatelet agent 270/694 (39) 467/1,331 (35)
Treatment with both anticoagulant and antiplatelet agents 52/694 (7) 66/1,331 (5)
Unspecified antithrombotic treatment 44/694 (6) 59/1,331 (4)

Abbreviation: AlS = arterial ischemic stroke.
@ Fisher exact test showed statistically significant association with the presence of arteriopathy before multiple-comparisons adjustment.
b Significant infection defined as meningitis or mastoiditis; nonsignificant infections included sinusitis, otitis media, and pharyngitis.
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indicated in the IPSS dataset, 164 (23%) were labeled as having
an arteriopathy by the site investigators. As stated in the
Methods section, arteriopathy cases with insufficient in-
formation or unclear diagnosis were rereviewed by the study
investigators for any radiology information in the dataset, and
those with no radiologic data to support the arteriopathy di-
agnosis were sent to the reporting site investigator for review of
their radiology information to confirm the diagnosis and type of
arteriopathy (figure 1A).

Tables 1 and 2 lists the demographic and clinical features of
AIS and specifies all variables that were significantly associated
with arteriopathy (p < 0.0S) before multiple-comparison

adjustment. Results (p values and odds ratios [ORs]) from
multivariable analysis are stated in the section below (table 3).

Arteriopathic vs nonarteriopathic AIS

Children with arteriopathy-associated AIS were older com-
pared to children with nonarteriopathic causes (median age
74S years [interquartile range 3.68-12.76] vs 4.6 years
[interquartile range 1.11-12.18 years], p < 0.0001 [z = 7.05]),
with the highest likelihood of AIS due to an arteriopathic
cause occurring in 6- to 9-year-old children (p = 0.029, OR
1.93, 95% confidence interval [CI] 1.1-3.5) (figure 2A).
There were equal proportions of boys (58% [423 of 725]
arteriopathic AIS vs 57% [806 of 1,402] nonarteriopathic

Table 3 Demographic and clinical associations with arteriopathy in childhood AIS?

Available data

Univariate analysis

Multivariable analysis®

Variables No. OR (CI) p Value OR (CI) p Value
Age (ref = 15-18y), y© 2,124
0-<3 0.52 (0.39-0.71) <0.0001 0.93 (0.51-1.69) 0.810
3-<6 1.47 (1.06-2.03) 0.020 1.72 (0.97-3.04) 0.063
6-<9 2.16 (1.54-3.04) <0.0001 1.93(1.07-3.51) 0.029
9-12 1.34(0.93-1.92) 0.116 1.81(0.97-3.36) 0.061
12-<15 1.44 (1.02-2.03) 0.036 1.70 (0.92-3.14) 0.087
Race (ref = other) 1,485
Black 2.24(1.52-3.31) <0.0001
White 1.31(1.00-1.71) 0.049
Hemiparesis (ref = none) 2,028
Bilateral 1.01 (0.59-1.75) 0.960
Unilateral 1.45(1.15-1.81) 0.001
Speech deficit (ref = none) 1,794
Aphasia 1.25(0.98-1.60) 0.073
Dysarthria 1.83(1.43-2.34) <0.0001
Both 1.27 (0.58-2.81) 0.552
Headache 1,729 1.92 (1.57-2.35) <0.0001 1.55 (1.06-2.25) 0.023
Prior/concurrent thromboembolism 1,862 1.87 (1.43-2.43) <0.0001
Multiple infarction 1,675 1.89 (1.54-2.31) <0.0001 2.05(1.45-2.91) <0.0001
Non iatrogenic trauma (ref = none) 2,125 1.74 (1.29-2.36) 0.0004 1.93(1.12-3.31) 0.018
Sickle cell anemia 2,125 3.34(2.19-5.08) <0.0001 2.90(1.32-6.34) 0.007
Treated with antithrombotic agent 2,025 2.11 (1.65-2.70) <0.0001 1.87(1.11-3.15) 0.018
Deficit at discharge 1,864 1.45(1.14-1.83) 0.002
Stroke recurrence 1,819 3.17 (2.38-4.21) <0.0001 2.37 (1.46-3.84) 0.0004

Abbreviation: AlS = arterial ischemic stroke; Cl = confidence interval; OR = odds ratio; ref = referent.
@ Multiple logistic regression analysis. Includes significantly associated variables after multiple-comparisons adjustment.

b Area under the curve 70%.

¢ Age, as either continuous or categorical variable, was significant in univariate analysis. In multivariable analysis, age as categorical variable was used due to
the nonlinear relationship between age and many of the other variables. For example, trauma history is more common in young children, lower in middle
childhood, and then higher again in teenagers (U-shaped curve relationship).
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Figure 2 Association of age

A. Age and arteriopathy: Odds ratio and 95% confidence interval
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(A) Association of age and arteriopathy in children with arterial ischemic stroke (AIS). (B) Age distribution in children with AIS by arteriopathy type. FCA-i = focal

cerebral arteriopathy-inflammatory subtype.

AIS) and whites (65% [321 of 725] arteriopathic AIS vs 65%
[648 of 993] nonarteriopathic AIS) in each group (table 1).
Geographic differences were observed, with Asia (19%) and
South America (23%) having smaller proportions of arterio-
pathic AIS compared to other continents (35%-37%, p <
0.0003 [XZ =21, df = 4]) (figure 3). However, these geo-
graphic differences were not significant on multivariable
analysis.

Children with arteriopathy associated AIS were more likely to
present with headache (p = 0.023, OR 1.55, 95% CI 1.0-2.2)
and multiple infarctions (p < 0.0001, OR 2.05, 95% CI
1.4-2.9) than those with nonarteriopathic AIS. Sickle cell
anemia (p = 0.007, OR 2.9, 95% CI 1.3-6.3) and head or neck
trauma (p = 0.018, OR 1.93,95% CI 1.1-3.3) were risk factors
for AIS associated with arteriopathy (table 3).

Children with arteriopathy-associated AIS were more likely to
be treated with antithrombotic treatment (86% [595 of 694]
arteriopathic vs 74% [98S of 1,331] nonarteriopathic AIS, p =
0.018, OR 1.87). Although not statistically significant, an in-
crease in the use of antithrombotic treatment over time was
noted (73% in 2003-2006, 78% in 2007-2010, and 83% in
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2011-2014, p = 0.082) (table 3). We observed significant
differences in treatment patterns between geographic
regions/continents in arteriopathic AIS (p = 0.006 [y* = 14,
df = 4]). The proportion of cases of AIS with arteriopathy
receiving antithrombotic treatment was highest in Australia
(97%), Europe (87%), and North America (86%) compared
to Asia (74%) and South America (65%) (figure 3).

Discharge outcome was available in 88% and longitudinal
outcomes were available in 37% of cases (mean duration 2.4
years, range 3 months-12.1 years). Children with arteriopathy-
associated AIS had a higher likelihood of deficits at discharge
(82% [538 of 659] arteriopathic vs 75% [909 of 1,205]
nonarteriopathic AIS, p = 0.002). Longitudinal outcomes,
measured by the PSOM, were not different between the 2
groups both at 1 year (52% [63 of 121] arteriopathic vs 51%
[109 of 214] nonarteriopathic AIS) and at last measured
PSOM (57% [159 of 279] vs 52% [266 of 510]). Overall
ischemic stroke recurrence risk was 129% (226 of 1,819), with
significantly higher risk in arteriopathic compared to non-
arteriopathic AIS (21% [131 of 614] arteriopathic vs 8% [95
of 1,205] nonarteriopathic AIS, p = 0.0004, OR 2.37,95% CI
1.5-3.8) (table 3).
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Figure 3 Distribution of arteriopathy and first reported treatment of arteriopathy by geographic region
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AIS characteristics by arteriopathy subtype
Each arteriopathy subtype demonstrated interesting differ-
ences compared to other arteriopathies (figure 2B and tables
e-1 and e-2, doi.org/10.5061/dryad.7d7wm37:3). Cases with
intracranial dissection were typically >15 years of age (27%, p
= 0.035, OR 2.3, 95% CI 1.1-5.1), while extracranial dissec-
tion was associated with male sex (80%, p = 0.001, OR 3.17,
95% CI 1.6-6.4). With age as a continuous variable, a per-unit
increase in age was associated with an increased risk for in-
tracranial dissection (p < 0.0001, OR 1.18), FCA-i (p = 0.015,
OR 0.95), or moyamoya (p = 0.026, OR 0.96). Black race was
common with moyamoya (24% vs 3%-11%, p = 0.002, OR
3.81, 95% CI 1.6-8.8) and white race with FCA-i (81% vs
49%-77%, p = 0.009, OR 2.79, 95% CI, 1.3-6.0).

In univariate analysis, statistically significant variations in geo-
graphic distribution of arteriopathy subtypes were observed.
Post hoc analysis looking at proportion of subtypes within each
region was conducted to account for the variability in the
number of sites enrolling in IPSS per region (of 86 sites: South
America 9 [10%], North America 54 [63%], Europe 15 [17%],
Australia 2 [2%], and Asia 6 [7%]). Compared to other sub-
types, FCA-i diagnosis was highest in Europe (37 of 82 [45%],
p < 0.0001 [x* = 47, df = 4]) and Australia (16 of 35 [45%)],
p = 0.001 [y* = 18, df = 4]), and moyamoya diagnosis was
highest in North America (138 of 364 [38%], p < 0.0001 [x* =
45, df = 4]). No significant differences in the proportion of
subtypes were observed in South America and Asia (table e-1,
doi.org/10.5061/ dryad.7d7wm37r3).
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In a comparison of arteriopathy subtypes (table e-2, doi.org/10.
5061/dryad.7d7wm37r3), clinical presentations that were
more prevalent with a specific arteriopathy subtype included
head or neck trauma with both intracranial (38%, p < 0.0003,
OR 4.19, 95% CI 1.9-9.0) and extracranial (37%, p < 0.0001,
OR 5.02, 95% CI 2.5-10.3) dissection; headache (78%, p =
0.0004, OR 4.20, 95% CI 1.9-9.2) with intracranial dissection;
posterior circulation involvement (52%, p < 0.0001, OR 3.65,
95% CI 1.9-6.7) with extracranial dissection; seizures (31%, p
=0.004, OR 2.62, 95% CI 1.3-5.1), bilateral infarction (37%, p
< 0.0004, OR 3.97, 95% CI 1.9-8.4), and anterior circulation
involvement (80%, p < 0.0007, OR 3.5, 95% CI 1.7-7.2) with
moyamoya; unilateral hemiparesis (88%, p = 0.02, OR 2.95,
95% CI 1.1-7.5) and single infarcts (76%, p < 0.0001, OR 5.31,
95% CI 2.6-10.8) with FCA-i; and bilateral infarction (36%,
p=0.03,OR 1.71,95% CI 1.0-2.8) and acute systemic findings
(37%, p < 0.0001, OR 3.58, 95% CI 2.2-5.9) with vasculitis.

A higher proportion of cases with dissection were treated with
an anticoagulation (62% extracranial [p = 0.0008, OR 2.79,
95% CI 1.5-5.1] and 53% intracranial dissection [p = 0.02
significant only in univariate analysis] vs 15%-39% other
arteriopathy subtypes), whereas a higher proportion of cases
with moyamoya received antiplatelet treatment (55% moya-
moya [p = 0.001, OR 2.80, 95% CI 1.1-4.1] vs 29%-37%
other arteriopathy subtypes).

Both discharge and long-term outcomes were not statis-
tically different among the arteriopathy subtypes, except
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that moyamoya arteriopathy was associated with the highest
odds of having recurrent ischemic strokes (33%, p = 0.01,
OR 2.17, 95% CI 1.1-4.1). In cases with moyamoya, stroke
recurrence may have been affected by the timing of re-
vascularization surgery. However, dates of surgery were in-
consistently available, and this information could not be
presented.

Discussion

We present the largest series of childhood AIS patients with
and without arteriopathy, comparing their presentation, risk
factors, treatments, and outcome. The proportion of children
with arteriopathic AIS in our sample, both total and across
geographic regions, is largely similar to what has previously
been reported.”” Lower frequencies of arteriopathic AIS in
Asia and South America may have been due to underdiagnosis
because MRI and other vascular imaging techniques are less
available in these regions, although this finding might be an
artifact of limited sites participating in the IPSS and needs
further evaluation. Higher prevalences of young children with
arteriopathy and male sex in childhood AIS have been pre-
viously mportedl’20 and are confirmed by this study. Recently,
VIPS investigators reanalyzed their 355 cases with AIS and
found 127 (36%) children with a radiologically confirmed
arteriopathy. In their cohort, moyamoya disease more fre-
quently affected children <8 years of age, FCA-i affected chil-
dren between 8 and 15 years of age, and dissection affected all
ages."” In the current IPSS cohort of children (including VIPS
cases), cases with FCA-i were more likely to present between 3
and 6 years of age and cases with dissection were more com-
mon at >12 years of age, differing somewhat from the smaller
VIPS dataset. In total, the bimodal distribution seen in all
arteriopathies may be secondary to an increased prevalence of
FCA-i and moyamoya among younger children and intracranial
dissection among older children. These findings may be par-
ticularly important in future outcome studies because recovery
from stroke is likely modified by age due to the location-specific
vulnerability and plasticity in the developing brain.”"**

Many previously described clinical features and observations
are confirmed by the current IPSS dataset, including the fre-
quent occurrence of deficits at discharge, stroke recurrence, and
multiple ischemic infarctions in children with arteriopathy.”'°
The last is likely accounted for by arteriopathic involvement of
multiple arteries or arterial segments and recurrent artery-to-
artery thromboembolism. In addition, in children with sickle
cell anemia, the sickle-associated arteriopathy combines with an
increased baseline recurrent stroke risk from sickle cell anemia.
Other study findings included frequent involvement of anterior
circulation with moyamoya arteriopathy*® and posterior cir-
culation with extracranial dissection.”**® Furthermore, the
finding of a high proportion of cases with seizures and bilateral
infarction in children with moyamoya is also not entirely sur-
prising because moyamoya arteriopathy involves bilateral ar-
terial territories and causes varying ages of ischemic strokes as
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the disease slowly progresses.’**® On the same note, the

presence of single infarcts with resultant hemiparesis in cases
with FCA-i and bilateral infarction and acute systemic findings
in cases with vasculitis can be explained by their etiopathologic
involvement (typical unilateral focal arterial involvement in
cases with FCA-i and bilateral diffuse arterial involvement in
association with infectious or inflammatory conditions in cases
with vasculitis).

Considering the large multinational IPSS dataset, the findings
of the current study are generalizable to and highly repre-
sentative of the childhood AIS population. While male sex and
black race have previously been reported as risk factors for
dissection and childhood AIS in general,m’27 to the best of our
knowledge, the very high percentage of male patients with
extracranial dissection (80%) in our study is the highest
reported to date. This finding may be secondary to increased
head trauma in male patients,”’” although biological sex dif-
ferences may also have contributed. A study comparing cases
of pediatric ischemic stroke to controls has demonstrated
a 1.3-fold increase in the risk for cerebral thromboembolism
with each 1-nmol/L increase in testosterone in boys.*® Fur-
thermore, recent descriptions of V3 vertebral dissections in an
exclusively male cohort™ also suggest increased susceptibility
to extracranial dissections among male patients. The pro-
portion of cases of FCA in our cohort is smaller than reported
previously (15% vs up to 25%)* and may be due to a lack of
vascular imaging in all our patients. Geographic differences
noted in this study are also interesting. Moyamoya diagnosis
had the highest proportion in North America, whereas FCA-i
diagnosis had the highest proportion in Europe and Australia.
These findings may be related to the association between
moyamoya and sickle cell anemia (p < 0.0001) and between
sickle cell anemia and black race (p < 0.0001) in conjunction
with the higher number of black children in North America
(of 371 with AIS with race and region data, 45 of 48 [94%] of
black children were in North America). The association of
moyamoya and black race does not hold while controlling for
the presence of sickle cell anemia. Of 2§ patients with sickle
cell anemia AIS with race data, S of S (100%) with vasculitis
and 18 of 20 (90%) with moyamoya were black children
(Fisher exact test p = 0.99).

The association of headache with arteriopathic childhood AIS
is a clinically relevant finding in the current cohort.>* While
headache in childhood stroke has been reported, particularly
with craniocervical arterial dissection,””*° this study demon-
strates that the association is broad (across arteriopathic
stroke types) and robust, with very high rates of headache in
both extracranial (63%) and intracranial (78%) dissections.
On the basis of these data, it is important for clinicians to
consider and exclude dissection early in children with AIS
who present with significant headache.*

The high rate of antithrombotic use acutely in children with
arteriopathic AIS noted in the current cohort is similar to
the previously reported increased use of antithrombotic
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*! This finding is largely reflective of
current clinical practice and is likely driven by the increased
awareness of high recurrence risk in cases with arteriopathy.
The high rate of anticoagulation use acutely in children with
extracranial dissection is reflective of the pediatric stroke
management guidelines in use during the study period.16’30
The high rate of anticoagulation use in intracranial dissection
(53%) is surprising, however, and may be based on a few
studies that suggested that anticoagulation is safe in cases of
childhood arteriopathy.** Of note, despite published man-
agement guidelines for childhood stroke, =20% of cases of
AIS received no acute antithrombotic treatment. It is unclear
from these data whether this finding is due to a lack of ad-
herence to published guidelines or, more likely, the with-
holding of antithrombotic therapy in circumstances when
therapy may not be clearly indicated such as brain tumor,
several intracranial infections, or sickle cell disease—associated

. 10
treatment over time.

strokes. This indicates an area in which further research, ed-
ucation, and outreach are required.

Despite the significant association between arteriopathy and
risk for recurrent strokes, we found no statistically significant
difference in short- and long-term outcomes between arte-
riopathic and nonarteriopathic AIS. The large amount of
missing outcome data and the lack of longer follow-up du-
ration to see the impact of stroke recurrence likely contrib-
uted to these nonsignificant results.

Limitations of this study include those typically associated
with large cohort studies. Data may have been overreported or
underreported. This finding is particularly germane to our
follow-up results in that patients with a higher degree of
medical impairment are more likely to seek medical care and
may be overrepresented in follow-up data. These study par-
ticipants were enrolled at academic centers, likely leading to
referral bias; for example, AIS due to cardiac disease may be
overrepresented due to the concentration of children with
congenital heart disease at those centers.

In this study, few variables had significant amounts of missing
data; namely, race was missing in 63% and PSOM data were
missing in 37%. However, for most variables as listed in tables
1 and 2, the percentage of missing data in the current dataset is
within the acceptable ranges for a large dataset (median 4.8%,
mean 7.9%, range 0%-24.8%). While the large patient volume
is strength of our cohort, all radiographic data are based on
available radiology reports and the site investigator’s in-
terpretation, without centralized confirmation. Because the
interrater reliability is only modest among trained raters,""
imprecise classification of the AIS etiology and arteriopathy
subtypes may have confounded our results. Furthermore, al-
though the numbers are small, dedicated vascular imaging was
not performed in all noncardiac cases of AIS. Other problems
with validity and reliability may exist in these data.

Children with arteriopathic stroke have differentiating fea-
tures compared to those without arteriopathic stroke and
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between each arteriopathy subtype. These observations may
be helpful in guiding clinicians in managing arteriopathic
cases of AIS by choosing appropriate investigations (e.g.,
head and neck vascular imaging) and treatment strategies.
The evaluation of arteriopathy subtypes in our analysis may
be particularly useful because initial radiographic diagnosis
of arteriopathy does not always accurately determine the
final classification; indeed, almost one-third of arteriopathies
are challenging to classify. Among the 355 VIPS cases with
AIS, 127 (35.7%) had definite arteriopathy and 34 (9.5%)
had possible arteriopathy. Of those with definite arterio-
pathy, only 109 (30.7%) cases could be classified with high
certainty into an arteriopathy subtype.” Another example,
intracranial dissection, may be diagnosed on conventional
angiogram performed outside of the acute phase of stroke,
and 6% of patients with initial diagnosis of FCA progress to
the diagnosis of moyarnoya.8 Therefore, these observations
may assist clinicians in the earlier diagnoses of specific arte-
riopathy subtypes and appropriate treatment strategies. The
results will also serve to define patient subgroups who are at
higher risk for adverse outcomes and are likely to benefit most
from future therapeutic trials. Specifically, these findings may
assist in identifying pediatric patients for inclusion in steroid
trials in the FCA-i population, studies evaluating the efficacy of
antithrombotic management in extracranial dissection (in
particular, utility of anticoagulant therapy because pediatric
patients reportedly have higher rates for recurrent stroke
compared to adult patients),”® and trials examining the role of
long-term transfusion in sickle cell disease.

Acknowledgment

The authors are extremely thankful to all the children with
AIS and their families who participated in the International
Pediatric Stroke Study and feel privileged to be able to provide
medical care to them.

Study funding

Mubeen F. Rafay is supported by a research operating grant
from the Children Hospital Research Institute of Manitoba.
Dr. Timothy J. Bernard is supported by the Health Resources
and Services Administration (HRSA) of the US Depart-
ment of Health and Human Services (HHS) under grant
2H30MC24049, Mountain States Hemophilia Network. This
information or content and conclusions are those of the au-
thor and should not be construed as the official position or
policy of, nor should any endorsements be inferred by, HRSA,
HHS, or the US government. Dr. Gabrielle deVeber and Dr.
Heather J. Fullerton are supported by NIH R01 NS062820.
Dr. Bernhard Weschke has received funding from the
European Community’s Seventh Framework Program (FP7/
2007-2013) under grant 602391 (epistop.eu). The IPSS is
graciously supported by The Auxilium Foundation.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.

Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://www.epistop.eu/
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000009557
http://neurology.org/n

Publication history

Received by Neurology July 4, 2019. Accepted in final form
November 25, 2019.

Appendix 1 Authors

Name

Location

Contribution

Mubeen F.
Rafay, MBBS,
MSc

University of
Manitoba, Winnipeg,
Canada

Designed and conceptualized
the study, enrolled cases and
acquired data as site
investigator (n = 151), validated
and analyzed the data and
developed the statistical
methodology for the current
study, interpreted the data, and
drafted, edited, and finalized
the manuscript for intellectual
content

Kevin A.
Shapiro, MD

University of
California, San
Francisco

Contributed to the acquisition of
data and participated in drafting,
revising and editing the
manuscript for intellectual
content

Ann-Marie University of Data cleaning and validation,
Surmava, Toronto, Ontario, statistical methodology and
MBA Canada analysis, and critical review
and editing of the manuscript
for the intellectual
content
Gabrielle A. University of Original IPSS investigator and
deVeber, Toronto, Ontario, site investigator: contributed to
MD, MSc Canada the conceptualization, design,

and establishment of IPSS,
enrollment of cases (n = 427),
and acquisition of the data; for
the current study, contributed to
the validation, analysis, and
interpretation of the data and
critical review and revision of the
manuscript for intellectual
content

Adam Kirton,
MD

University of
Calgary, Alberta,
Canada

Contributed to the enrollment of
cases (n =110) and acquisition of
the data as site investigator and
critical review and revision of the
manuscript for intellectual
content

Heather ). University of Contributed to the enrollment of

Fullerton, California, San cases (n = 71) and acquisition of

MD Francisco the data as site investigator and
critical review and revision of the
manuscript for intellectual
content

Catherine University of Contributed to the enrollment of

Amlie- Washington, Seattle cases (n = 28) and acquisition of

Lefond, MD the data as site investigator and
critical review and revision of the
manuscript for intellectual
content

Bernhard Charité University Contributed to the acquisition of

Weschke, Medicine Berlin, the data and critical review and

MD Germany revision of the manuscript for
intellectual content

Nomazulu University of Contributed to the enrollment of

Dlamini, Toronto, Ontario, cases (n = 427) and acquisition

MBBS Canada of the data as site investigator
and critical review and revision
of the manuscript for intellectual
content

Neurology.org/N

Copyright © 2020 American Academy of Neurology.

oJ

Appendix 1 (continued)

Name Location Contribution

Jessica L. George Washington Contributed to the enrollment of

Carpenter, University, cases (n =105) and acquisition of

MD Washington, DC the data as site investigator and
critical review and revision of the
manuscript for intellectual
content

Mark T. University of Contributed to the enrollment of

Mackay, Melbourne, cases (n = 215) and the

MBBS, PhD Australia acquisition of the data as site
investigator and critical review
and revision of the manuscript
for intellectual content

Michael Harvard Medical Contributed to the enrollment of

Rivkin, MD School, Boston, MA cases (n =97) and the acquisition
of the data as site investigator
and critical review and revision
of the manuscript for intellectual
content

Alexandra University of Contributed to the data

Linds, MSc Toronto, Ontario, validation and critical review of

Canada the manuscript for intellectual

content

Timothy J. University of Contributed to the study design,

Bernard, MD

enrolled cases (n = 185), and
acquired the data as site
investigator; for the current
study, interpreted the data and
critically reviewed, edited, and
supervised the manuscript for
intellectual content

Colorado, Denver

Appendix 2 coinvestigators

Coinvestigators are listed at [SDC link to supplemental file links.lww.com/
WNL/B92].

References

1.

10.

Amlie-Lefond C, Bernard TJ, Sebire G, et al. Predictors of cerebral arteriopathy in
children with arterial ischemic stroke: results of the International Pediatric Stroke
Study. Circulation 2009;119:1417-1423.

Wintermark M, Hills NK, deVeber GA, et al. Arteriopathy diagnosis in childhood
arterial ischemic stroke: results of the Vascular Effects of Infection in Pediatric Stroke
Study. Stroke 2014;45:3597-3605.

Chabrier S, Rodesch G, Lasjaunias P, Tardieu M, Landrieu P, Sebire G. Transient
cerebral arteriopathy: a disorder recognized by serial angiograms in children with
stroke. ] Child Neurol 1998;13:27-32.

Fullerton HJ, Stence N, Hills NK, et al. Focal cerebral arteriopathy of childhood.
Stroke 2018;49:2590-2596.

Sebire G, Fullerton H, Riou E, DeVeber G. Toward the definition of cerebral arte-
riopathies of childhood. Curr Opin Pediatr 2004;16:617-622.

Sebire G, Meyer L, Chabrier S. Varicella as a risk factor for cerebral infarction in
childhood: a case-control study. Ann Neurol 1999;45:679-680.

Dlamini N, Freeman JL, Mackay MT, et al. Intracranial dissection mimicking transient
cerebral arteriopathy in childhood arterial ischemic stroke. ] Child Neurol 2011;26:
1203-1206.

Braun KP, Bulder MM, Chabrier S, et al. The course and outcome of unilateral
intracranial arteriopathy in 79 children with ischaemic stroke. Brain 2009;132:
544-557.

Fullerton HJ, Wintermark M, Hills NK, et al. Risk of recurrent arterial ischemic stroke
in childhood: a prospective international study. Stroke 2016;47:53-59.

Goldenberg NA, Bernard TJ, Fullerton HJ, Gordon A, DeVeber G. Antithrombotic
treatments, outcomes, and prognostic factors in acute childhood-onset arterial
ischaemic stroke: a multicentre, observational, cohort study. Lancet Neurol 2009;8:
1120-1127.

Neurology | Volume 94, Number 23 | June 9, 2020

Unauthorized reproduction of this article is prohibited.

e2489


http://links.lww.com/WNL/B92
http://links.lww.com/WNL/B92
http://neurology.org/n

€2490

11.

12.

13.
14.

1S.
16.

17.

18.

19.

20.

21.

Neurology | Volume 94, Number 23

Bernard TJ, Beslow LA, Manco-Johnson M]J, et al. Inter-rater reliability of the
CASCADE criteria: challenges in classifying arteriopathies. Stroke 2016;47:
2443-2449.

Braun KP, Rafay MF, Uiterwaal CS, Pontigon AM, DeVeber G. Mode of onset
predicts etiological diagnosis of arterial ischemic stroke in children. Stroke 2007;38:
298-302.

Database for Stroke in Infants and Children. 18 A.D. Available at: clinicaltrials.gov/
ct2/show/NCT000842922cond=pediatric+stroke&rank=5. Accessed May 16, 2020.
Bernard TJ, Manco-Johnson MJ, Lo W, et al. Towards a consensus-based classification
of childhood arterial ischemic stroke. Stroke 2012;43:371-377.

Sebire G. Transient cerebral arteriopathy in childhood. Lancet 2006;368:8-10.
Roach ES, Golomb MR, Adams R, et al. Management of stroke in infants and children:
a scientific statement from a special Writing Group of the American Heart Association
Stroke Council and the Council on Cardiovascular Disease in the Young. Stroke 2008;
39:2644-2691.

Kitchen L, Westmacott R, Friefeld S, et al. The Pediatric Stroke Outcome Measure:
a validation and reliability study. Stroke 2012;43:1602-1608.

Lo WD, Ichord RN, Dowling MM, et al. The Pediatric Stroke Recurrence and
Recovery questionnaire: validation in a prospective cohort. Neurology 2012;79:
864-870.

Wintermark M, Hills NK, deVeber GA, et al. Clinical and imaging characteristics of
arteriopathy subtypes in children with arterial ischemic stroke: results of the VIPS
study. AJNR Am J Neuroradiol 2017;38:2172-2179.

Golomb MR, Fullerton HJ, Nowak-Gottl U, DeVeber G. Male predominance in
childhood ischemic stroke: findings from the International Pediatric Stroke Study.
Stroke 2009;40:52-57.

Allman C, Scott RB. Neuropsychological sequelae following pediatric stroke: a non-
linear model of age at lesion effects. Child Neuropsychol 2013;19:97-107.

| June 9, 2020

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

Westmacott R, Askalan R, MacGregor D, Anderson P, DeVeber G. Cognitive out-
come following unilateral arterial ischaemic stroke in childhood: effects of age at
stroke and lesion location. Dev Med Child Neurol 2010;52:386-393.

Rafay MF, Armstrong D, Dirks P, MacGregor DL, DeVeber G. Patterns of cerebral
ischemia in children with moyamoya. Pediatr Neurol 2015;52:65-72.

Fullerton HJ, Johnston SC, Smith WS. Arterial dissection and stroke in children.
Neurology 2001;57:1155-1160.

Rafay MF, Armstrong D, DeVeber G, Domi T, Chan A, MacGregor DL. Cranio-
cervical arterial dissection in children: clinical and radiographic presentation and
outcome. J Child Neurol 2006;21:8-16.

Smith ER, Scott RM. Moyamoya: epidemiology, presentation, and diagnosis. Neu-
rosurg Clin N Am 2010;21:543-551.

Hills NK, Johnston SC, Sidney S, Zielinski BA, Fullerton HJ. Recent trauma and acute
infection as risk factors for childhood arterial ischemic stroke. Ann Neurol 2012;72:
850-858.

Normann S, de Veber G, Fobker M, et al. Role of endogenous testosterone con-
centration in pediatric stroke. Ann Neurol 2009;66:754-758.

Rollins N, Braga B, Hogge A, Beavers S, Dowling M. Dynamic arterial compression in
pediatric vertebral arterial dissection. Stroke 2017;48:1070-1073.

Billinghurst L, Hills N, Jastrzab L, et al. Headache presentation in childhood arterial
ischemic stroke differs by arteriopathy subtype. Stroke 2017;48:A174.

DeVeber G, Kirton A, Booth FA, et al. Epidemiology and outcomes of arterial is-
chemic stroke in children: the Canadian Pediatric Ischemic Stroke Registry. Ann
Neurol 2017;69:58-70.

Bernard TJ, Goldenberg NA, Tripputi M, Manco-Johnson MJ, Niederstadt T, Nowak-
Gottl U. Anticoagulation in childhood-onset arterial ischemic stroke with non-
moyamoya arteriopathy: findings from the Colorado and German (COAG) Collab-
oration. Stroke 2009;40:2869-2871.

Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


https://clinicaltrials.gov/ct2/show/NCT00084292?cond=pediatric+stroke&rank=5
https://clinicaltrials.gov/ct2/show/NCT00084292?cond=pediatric+stroke&rank=5
https://clinicaltrials.gov/ct2/show/NCT00084292?cond=pediatric+stroke&rank=5
https://clinicaltrials.gov/ct2/show/NCT00084292?cond=pediatric+stroke&rank=5
https://clinicaltrials.gov/ct2/show/NCT00084292?cond=pediatric+stroke&rank=5
http://neurology.org/n

Articles

CrossMark

Lancet Child Adolesc Health
2024; 8: 882-90

Published Online
October 11, 2024
https://doi.org/10.1016/
$2352-4642(24)00233-5

See Comment page 844
*Contributed equally

Department of
Neuroradiology, University
Hospital Basel, Basel,
Switzerland

(P B Sporns MD MHBA,

Prof M-N Psychogios MD);
Department of Diagnostic and
Interventional Neuroradiology,
University Medical Center
Hamburg-Eppendorf,
Hamburg, Germany (P B Sporns,
Prof ) Fiehler MD); Department
of Radiology and
Neuroradiology, Stadtspital
Zurich, Zirich, Switzerland

(P B Sporns,

T D L Nguyen-Kim MD);
Department of Medical
Imaging, Children’s Hospital at
Westmead, Sydney, NSW,
Australia (K Bhatia MD);
Children’s Hospital at
Westmead Clinical School,
Faculty of Medicine and Health,
University of Sydney, Sydney,
NSW, Australia (K Bhatia);
Department of Neurosurgery,
Barrow Neurological Institute,
Phoenix, AZ, USA
(Prof T Abruzzo MD);
Department of Radiology,
Phoenix Children’s Hospital,
Phoenix, AZ, USA
(Prof T Abruzzo); Division of
Pediatric Neurology,
Department of Pediatrics,
University of Utah School of
Medicine, Salt Lake City, UT,
USA (L Pabst MD); Division of
Child and Adolescent
Neurology, Department of
Pediatrics, The University of

882

Endovascular thrombectomy for childhood stroke
(Save ChildS Pro): an international, multicentre, prospective
registry study

Peter B Sporns, Kartik Bhatia, Todd Abruzzo, Lisa Pabst, Stuart Fraser, Melissa G Chung, Warren Lo, Ahmed Othman, Sebastian Steinmetz,

Ulf Jensen-Kondering, Stefan Schob, Daniel P O Kaiser, Wolfgang Marik, Christina Wendl, Ilka Kleffner, Hans Henkes, Hermann Kraehling,

Thi Dan Linh Nguyen-Kim, René Chapot, Umut Yilmaz, Furene Wang, Muhammad Ubaid Hafeez, Flavio Requejo, Nicola Limbucci,

Birgit Kauffmann, Markus Mdéhlenbruch, Omid Nikoubashman, Peter D Schellinger, Patricia Musolino, Ali Alawieh, Jenny Wilson, Dominik Grieb,
Alexandra S Gersing, Thomas Liebig, Martin Olivieri, Jaroslava Paulasova Schwabova, Ales Tomek, Panagiotis Papanagiotou, Grégoire Boulouis,
Olivier Naggara, Christine K Fox, Kirill Orlov, Alexandra Kuznetsova, Carmen Parra-Farinas, Prakash Muthusami, Robert W Regenhardt,

Adam A Dmytriw, Tanja Burkard, Mesha Martinez, Daniel Brechbiihl, Maja Steinlin, Lisa R Sun, Ameer E Hassan, André Kemmling, Sarah Lee,
Heather J Fullerton, Jens Fiehler, Marios-Nikos Psychogios*, Moritz Wildgruber*

Summary

Background Emerging evidence suggests that endovascular thrombectomy is beneficial for treatment of childhood
stroke, but the safety and effectiveness of endovascular thrombectomy has not been compared with best medical
treatment. We aimed to prospectively analyse functional outcomes of endovascular thrombectomy versus best
medical treatment in children with intracranial arterial occlusion stroke.

Methods In this prospective registry study, 45 centres in 12 countries across Asia and Australia, Europe, North America,
and South America reported functional outcomes for children aged between 28 days and 18 years presenting with arterial
ischaemic stroke caused by a large-vessel or medium-vessel occlusion who received either endovascular thrombectomy
plus best medical practice or best medical treatment alone. Intravenous thrombolysis was considered part of best medical
treatment and therefore permitted in both groups. The primary outcome was the difference in median modified Rankin
Scale (mRS) score between baseline (pre-stroke) and 90 days (+10 days) post-stroke, assessed by the Wilcoxon rank test
(0=0-05). Efficacy outcomes in the endovascular thrombectomy and best medical treatment groups were compared in
sensitivity analyses using propensity score matching. The Save ChildS Pro study is registered at the German Clinical
Trials Registry, DRKS00018960.

Findings Between Jan 1, 2020, and Aug 31, 2023, of the 241 patients in the Save ChildS Pro registry, 208 were included
in the analysis (115 [55%] boys and 93 [45%)] girls). 117 patients underwent endovascular thrombectomy (median age
11 years [IQR 6-14]), and 91 patients received best medical treatment (6 years [3-12]; p<0-0001). The median Pediatric
National Institutes of Health Stroke Scale (PedNIHSS) score on admission was 14 (IQR 10-19) in the endovascular
thrombectomy group and 9 (5-13) in the best medical treatment group (p<0-0001). Both treatment groups had
a median pre-stroke mRS score of 0 (IQR 0-0) at baseline. The change in median mRS score between baseline and
90 days was 1 (IQR 0-2) in the endovascular thrombectomy group and 2 (1-3) in the best medical treatment group
(p=0-020). One (1%) patient developed a symptomatic intracranial haemorrhage (this patient was in the endovascular
thrombectomy group). Six (5%) patients in the endovascular thrombectomy group and four (5%) patients in the best
medical treatment group had died by day 90 (p=0-89). After propensity score matching for age, sex, and PedNIHSS
score at hospital admission (n=79 from each group), the change in median mRS score between baseline and 90 days
was 1 (IQR 0-2) in the endovascular thrombectomy group and 2 (1-3) in the best medical treatment group (p=0-029).
Regarding the primary outcome for patients with suspected focal cerebral arteriopathy, endovascular thrombectomy
(n=18) and best medical treatment (n=33) showed no difference in 90-day median mRS scores (2 [IQR 1-3] vs 2 [1-4];
p=0-074).

Interpretation Clinical centres tended to select children with more severe strokes (higher PedNIHSS score) for
endovascular thrombectomy. Nevertheless, endovascular thrombectomy was associated with improved functional
outcomes in paediatric patients with large-vessel or medium-vessel occlusions compared with best medical treatment.
Future studies need to investigate whether the positive effect of endovascular thrombectomy is confined to older and
more severely affected children.

Funding None.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
license.

www.thelancet.com/child-adolescent Vol 8 December 2024


http://crossmark.crossref.org/dialog/?doi=10.1016/S2352-4642(24)00233-5&domain=pdf

Articles

Research in context

Evidence before this study

We searched Pubmed (MEDLINE) for randomised controlled
trials published between Jan 1, 2000, and Dec 31, 2023, using
terms “EVT” and “ischemic stroke”. Several randomised trials
found a positive treatment effect of endovascular
thrombectomy for adult patients with acute ischaemic stroke
and large-vessel occlusion. Even though randomised trials
would be the gold standard to determine the benefit of
endovascular thrombectomy in children with intracranial
arterial occlusion, conducting a randomised trial remains
infeasible due to the rarity of the disease. Therefore, the best
possible approach is a prospective cohort study of children with
large-vessel occlusion stroke comparing functional outcomes
after endovascular thrombectomy versus best medical
treatment alone.

Added value of this study

We report an international multicentre registry study of

208 paediatric patients with arterial ischemic stroke caused by
a large-vessel or medium-vessel occlusion treated with
endovascular thrombectomy or best medical treatment.

Introduction

Arterial ischaemic stroke affects 1-3-1-6 per
100000 children every year in high-income countries,’
and outcomes are potentially severe, with 70% of
paediatric strokes resulting in long-term neurological
deficits, 20% in recurrent strokes, and 10% in death.**
In adult stroke care, endovascular thrombectomy has
revolutionised the treatment of arterial ischaemic
stroke caused Dby large-vessel occlusion.®?** Several
randomised clinical trials published since 2015 have
shown the efficacy and safety of endovascular
recanalisation for large-vessel occlusions, with large
effect size.® However, the accumulated experience and
evidence from adult stroke research cannot be directly
extrapolated to children. Aside from the immense
challenges of recruiting and enrolling children with
acute stroke into prospective studies, the aetiology of
paediatric stroke is fundamentally different from adult
stroke. Whereas atherosclerosis is a major risk factor
for adult stroke, cardioembolic causes and arteriopathies
are dominating factors in paediatric stroke."* Moreover,
the paediatric brain might better compensate for
ischaemic stroke than the adult brain due to the greater
neuronal plasticity,"* and leptomeningeal collaterals
might be more efficient in children.”” The benefit of
recanalisation might therefore be reduced in children.
Although technically feasible even in newborn infants,*
thrombectomy devices are not designed for the small
artery diameters needed for mechanical recanalisation
in very young children. In addition, the exact time of
the stroke ictus cannot be established in neonates,
whose strokes present with encephalopathy or seizures
rather than focal neurological deficits. The potential
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Despite higher stroke severity in the endovascular
thrombectomy group at baseline, we found better functional
outcomes in the endovascular thrombectomy group than in the
best medical treatment group, as measured with the modified
Rankin Scale and Pediatric Stroke Outcome Measure at 90 days
after the stroke and decrease in the Pediatric National Institutes
of Health Stroke Scale score from hospital admission to
discharge. This effect was maintained after propensity score
matching for age, sex, and initial stroke severity. These findings
suggest that endovascular thrombectomy is associated with
improved functional outcomes in paediatric patients with
large-vessel or medium-vessel occlusions compared with best
medical treatment alone.

Implications of all the available evidence

In the absence of randomised controlled trial data, the findings
from this multinational prospective registry study with
propensity score matching provide strong support for
endovascular thrombectomy in children with arterial ischaemic
stroke and medium or large arterial occlusion, which will inform
future guidelines.

risk of damaging the cerebral vasculature, with
subsequent arterial dissection or thrombosis, is a major
concern for endovascular thrombectomy uptake.”"*

After several paediatric case series,’ the retrospective
Save ChildS study provided the first systematic evidence
for the safety and effectiveness of endovascular
thrombectomy in children.*™ Although outcomes were
generally favourable, and recanalisation and adverse
events in the Save ChildS study were comparable with
those reported in large randomised controlled trials with
adults, the major weakness of the retrospective cohort
study design (the absence of a control patient group)
limited the conclusions that could be drawn.” However,
the conclusions were subsequently confirmed in the
French KidClot study.”? Outcomes of endovascular
thrombectomy did not differ by sex, but remaining
questions include whether the findings are reproducible
in prospective multicentre settings, whether endovascular
thrombectomy is possible in even younger children, and
what are the effects of specific aetiologies, such as
cerebral arteriopathies, on the safety and effectiveness of
endovascular thrombectomy.***

Confident interpretation of the existing paediatric data
has been hindered by an absence of population-based
reporting of the natural history of stroke in children
caused by large-vessel occlusions. According to
a 2022 population-based cohort study of paediatric
patients with arterial ischaemic stroke, where nearly
a quarter of patients had large-vessel occlusions,
outcomes of conservative treatment were significantly
worse among those patients with large-vessel occlusions
than those with non-large-vessel occlusion arterial
ischaemic stroke.” In a matched case—control study of
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241 patients entered into Save ChildS Pro registry

33 excluded
12 no PedNIHSS on hospital admission
8 no PedNIHSS at discharge
13 missed follow-up at day 90

A

208 included in analysis
117 underwent endovascular thrombectomy
91 received best medical treatment alone

Figure 1: Flow chart for Save ChildS Pro registry inclusion
PedNIHSS=Pediatric National Institutes of Health Stroke Scale.

52 patients aged 2-18 years with anterior circulation
large-vessel occlusion stroke,* clinical outcomes were
better with endovascular thrombectomy than with
medical management alone, even when applying
a hierarchal matching system for site of occlusion, age
group, side of occlusion, and sex.

Additional barriers to implementing reperfusion
therapies in paediatric stroke care include slow triage
and imaging pathways.” Historic beliefs also maintain
that children with large-vessel occlusions present too
late for reperfusion® and have better outcomes with
conservative treatment than adults do.” Considering the
difficulties of conducting a randomised trial in paediatric
patients with stroke (eg, difficulties with recruitment led
to the premature termination of the prospective
Thrombolysis in Pediatric Stroke trial®), and the large
treatment effect of endovascular thrombectomy in adults,
a randomised trial of recanalisation treatments in
children is unlikely to succeed. A prospective multicentre
registry was therefore considered the best option to
generate evidence regarding hyperacute recanalisation
treatments in children with arterial ischaemic stroke.
Drawing on data accumulated in the prospective Save
ChildS Pro registry, the aim of this study was to compare
functional outcomes of endovascular thrombectomy and
best medical treatment in children presenting with
arterial ischaemic stroke.

Methods
Study design and participants
Save ChildS Pro is an international prospective cohort
study of children who presented with acute arterial
ischaemic stroke across 53 centres in Europe, North
America, South America, Asia, and Australia.”
Participating centres are listed in the appendix (pp 8-14).
45 centres contributed eligible patient data that were
included in this analysis.

Registry inclusion criteria were age 28 days to 18 years,
a clinical diagnosis of arterial ischaemic stroke,
confirmed diagnosis of intracranial arterial occlusion
consistent with symptoms including occlusion of
terminal internal carotid artery, middle cerebral artery
(M1, M2 segments), basilar artery, vertebral artery

(V4 segment), anterior cerebral artery (A1, A2 segments),
posterior cerebral artery (P1, P2 segments), and
proximal superior cerebellar artery. Neonates with
stroke were excluded.

Procedures

All patients included in the Save ChildS Pro registry
received best medical treatment, including systemic
thrombolysis, platelet inhibition, and anticoagulation
The endovascular thrombectomy group included all
patients in whom endovascular thrombectomy was
attempted (ie, patients with groin puncture initiated and
all cases in which endovascular thrombectomy failed or
was interrupted). The best medical treatment group
included patients in whom endovascular thrombectomy
was not attempted.

Local study teams recorded patient demographics and
disease characteristics at time of hospital admission,
treatment, 2448 h after treatment, hospital discharge,
and 90 days (10 days) after the stroke (collected
variables are listed in the appendix pp 15-16). To ensure
accuracy, completeness, and exhaustivity of collected
data, all centres committed to collecting these predefined
patient variables and all variables were checked for
plausibility by the study team. Patient outcome
measures were regarded as essential for registry
inclusion, so patients or datasets without outcome
measures were not included. Local teams also completed
standard aetiological investigations according to
the Childhood AIS Standardized Classification and
Diagnostic Evaluation (CASCADE) classification,”” and
patient sex was obtained from clinical records. Modified
Rankin Scale (mRS) scores and Pediatric Stroke
Outcome Measure (PSOM) were measured by local
clinical teams during routine clinical care. Details of the
collected variables are provided in the appendix
(pp 15-16). In summary, patient data, medical history,
mRS, PedNIHSS, and imaging findings were recorded
at time of admission. Details of treatment (time and
dose of intravenous tissue plasminogen activator for
patients in the best medical treatment group; and time,
anaesthesia type, morphological appearance, type of
treatment and device, and treatment-related complica-
tions for patients in the endovascular thrombectomy
group) were recorded. At 24 h after admission,
PedNIHSS, imaging findings, and adverse events were
recorded. At time of hospital discharge, patient logistics,
PedNIHSS, mRS, PSOM, stroke aetiology, and adverse
events were recorded. Finally, mRS, PSOM, and adverse
events, were recorded at day 90 (+10).

Save ChildS Pro is registered at the German Clinical
Trials Registry (DRKS00018960) and was approved by
the ethics committee of the University of Miinster
(Miinster, Germany; 2019-677-f-S), in accordance with
the Declaration of Helsinki, with waiver for informed
consent. The participating centres also obtained local
ethics approvals and waivers for informed consent.
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Endovascular Best medical p value Endovascular Best medical p value
thrombectomy  treatment thrombectomy  treatment
(n=117) (n=91) (n=117) (n=91)
Age, years 11 (6-14) 6 (3-12) <0-0001 (Continued from previous column)
Sex 0-43 Time between 340 (243-506)
Female 55 (47%) 38 (42%) symptom onset and
first recanalisation
Male 62 (53%) 53 (58%) pass, min
PedNIHSS score at 14 (10-19) 9(5-13) <0:0001 Anaesthesia
hospital arrival performed
Pre-stroke mRS scoret 0 (0-0) 0(0-0) 0-95 o 15 (13%)
Known time of 91 (78%) 66 (73%) 0-28 or none
SYfnpiEel ClSE! General anaesthesia 102 (87%)
Eefer‘rtallfrom other 36 (31%) 43 (47%) 0-013 Type of device used for
ospita thrombectomy
Medical history (selected) Aspiration catheter 31(26%)
Cardiac anomaly 46 (39%) 16 (18%) alone
Hypertension 5 (4%) 0 Stent retriever alone 72 (62%)
Diabetes 0 1(1%) Both aspiration 14 (12%)
Sickle cell disease 0 2 (2%) cath_eter and stent
Other 22 (19%) 27 (30%) retriever
o . Attempts for 2(1-3)
None 54 (46%) 52 (57%) thrombectomy
Occlusion site CASCADE <0-0001
Internal carotid 370127 (29%)  16/97 (16%) classification
artery (aetiology)
Middle cerebral 53/127 (42%) 48/97 (49%) 1 (small vessel 0 0
artery, M1 segment arteriopathy)
Middle cerebral 12/127 (9%) 16/97 (16%) 2 (focal cerebral 19 (16%) 35 (38%)
artery, M2 segment arteriopathy)
Anterior cerebral 4/127 (3%) 3/97 3%) 3 (bilateral cerebral 1(1%) 7 (8%)
artery, Al segment arteriopathy)
Anterior cerebral 1/127 (1%) 0/97 4 (aortic or cervical 7(6%) 5(5%)
artery, A2 segment arteriopathy)
Basilar artery 15/127 (12%) 3/97 (3%) 5 (cardioembolic) 51 (44%) 15 (16%)
Posterior cerebral 3/127 (2%) 5/97 (5%) 6 (other) 32 (27%) 24 (26%)
artery, P1segment 7 (multifactorial) 7 (6%) 5(5%)
Posterior cerebral 0/127 3/97 3%)
artery, P2 segment Data are median (IQR), n (%), or n/N (%). ASPECTS=Alberta Stroke Program Early
Vertebral v 2127 (2% ) 20, CT Score. CASCADE=Childhood AlS Standardized Classification and Diagnostic
erte rat artery, V4 7 (2%) 197 (2%) Evaluation. mRS=modified Rankin Scale. PedNIHSS=Pediatric National Institutes
segmen of Health Stroke Scale. *Scores on the PedNIHSS range from 0 to 42, with higher
Superior proximal 0/127 1/97 (1%) scores indicating greater neurological deficit. tScores on the mRS range from
superior cerebellar 0to 6, with higher scores indicating greater disability. tASPECTS values range
artery from 0 to 10, with lower values indicating larger infarction.
Imaging method used for enrolment
Table 1: Demographic and clinical characteristics at baseline and
T 70 (60%) 44 (48%) e
MRI 47 (40%) 47 (52%)
ASPECTS baselinet 8(6-9) 8 (5-10) 0-38
Intravenous alteplase 20 (17%) 25 (27%) 0-086 Outcomes
administered The primary outcome was the difference between mRS
Time between 130(51-273)  229(79-424) 0046 scores recorded before the stroke (pre-stroke) and at

symptom onset and
hospital admission for
strokes with known
onset, min

Time between
symptom onset and
recanalisation, min

388 (277-545)

(Table 1 continues in next column)
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90 days after the stroke. Secondary outcomes were the
differences between Pediatric National Institutes of
Health Stroke Scale (PedNIHSS) scores recorded at
hospital admission and at discharge, the 90-day PSOM,
and safety outcomes (symptomatic or non-symptomatic
intracranial haemorrhage, peri-interventional vasospasm,
and arterial dissection during treatment and 90-day
mortality). Primary and secondary outcomes were
analysed separately for patients with focal cerebral
arteriopathy (CASCADE subtype 2).
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Endovascular  Best medical pvalue
thrombectomy treatment
(n=117) (n=91)
90-day mRS* 1(0to2) 2(1to3) 0-039
Difference between 1(0to2) 2(1to3) 0-020
90-day and pre-stroke
mRS scores*
90-day PSOMT 1(0t02) 2(1to3) <0-0001
Difference between -9(-13to-3) -3(-5t00) <0-0001
hospital admission and
discharge PedNIHSS
scorest
Hospital discharge PSOMT 1(0to2) 2(1to4) 0-0030
Successful recanalisation 104 (89%)
(mTICI 2b or better)
Near-complete 64 (55%)
recanalisation (mTICI 2c or
better)
Complete recanalisation 49 (42%)

(mTICI3)

Data are median (IQR) or n (%). Successful reperfusion was defined as grade 2b to
3 on the mTICl system ranging from 0 to 3, with higher grades indicating
increased reperfusion; grade 2b indicates reperfusion of 50% or more of the
occluded cerebral artery territory; and grade 3 indicates reperfusion of 1000% of
the occluded cerebral artery territory at the end of the thrombectomy procedure.
mRS=modified Rankin Scale. mTICI=modified thrombectomy in cerebral
infarction. PedNIHSS=Pediatric National Institutes of Health Stroke Scale.
PSOM=Pediatric Stroke Outcome Measure. *Scores on the mRS range from 0 to 6,
with higher scores indicating greater disability. tScores on the PSOM range from
0t0 10 in 0-5 steps, with higher scores indicating greater disability. +Scores on the
PedNIHSS range from 0 to 42, with higher scores indicating greater neurological
deficit.

Table 2: Efficacy outcomes

Modified Rankin Scale score

Clo 01 M2 E3 M4 M5 M6 (%)
5(4%) \ 6(5%)
Endovascular
thrombectomy 30 (26%) 29 (25%) 35 (30%)
(n=117)
i 4 (4%)
Best medical
treatment 17 (19%) 21 (23%) 19 (21%)
(n=91)
I T T T T 1
0 20 40 60 80 100

Percentage of patients (%)

Figure 2: Distribution of modified Rankin Scale scores at 90 days after the stroke
Scores on the modified Rankin Scale range from 0 to 6, with higher scores indicating greater disability.
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Statistical analysis

The primary outcome was compared between treatment
groups by the Wilcoxon rank test (a=0-05). Secondary
outcomes and baseline demographics were compared
between treatment groups by the 2 test (or Fisher’s exact
test where appropriate) for categorical variables and the
t test (or Mann—Whitney U test, when appropriate) for
continuous variables.

To account for possible confounding factors, additional
ordinal regression analyses were performed for primary
and secondary outcomes on all variables that differed
significantly between the treatment groups. For the
assessment of effect size, r values were calculated as
the Z value (from the Mann-Whitney U test) divided by

the square root of n, where n is the total patient number
per group. For interpretation, an r value greater
0-1 indicated a weak effect whereas r values less than
0-3 or greater than 0-5 indicated moderate and strong
effects, respectively.

For sensitivity analysis, propensity score matching was
used to adjust for differences in baseline parameters
between treatment groups. Each patient’s propensity
score to receive endovascular thrombectomy or best
medical treatment was determined using a multivariable
logistic regression model that included covariates with
a significant effect on the primary outcome. Optimised
propensity score matching (SAS macro psmatch_multi)
was used to match patients from each group 1:1. For
matching, an absolute difference between propensity
scores of 0-10 was allowed.

An o value of 0-05 was used to determine significance
for all analyses. Statistical analyses were performed with
SAS (version 9.4).

Role of the funding source
There was no funding source for this study.

Results

41 patients were entered into the Save ChildS Pro registry
between Jan 1, 2020, and Aug 31, 2023. 208 patients met
inclusion criteria for this analysis, of whom 117 underwent
endovascular thrombectomy and 91 received best medical
treatment only (figure 1). Baseline characteristics,
including location of arterial occlusion and CASCADE
classification, are listed in table 1. The median age of
patients in the endovascular thrombectomy was higher
than in the best medical treatment group (p<0-0001).
The youngest patient to be treated with endovascular
thrombectomy was aged 3 months. The median
PedNIHSS score upon hospital admission was higher in
the endovascular thrombectomy group than in the best
medical treatment group (p<0-0001). Intravenous
thrombolysis was used in both treatment groups.

Efficacy outcomes are shown in table 2. In the endo-
vascular thrombectomy group, 104 (89%) of 117 patients
had successful reperfusion (modified treatment in cerebral
infarction 2b or better), and 49 patients (42%) had complete
reperfusion. The difference between median pre-stroke
mRS score and 90-day mRS score was 1 (IQR 0-2) in the
endovascular thrombectomy group and 2 (1-3) in best
medical treatment alone (p=0-020; table 2; figure 2;
r=0-14).

Median 90-day PSOM scores are compared in table 2.
The change in median PedNIHSS scores between time
of hospital admission and discharge are compared in
table 2 and figure 3 (r=0-44). The comparison of median
discharge and 90-day PSOM scores is shown in the
appendix (p 1; r=0-21).

Ordinal regression analyses revealed a significant
effect of age (p=0-0029), PedNIHSS score at hospital
admission (p=0-0017), and treatment group (p=0-020),
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whereas no other parameter showed an effect on the
primary and secondary outcomes (data not shown).

Safety outcomes are shown in table 3. Six (5%) of
117 patients in the endovascular thrombectomy group
and four (5%) of 91 patients in the best medical treatment
group had a 90-day mRS score of 6, indicative of death
(p=0-89). In the endovascular thrombectomy group,
17 (15%) patients had transient vasospasm during the
intervention, which resolved in all cases, either
spontaneously or after administration of intra-arterial
nimodipine. Two (2%) patients had catheterisation
-associated non-flow-limiting arterial dissections. During
treatment, non-symptomatic intracranial haemorrhage
affected nine (8%) of 117 patients in the endovascular
thrombectomy group and six (7%) of 91 patients in the
best medical treatment group (p=0-79). One case of
symptomatic intracranial haemorrhage was seen, and
this was in the endovascular thrombectomy group.
Furthermore, the prevalence of persistent arterial
occlusions was significantly lower in the endovascular
thrombectomy group than in the best medical treatment
group (18 [15%)] vs 49 [54%)], p<0-0001; table 3). Further
CASCADE classification of patients with persistent
occlusion revealed suspected focal cerebral arteriopathy
aetiology in eight (44%) of 18 patients in the endovascular
thrombectomy group and 19 (39%) of 49 patients in the
best medical treatment group.

A comparison of outcomes between patients with focal
cerebral arteriopathy (CASCADE subtype 2) and patients
with other aetiologies showed no difference in 90-day
median mRS scores among those who underwent
endovascular thrombectomy and best medical treatment
(p=0-074; appendix pp 2, 6). The change in median
PedNTHSS score from hospital admission to discharge
was —10 (IQR —18 to -2) in the endovascular thromb-
ectomy group and —4 (-4 to 0) in the best medical
treatment group (p<0-0001; appendix pp 3-4, 6). The
median 90-day PSOM score was 1-0 (IQR 0-5 to 1-5)
in the endovascular thrombectomy group and
1-5 (1-0 to 2-5) in the best medical treatment group
(p<0-0001; appendix pp 5-6).

79 patients from the endovascular thrombectomy
group were propensity score matched 1:1 based on age,
sex, and PedNIHSS score at hospital admission
to 79 patients from the best medical treatment group
(appendix p 7). Median age among matched patients
was 10 years (IQR 7 to 13) in the endovascular thromb-
ectomy group and 7 years (4 to 11) in the best medical
treatment group. The median PedNIHSS score at
hospital admission was 12 (IQR 8 to 15) in the endo-
vascular thrombectomy group and 9 (7 to 12) in the best
medical treatment group. In these patients, median
pre-stroke mRS score was 0 (IQR 0 to 0) in both
treatment groups and increased to 1 (0 to 2) at
day 90 among patients treated with endovascular
thrombectomy compared with 2 (1 to 3) among patients
with best medical treatment (p=0-029). The median
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Figure 3: Change in median PedNIHSS score between hospital admission and discharge
Scores on the PedNIHSS range from 0 to 42, with higher scores indicating greater neurological deficit. Shaded
areas indicate the IQR. PedNIHSS=Pediatric National Institutes of Health Stroke Scale.

Endovascular Best medical p value
thrombectomy treatment

(n=117) (n=91)
Death (mRS score of 6)* 6 (5%) 4 (4%) 0-89
Symptomatic 1(1%) 0 1.0
intracranial
haemorrhaget#
Non-symptomatic 9 (8%) 6 (7%) 079
intracranial
haemorrhaget
Transient vasospasmi 17 (15%)
Arterial dissectiont 2 (2%)
Persistent or recurrent 18 (15%) 49 (54%) <0-0001

arterial occlusionf

Data are n (%). mRS=modified Rankin Scale. PedNIHSS=Pediatric National
Institutes of Health Stroke Scale. *Death was determined at 90 (+10) days after
stroke. tSymptomatic intracranial haemorrhage was defined as an increase in the
PedNIHSS score of at least 4 points with presence of parenchymal haemorrhage.
#Recorded within 24 h of hospital admission.

Table 3: Safety outcomes

change in the PedNIHSS score from hospital admission
to discharge was -8 (IQR —12 to -3) in the endovascular
thrombectomy group and -2 (=6 to 0) in the best medical
treatment group (p<0-0001). The median 90-day PSOM
score was 1 (IQR 0 to 2) in the endovascular thromb-
ectomy group and 2 (1 to 3) in the best medical treatment
group (p=0-0020). No sex-specific differences were
observed with respect to clinical outcome measures
(data not shown).
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Discussion
The Save ChildS Pro registry study shows superior
outcomes in children with large-vessel and medium-
vessel occlusion treated with endovascular thrombectomy
compared with best medical treatment alone. The primary
outcome, defined as the change in median mRS score
from pre-stroke baseline to day 90, and the secondary
outcomes (change in the PedNIHSS score from hospital
admission to discharge and 90-day PSOM score) were
significantly better in the endovascular thrombectomy
group than in the best medical care group. The consistency
of these findings after propensity score matching for age,
sex, and initial stroke severity emphasises the value of
endovascular thrombectomy and represents a high-quality
approach to analysing observational registry data in the
absence of a randomised trial. These improved outcomes
align with the results of a recent matched case—control
study,” in which clinical outcomes for paediatric patients
with anterior circulation large-vessel occlusion stroke
were better with endovascular thrombectomy than with
best medical treatment alone. The benefits of endovascular
thrombectomy are more compelling in light of recent
findings that outcomes of children with arterial ischaemic
stroke due to large-vessel occlusion treated with medical
management alone might not be as benign as for children
who do not present with large-vessel occlusion.” Similar
to previous studies, the efficacy outcomes of the
endovascular thrombectomy procedure were high, with
successful recanalisation (defined as modified treatment
in cerebral infarction 2b or better) in 89% of patients and
amedian of two attempts per endovascular thrombectomy
procedure. The decision of whether to perform
endovascular thrombectomy should not be based on
one single parameter (eg, the PedNIHSS), but always as
a combination of multiple parameters (eg, the PedNIHSS,
occlusion location, the Alberta Stroke Program Early CT
Score [ASPECTS], pre-existing neurological deficits, and
potentially salvageable tissue), because parameters such
as the PedNTHSS and ASPECTS have limitations, such as
potentially fluctuating symptoms, the lower representation
of posterior circulation symptoms, or high inter-rater
variability.”®

Age and PedNIHSS score at baseline showed
a significant effect on patient outcome. The interplay
between age and symptom severity at presentation might
present important selection criteria for or against
endovascular thrombectomy in children. Although more
severely affected children might benefit more from
endovascular thrombectomy, the existing data up to now
do not justify dedicated cutoff values for or against
selecting children for endovascular thrombectomy. For
the current analysis, the cohort size was too small to allow
the formation of subgroups of younger and less severely
affected children. Thus, it is currently possible that the
observed positive treatment effect for endovascular
thrombectomy is confined to older and more severely
affected children. Larger studies including children with

different symptom severities at presentation across all
age groups will help to determine whether a potential
benefit for endovascular thrombectomy similarly exists in
younger and less severely affected children, and thereby
create more detailed treatment recommendations.

Concerning safety, we found similar mortality rates in
patients receiving endovascular thrombectomy and best
medical treatment compared with patients who received
best medical treatment alone. Only one patient had
a symptomatic intracerebral haemorrhage in the
endovascular thrombectomy group, and rates of
non-symptomatic intracranial haemorrhage were similar
in both treatment groups. A small number of patients
who wunderwent endovascular thrombectomy had
procedure-related adverse events: arterial dissections (2%)
and radiographic vasospasm (15%). However, the
dissections were not flow limiting, and the vasospasm
resolved in all cases after intra-arterial administration of
nimodipine and without any radiographic or clinical
signs of ischaemia. More than half of all patients (54%)
in the best medical treatment group had a persistent or
recurrent vessel occlusion at 24 h follow-up imaging,
a much higher proportion than the 15% in the
endovascular thrombectomy group. Further character-
ising this subgroup, eight (44%) of 18 patients in the
endovascular thrombectomy group with persistent
occlusion and 19 (39%) of 49 patients in the best medical
treatment group had a suspected focal cerebral
arteriopathy aetiology. Recent studies in adults have
shown that the administration of intravenous thromb-
olysis works in a synergistic way with endovascular
thrombectomy and should therefore be administered if
no contraindications are present.” By contrast, there is
observational data that intravenous thrombolysis will
fragment thrombi and cause thrombus migration and
fragmentation which will be more difficult to remove
mechanically and could potentially result in lower rates
of complete recanalisation.”

A major concern is the safety and efficacy of
endovascular thrombectomy procedures in patients with
arteriopathies."* In the Save ChildS Pro registry, patients
with arteriopathies had similar outcomes to those with
other aetiologies when treated with endovascular
thrombectomy. Furthermore, patients treated with
endovascular thrombectomy had greater improvement of
the PedNIHSS score as well as the PSOM score at day 90
regardless of the underlying aetiology. Although the
primary outcome measure (difference in mRS from pre-
stroke to day 90) was not significantly different for
patients with focal cerebral arteriopathy between the
endovascular thrombectomy and best medical treatment
groups (p=0-075), the secondary outcomes were signifi-
cantly improved in the endovascular thrombectomy
group. Thus, regarding the primary outcome, there was
equipoise for patients with suspected focal cerebral
arteriopathy for endovascular thrombectomy and best
medical treatment. This might reflect the smaller sample
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size and heterogeneity of this focal cerebral arteriopathy
subgroup, or potentially a more subtle yet still clinically
relevant effect of endovascular thrombectomy in patients
with focal cerebral arteriopathy. Of note, these results
show that more severely affected patients with suspected
focal cerebral arteriopathy will potentially benefit from
endovascular thrombectomy, whereas patients with focal
cerebral arteriopathy with milder stroke might not benefit
in the same way. Yet, it is important to note that the mRS
does not capture cognitive and academic deficits, which
are more likely to be captured by the PSOM. Therefor, we
chose to collect both parameters plus the PedNIHSS,
with the mRS being the primary outcome because it the
most widely used outcome parameter in stroke trials.”
Finally, regarding the translation of our findings to
clinical practice, this study adds to the growing evidence
that children with large-vessel occlusion stroke have
superior outcomes when treated with endovascular
thrombectomy.**"* Adequate training of all physicians
involved in acute stroke care, development of clear
selection criteria for endovascular thrombectomy, and
standardisation of interventional procedures are crucial
to maintain these positive treatment effects. This
is especially the case for neurointerventionists, as
navigation through the smaller vessels and successful
technical outcome of the thrombectomy procedure itself
require dedicated training and continuous practice,
which depends on the case load of the centre in
performing neurointerventional procedures in children
and adults.” Because thrombectomy procedures in distal
intracranial arteries are increasingly being performed
in adults, neurointerventionists are gaining more
experience with navigation in smaller vessels and
likewise smaller and softer devices are continuously
being developed, also providing tailored approaches for
children. It is reassuring that in our study even children
with suspected focal cerebral arteriopathies who
presented with large-vessel occlusion stroke appeared to
benefit from the endovascular restoration of blood flow.
However, in patients presenting with classic imaging
features of focal cerebral arteriopathy, such as arterial
banding and narrowing of the terminal segment of the
internal carotid artery, even greater caution must be
applied. It should be noted that diagnosis of the
inflammatory subtype of focal cerebral arteriopathy is
difficult if the initial presentation is with complete
arterial occlusion; most commonly focal cerebral
arteriopathy presents subacutely with stenosis rather
than complete acute occlusion. As such, in some cases,
the diagnosis is made retrospectively on the basis of the
presence of residual or progressive stenosis in the
affected vessel after clot retrieval of a superimposed
acute thrombus. Such retrospective diagnosis can be
confounded by iatrogenic stenosis caused by intimal
injury that can occur after use of a stent retriever
for endovascular thrombectomy. Therefore, the
CASCADE 2 stroke subtype (focal cerebral arteriopathy)

www.thelancet.com/child-adolescent Vol 8 December 2024

is a group of patients in whom a definitive diagnosis is
difficult to establish.

Our prospective study has limitations. First, given
that this study is not a randomised trial, a potential
selection bias has to be assumed because the selected
treatment was at the discretion of the participating
centre. Patients were nested under centres and centre-
specific effects could potentially bias the results.
Because most of the centres included an average of
fewer than five patients (and only five centres reported
treatment of more than ten patients), it currently
cannot be concluded whether high-volume centres
create different outcomes compared with lower-volume
centres. In general, sites appeared to select for
endovascular thrombectomy preferentially in the
children with greater PedNIHSS scores. The impact of
this selection bias might be less pronounced
because some centres that do not offer endovascular
thrombectomy participated, thus only including
patients with best medical treatment alone. Second,
patients in the endovascular thrombectomy group were
older. However, in the propensity score matched
analysis, the treatment effect was still maintained
across all outcome variables. Third, children in the best
medical treatment group more often had arteriopathies,
whereas those in the endovascular thrombectomy
group more often presented with cardioembolic
aetiologies, probably reflecting the reluctance of
treating physicians to refer children with arteriopathic
changes for endovascular thrombectomy. However, the
outcome of children with suspected arteriopathies who
did receive endovascular thrombectomy was better than
that of those treated with best medical treatment alone
in this study. Fourth, there were no restrictive selection
criteria regarding time from symptom onset and infarct
size on admission imaging for this study. This also
aligns with recent trials in adults, which have all shown
that absolute and relative infarct size as well as the time
from onset are less important as long as there is
salvageable tissue on advanced imaging and a mismatch
between clinical deficit and infarct.®®*** Fifth, time
from symptom onset to admission was comparably
short in the Save ChildS Pro cohort and even though
comparable to similar studies” it might be longer in
less specialised centres, which might affect patient
outcomes. Last, the clinicians performing the outcomes
measurements were not masked to treatment, which
might also have introduced bias. Although the largest
cohort of children with endovascular thrombectomy
compared with best medical treatment is reported in
this study, the cohort size was too small for more
detailed subanalyses, such as investigating different
outcomes with respect to age and sex. Larger patient
cohorts will provide more detailed insights in outcomes
after endovascular thrombectomy with respect to
different aetiologies and in children with different age,
sex, and demographics.
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In conclusion, in this prospective, registry-based,
multicentre study, endovascular thrombectomy plus best
medical treatment was associated with improved
functional outcomes in paediatric patients with large and
medium intracranial occlusions compared with best
medical treatment alone. Future studies are needed to
investigate whether the positive treatment effect of
endovascular thrombectomy is confined to older and
more severely affected children.
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Abstract

Though rare, stroke in infants and children is an important cause of mortality and chronic morbidity in the pediatric popula-
tion. Neuroimaging advances and implementation of pediatric stroke care protocols have led to the ability to rapidly diagnose
stroke and in many cases determine the stroke etiology. Though data on efficacy of hyperacute therapies, such as intravenous
thrombolysis and mechanical thrombectomy, in pediatric stroke are limited, feasibility and safety data are mounting and support
careful consideration of these treatments for childhood stroke. Recent therapeutic advances allow for targeted stroke prevention
efforts in high-risk conditions, such as moyamoya, sickle cell disease, cardiac disease, and genetic disorders. Despite these
exciting advances, important knowledge gaps persist, including optimal dosing and type of thrombolytic agents, inclusion cri-
teria for mechanical thrombectomy, the role of immunomodulatory therapies for focal cerebral arteriopathy, optimal long-term
antithrombotic strategies, the role of patent foramen ovale closure in pediatric stroke, and optimal rehabilitation strategies after
stroke of the developing brain.

Keywords Pediatric stroke - Childhood stroke - Sickle cell - Thrombectomy

Background

Cerebrovascular disorders are an important cause of mor-
tality and chronic morbidity in children. Here, we review
the most recent literature on the epidemiology, risk factors,
evaluation, outcome, and treatment of pediatric arterial
ischemic stroke (AIS).

Definition
The case definition for pediatric stroke has varied widely

in the literature. Differences in age of onset, time at diag-
nosis, and cerebrovascular disorders to include have led to
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variability in incidence rates across studies. Perinatal stroke
develops between 20 weeks gestation and 1 month of age,
but it may be diagnosed months later, and it includes a
diverse group of cerebrovascular disorders [1]. AIS is the
most common type of cerebrovascular disorder to occur
in the perinatal period. Childhood stroke develops later,
between 30 days and 18 years of age, and includes AIS,
hemorrhagic stroke, and sinovenous thrombosis.

Incidence

The incidence of perinatal stroke is estimated as high as
one per 1100 live births [2], but lower rates have been
reported [3—6]. Most estimates are based on small sam-
ples over short periods of time, with variable ascertain-
ment methods. The rate of AIS is reported to be much
higher in the perinatal period than in childhood [7]. The
first population-based study of stroke in children from the
1970s found an incidence of 1 per 40,000 children for all
stroke types [8]. More recent studies in Canada [9], the
USA [3], the UK [10], and Sweden [11] have found similar
rates. The incidence of stroke is higher in boys than girls
and among Black, Asian, and Hispanic children compared
to white children [10, 12]. In a community-based study
of cerebrovascular disease in Texas, the incidence rate of
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stroke was found to be higher in Mexican American chil-
dren than non-Hispanic whites [13].

Clinical Presentation

The clinical presentation of AIS is related to the age of the
child and location of the stroke. Infants with stroke typically
present with seizures or other diffuse neurologic deficits.
Some infants with stroke are not identified acutely, but are
diagnosed retrospectively, when neurologic symptoms, such
as emerging hemiparesis or seizures, leads to neuroimag-
ing [5]. In contrast, children with stroke typically present
with focal neurologic deficits, usually hemiplegia and/or
focal seizures. Signs and symptoms of stroke in children
are often misinterpreted to be other common neurologic or
systemic disorders. Emergency rooms physicians are less
accurate at detecting stroke in children than adults [14].
Several stroke screening tools have been shown to be highly
sensitive in adults [15] but are less accurate in children [16].
Symptoms of focal weakness, seizures, ataxia, speech, or
walking difficulties have been shown to discriminate stroke
from migraine, a common stroke mimic in children [17].
Better screening tools to assist providers may help to allevi-
ate delays in diagnosis that impact the study and use of acute
therapies in children with stroke.

Classification and Mechanism

Identifying the cause of stroke is helpful for explaining
stroke mechanism to patients, determining future stroke
risk, selecting secondary prevention strategies, and stroke
research. Several adult stroke classification systems have
been developed and have exhibited good reliability and dis-
criminative validity [18]. Adult classification systems have
limited use in children since the causes of stroke are so dif-
ferent. The Childhood Arterial Ischemic Stroke Standard-
ized Classification and Diagnostic Evaluation (CASCADE)
system was developed by the International Pediatric Stroke
Study (IPSS) investigators to categorize childhood strokes
according to the underlying cause [19]. The CASCADE sys-
tem classifies childhood AIS into seven discrete subtypes
and has moderate interobserver agreement when used by
experienced raters. The CASCADE subtypes include (1)
small vessel arteriopathy, (2) unilateral focal cerebral arte-
riopathy (FCA), (3) bilateral cerebral arteriopathy, (4) aortic/
cervical arteriopathy, (5) cardioembolic, (6) other, and (7)
multifactorial [19]. A recent study evaluated the predictive
value of the CASCADE criteria and found an association
with risk of recurrent stroke and progression of arteriopathy
[20].

@ Springer

Causes of Stroke in Children

The causes of stroke in children have varied widely among
registry studies [21-23]. Most of these studies have been ret-
rospective, without a uniform diagnostic approach or classi-
fication system, and relevant risk factors may not have been
identified or recorded. The most frequently reported risk fac-
tors for AIS in children are arteriopathies, cardiac disorders,
infection, hematological and metabolic disorders, and
other rare causes. In many children with stroke, the cause is
thought to be multifactorial [24], possibly a combination of
environmental triggers and hereditary or acquired disorders
that increase the risk of stroke.

Arteriopathies

The expanded use of vessel imaging has enhanced our
understanding of stroke in children. Extracranial and
intracranial arteriopathies are a common cause of stroke
in children. Arteriopathies were identified in 53% of chil-
dren in the IPSS [24]. In studies with limited use of vessel
imaging, other causes are more common, which may be
related to detection bias [21]. Arteriopathies lead to stroke
through a variety of mechanisms including decreased
blood flow and local thrombus formation.

Arterial dissections are the most common cause of
extracranial arteriopathies in children. Arterial dissec-
tion is due to a tear in the intimal layer or rupture of the
vasa vasorum and hemorrhage into the medial layer [25].
Intracranial dissection occurs more frequently in older
children (median age 14 years) compared to extracranial
dissection (median age 8 years) [26]. Arterial dissection
is more common in boys, and they typically present with
symptoms of hemiplegia and headache [27]. Arterial dis-
section has been associated with a variety of conditions,
but most cases are due to trauma. Recurrent AIS occurs in
up to 19% of children with arterial dissection [28].

Intracranial arteriopathies account for almost half of
all childhood strokes [29] and represent a heterogenous
group of disorders that can be difficult to diagnose and
classify. Intracranial arteriopathies identified most often
in children with AIS include inflammatory FCA, moy-
amoya, and arterial dissection. The vascular effects of
infection in pediatric stroke (VIPS) investigators defined
FCA as “unifocal and unilateral stenosis/irregularity of the
large intracranial arteries of the anterior circulation” [30].
FCA can be classified into different subtypes based on the
underlying etiology; these include inflammatory (FCA-i)
and dissection (FCA-d) types.

Inflammatory FCA (FCA-i) is a subtype of FCA due
to an inflammatory or infectious process. FCA-i has been
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associated with both active and post-infectious disor-
ders, including post-varicella arteriopathy [31]. Varicella
(chicken pox) is associated with an increased risk of stroke
in children [32]. Post-varicella arteriopathy can develop
from a current infection or several months after infection
[33]. There have been several recent reports of other infec-
tious agents associated with FCA and stroke in children.
A recent case—control study from the VIPS cohort found
an increased rate of parvovirus B19 infection among cases
compared to controls [34]. Dengue fever has also been
reported in association with FCA and stroke [35]. An
international study of children with SARS-CoV2 and AIS
identified several children with vasculitis and FCA [36].
Moyamoya is a chronic non-inflammatory steno-
occlusive intracranial arteriopathy that accounts for about
8% of AIS in children [37]. Moyamoya disease is char-
acterized by an angiographic pattern of stenosis of the
supraclinoid internal carotid artery with secondary devel-
opment of an extensive collateral network that gives a
radiographic appearance of a “puff of smoke”. Moyamoya
syndrome is a secondary complication of other medical
disorders (Down syndrome, sickle cell disease, neurofi-
bromatosis) that lead to this unique arteriopathy. The
progressive steno-occlusive arteriopathy of moyamoya
can lead to decreased blood flow, diminished cerebro-
vascular reserve, and ischemic stroke. Hemorrhage can
also occur and is due to the rupture of vessels in the frag-
ile collateral network or associated aneurysms [38]. The
incidence of moyamoya disease is highest in Asia, pre-
dominantly in Japan. The disease is more common among
females and peaks in children around 5-9 years of age
[39]. The cause of moyamoya disease is unclear, but the
high prevalence in Asian populations and familial cluster-
ing suggests a genetic disorder. Around 10-15% of cases
are familial, mostly affecting siblings compared to a par-
ent or offspring. Linkage studies have identified several
genetic loci, such as RNF213, associated with moyamoya
disease, but these have not been consistent across popu-
lations [40]. Children with moyamoya typically present
with transient ischemic attacks (TIAs) or AIS but may
develop other symptoms like headache or seizures. Some
children with moyamoya are identified incidentally on
brain imaging and have a lower risk of stroke after diag-
nosis than those with prior ischemic symptoms [41]. The
risk of stroke in patients with moyamoya increases with
disease progression. The incidence of stroke also varies
according to moyamoya disease genotype and underlying
cause of moyamoya syndrome [42]. Revascularization
surgery is recommended to prevent the progression of
the disease and risk of stroke. The primary indications for
surgical intervention include clinical symptoms (stroke,
TIA, or cognitive decline) or imaging evidence of pro-
gression and decreased cerebral blood flow or cerebral

perfusion reserve [43]. Revascularization is associated
with a decrease in symptomatic progression, headaches,
and ischemic and hemorrhagic stroke [44].

Cardiac Disorders

Stroke is a well-recognized complication of cardiac disease
in both children and adults. Cardiac disorders associated
with stroke include congenital heart disease, intracardiac
defects, cardiac procedures, cardiomyopathy, arrhythmias,
infective endocarditis, and ventricular assist devices [45].
These disorders can lead to the development of thrombi
within the heart, on an infected valve, or through a right to
left shunt, which can embolize to the brain.

The rate of stroke among children with cardiac disease
has varied widely among studies due to differences in case
definitions, brain imaging, and cardiac disorders studied.
A study of children with cardiac disease in the northwest
US found a rate of stroke of one in 750 children [46],
but higher rates have been reported among children who
undergo cardiac procedures and catheterization [45]. While
the incidence of stroke overall is low in children with car-
diac disease, these disorders are common among registries
of children with stroke. Cardiac disorders were identified in
30% of children in the IPSS [24].

Congenital heart disease (CHD) is the most common
birth defect in newborns [47] and a common cause of car-
dioembolic stroke in children. In the IPSS, 60% of children
with cardiac-related stroke had CHD. Children with CHD
can be affected by a wide range of cyanotic and acyanotic
heart disorders and have a 19-fold risk of stroke when com-
pared to controls [48]. The risk of stroke is related to the
underlying heart disorder, its comorbidities, and other fac-
tors including cardiac procedures and the use of mechanical
support devices [49]. AIS occurs most often among children
with cyanotic heart disease [45]. Children who undergo sur-
gery for CHD have a 13-fold increased risk of stroke when
compared to controls [48]. An imaging study of infants that
underwent surgery for CHD identified stroke in 10% of
patients, most of which were clinically silent [S0]. Among
infants who undergo surgery for CHD, younger postnatal
age at the time of surgery and selective cerebral perfu-
sion are associated with AIS in the post-operative period
[51]. In children who undergo surgery, other risk factors
for stroke may be present and likely play a role. A study of
children with CHD and AIS from South Korea found that
most strokes occurred during the periprocedural period, and
almost half had an additional risk factor for thromboembo-
lism [52].

Patent foramen ovale (PFO), especially if associated
with high-risk features such as atrial septal aneurysm, is
associated with an increased risk of stroke in adults [53].
Randomized clinical trials have shown a benefit of closure
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in carefully selected high-risk PFO patients [54-57]. The
relationship between incident and recurrent stroke and PFO
in children is unclear. A large observational study found an
increased rate of PFO in children with cryptogenic stroke
compared to children with stroke of known etiology and
children without stroke [58].

Hematologic Disorders

Blood disorders have shown stronger risk associations with
stroke in children compared to adults. Blood disorders docu-
mented in children with AIS include genetic and acquired
coagulation abnormalities and sickle cell disease (SCD).
Prothrombotic disorders were identified in 13% of children
in the IPSS but have been reported at much higher rates
in other studies of children with stroke [24, 59]. Prothrom-
botic disorders can lead to abnormal venous and arterial
thromboses.

SCD is a group of inherited disorders caused by muta-
tions in hemoglobin and is a major risk factor for AIS in
children. SCD causes abnormally shaped (sickled) red blood
cells with increased fragility that interact with the vascu-
lar endothelium and cause vaso-occlusion [60]. Two major
cerebrovascular manifestations of SCD are large artery
intracranial occlusive disease and silent cerebral infarc-
tion (SCI). Large artery steno-occlusive disease is thought
to develop from endothelial hyperplasia and intraluminal
thrombosis from recurrent sickling [61]. The large vessel
changes typically develop within the distal internal carotid,
middle cerebral, and anterior cerebral arteries and may
progress to an angiographic pattern of moyamoya. SCI is
defined as chronic ischemic changes at least 3 mm in size
on T2-weighted magnetic resonance imaging (MRI) with-
out neurologic signs or symptoms related to the lesion [62].
The mechanism for SCI in SCD is unclear but thought to be
related to changes in perfusion and oxygenation [63].

Children with SCD (HbSS) have a risk of AIS over 200
times that of healthy children, and 10% percent will develop
symptomatic AIS before 15 years of age [60]. While symp-
tomatic AIS is common, 32% percent of children with SCD
have evidence of silent infarction [64].

Genetic prothrombotic factors likely play a greater role
in individuals presenting with AIS in childhood compared
to onset in later years [65]. Several genetic and acquired
prothrombotic abnormalities have been evaluated in children
with AIS, but the rate of these abnormalities have varied
among different age groups, stroke subtypes, and interna-
tional populations studied [66]. Prevalence differences are
likely due to the extent and timing of investigations, small
sample sizes, and population admixture and stratification
[67]. Coagulation abnormalities tend to be more common in
European-derived populations compared to other ethnic and
racial groups. Case—control studies, utilizing hospital-based
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adult and population-based child controls, have shown an
association between many of these abnormalities and AIS
[68—71], while other studies have been negative or too small
to show a difference [72—74]. The presence of a prothrom-
botic abnormality has also been shown to increase the risk
of recurrent stroke in children [75].

Infectious Disorders

Several infectious agents have been reported in associa-
tion with AIS in children. Infection can lead to cerebral
ischemia through multiple mechanisms, including activa-
tion of the coagulation cascade, thrombosis from a systemic
inflammatory response, septic emboli, and direct invasion
of the endothelium. During serious infection, there is a
rapid destruction of protein C and antithrombin III, both of
which normally inhibit coagulation. Infection also produces
endothelial injury and a release of inflammatory cytokines,
which lead to the downregulation of thrombomodulin.
Decreased levels of activated protein C and increased levels
of D-dimer and C4b binding protein have also been observed
in patients with AIS [76]. The timing of infection also seems
to play a role in the risk of stroke and may be related to
infection-related activation of the coagulation system. A
population-based case—control study found that a recent
infectious visit <3 days prior was associated with a 12-fold
increased risk in stroke [77]. Infections were identified in
24% of children in the IPSS [24], but studies in China [22]
and Turkey [78] found much higher rates in children with
stroke.

Childhood AIS has been reported as a complication
of bacterial infection from meningitis, encephalitis, brain
abscess, sinusitis, and sepsis. The prevalence of AIS in
infants and children with bacterial meningitis has ranged
from 24 to 71% [79-81]. A recent population-based study in
Canada found that 37% of children with bacterial meningi-
tis developed stroke. In this study, children with meningitis
plus stroke had higher rates of morbidity and mortality than
children without stroke [82]. A study of children with tuber-
culous meningitis in South Africa identified a stroke in 71%
of children at admission. Risk factors associated with stroke
at admission included young age (<3 years), seizures, and
hydrocephalus [81].

Viral infections have also been linked to childhood AIS
and include varicella [32], HIV [83], parvovirus B19 [34],
Zika [84], Dengue viruses [85], herpes simplex [86], Epstein
Barr [87], CMV [88], and COVID-19 [36]. Studies of vari-
cella zoster virus (VZV) have provided the most evidence
supporting a link between a viral infection and AIS in chil-
dren [88, 89]. A case—control study of children with AIS
found a history of VZV infection within the last 9 months
in 64% of cases and 9% of controls [32]. A cohort study in
Canada discovered a threefold increase in the frequency of
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a prior VZV infection in children with AIS compared to
published controls [90]. In children with VZV, the rate of
AIS has been estimated at 1/26,000 children [91].

VZV infection can produce a large vessel granuloma-
tous angiitis with multinucleated cells that affects the dis-
tal internal carotid and proximal cerebral arteries and may
lead to endothelial injury and AIS. The path in which VZV
infects cerebral vessels may be related to afferent fibers from
the trigeminal ganglia to the circle of Willis. During VZV
infection, the virus can pass into the trigeminal ganglion and
enter a latent state; upon reactivation, the virus could then
travel through afferent fibers that innervate the intracranial
vessels and cause a focal vasculitis and ischemic stroke [92].
A recent theory on the pathogenesis of varicella arteriopathy
is that infection causes adventitial fibroblasts to transform
into myofibroblasts, resulting in proliferation and migration
that contributes to arterial remodeling, along with endothe-
lial activation by VZV microparticles [93]. The recurrence
rate of TTIA and AIS among children with VZV-related AIS
has been reported as high as 45% [90].

Several other viruses and microbial infections have been
reported in association with stroke in children. The rate of
parvovirus B19 and herpes simplex virus was higher in cases
of children with stroke compared to controls in the VIPS
(Vascular Effects of Infection in Pediatric Stroke) study [34,
94]. Recently, there have been several reports of stroke in
children infected with the SARS-CoV?2 virus [36, 95-97].
Multisystem inflammatory syndrome is observed in children
after acute infection with severe SARS-CoV2 and has been
associated with stroke. A large international registry of chil-
dren with stroke and SARS-CoV?2 found that inflammatory
arteriopathies were the most common cause of stroke [36].
Other infections, including rickettsial infections, have also
been associated with stroke in children [98, 99].

Cancer-Related Stroke

Over the last 40 years, there has been an increase in the
incidence of childhood cancer in the USA [100]. Despite
these changes, survival rates for children with cancer con-
tinue to improve. Children with cancer can develop neu-
rologic complications from their disease as well as acute,
chronic, and late effects from cancer therapy. Cancer is a
risk factor for incident and recurrent stroke [101]. Several
cancer types have been associated with stroke in children
and include acute lymphoblastic leukemia, Hodgkin disease,
and brain tumors. The mechanisms that typically lead to
stroke in cancer patients include radiation-induced cerebro-
vascular disease, compression of intracranial vessels, cancer-
related coagulopathy, cardioembolism, infection, and com-
plications from chemotherapy. Cancer or tumor was present
in 3% of children in the IPSS. In children who developed

cancer-related AIS, 88% had a brain or hematological cancer
[101]. The cause of cancer-related AIS in this cohort was
most often due to arteriopathy or cardioembolism [101].

Rare Causes of Stroke in Children

Stroke has been reported with over 100 medical disorders in
children, many of which are rare but have been reported in
the literature more recently. Bow Hunter’s syndrome (BHS),
or rotational vertebral arteriopathy, is due to compression
and or dissection of the vertebral artery with head turning
[102]. The underlying cause is thought to be due to abnormal
osteophytes, fibrous bands or lateral disc herniation with
neck rotation or extension [103]. Children with BHS can
develop vertebral dissection and stroke, but there is no con-
sensus on treatment and prevention. Surgical treatment with
C1/C2 fusion has been performed in children with BHS,
but whether this treatment is more effective than medical
therapy is unknown [104]. Similar to BHS, thoracic outlet
syndrome (TOS) is related to compression of neurovascular
structures. TOS can occur from compression of the subcla-
vian artery from a bony structure (such as a cervical rib)
and can lead to thrombus formation and stroke. Risk factors
for TOS include activities that involve repetitive movement
of extreme abduction and external rotation of the shoulders
[105]. The mechanism through which TOS leads to stroke is
unclear. One theory is that subclavian compression can lead
to trauma and thrombus formation, and retrograde propaga-
tion or propulsion of the thrombus can lead to embolization
in the vertebral or common carotid arteries [106]. Similar
to BHS, the optimal prevention strategy is unclear, but most
patients reported in the literature have undergone thoracic
outlet decompression surgery as opposed to medical therapy
[106].

Outcomes of Stroke in Children

The morbidity and mortality from AIS have varied among
studies due to differences in functional outcome measures,
stroke type, duration of follow-up, and cohort studied. Most
studies have focused on motor recovery as opposed to lan-
guage, vision, cognition, quality of life, or other neurologic
deficits. A review of pooled data from early studies of AIS
in children from 1977 to 2004 (N =1364) revealed that on
average 30% of children were neurologically normal, 61%
developed cognitive or motor problems, and 9% died by the
outcome evaluation period [107]. More recent prospective
studies that used standardized functional measures found
similar rates. A study of the Swiss NeuroPediatric Stroke
Registry found that in children with AIS, 26% were neuro-
logically normal, 63% developed neurologic disability, and
11% died by 6 months [108]. A study of children with AIS
from the IPSS found that 74% had a neurologic deficit at
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discharge and 3% died from their stroke [109]. A study from
the Canadian Pediatric Stroke Registry (N=681) found that
among infants and children with AIS, 69% died or had a
neurologic deficit at a mean follow-up time of 3 years [9].
Few studies have reported long-term outcomes. An outcome
study from the IPSS found that 54% of children were neu-
rologically normal and 46% had mild, moderate, or severe
disability at 2 years. The study also found that 46% of chil-
dren demonstrated recovery over the 2-year follow-up period
[110]. A study of children with AIS from Switzerland found
that 56% of children followed for a median of 6.9 years had
a favorable outcome, as defined by a modified Rankin scale
score of O—1 [111].

Several outcome predictors have been reported in chil-
dren with AIS and include age at onset, clinical presentation,
lesion location and volume, post-stroke seizures, and etiol-
ogy of stroke [110, 112—115]. Stroke onset in childhood is
associated with a poorer outcome compared to stroke in the
neonatal period [110, 113, 116]. Studies of children with
stroke from Canada, the USA, Israel, the UK, and the Neth-
erlands found an association between children who present
with altered levels of consciousness and/or seizures with
poor outcome [9, 117-120]. Stroke volume and location
have been shown to impact both motor and cognitive func-
tion [112, 121, 122]. Large lesions (defined differently in
different studies), involvement of both the subcortical and
cortical regions, and Wallerian degeneration within the cor-
ticospinal tract have been shown to be associated with poor
motor outcome [112, 116, 123-126]. Post-stroke seizures
are more common in children than adults, with a cumulative
incidence of 30% at 10 years [127]. Children who develop
epilepsy post-stroke have worse neurologic outcomes than
children without epilepsy [119, 128]. The underlying cause
of stroke has been associated with both outcome and recur-
rence in children. Children with arteriopathy- and cardiac-
related stroke have worse outcomes than other stroke sub-
types [9, 109, 129-132].

Recurrent Stroke and Death

The reported recurrence rate of AIS in children ranges
from 6 to 30% [133, 134], and most recurrences develop
in the first 6 months after incident stroke [135, 136]. The
recurrence rate of AIS is highest among children with TIA,
cardiac disease, arteriopathies, metabolic and coagulation
abnormalities, and posterior circulation strokes. A popula-
tion-based study of children with stroke found a high rate
of recurrent stroke among children with arteriopathy [137].
The presence of arteriopathy increased the risk of recur-
rent stroke fivefold in the VIPS study [28]. A study that
compared the rate of recurrent AIS among children with
anterior and posterior circulation stroke found much higher
rates in children with posterior circulation strokes [138]. The
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presence of a thrombophilia or combination of coagulation
abnormalities is also associated with an increased risk of
recurrent stroke [134, 136].

Case fatality rates for AIS in children have ranged from
0 to 28% depending on the population studied, but recent
studies have shown lower rates than in the past [8, 120, 139].
Mortality rates for AIS are highest among children less than
1 year of age. The death rate from cerebrovascular diseases
in children peaks at 2.7 per 100,000 in infants, subsequently
declines, and does not exceed the infant mortality rate until
35-44 years of age [140]. The mortality rate in children due
to AIS is higher in males than females and in black children
compared to white children [141].

Diagnostic Evaluation

Consensus guidelines have provided some guidance on the
evaluation of stroke in children, but several controversies
and knowledge gaps exist [43, 142-144]. The evaluation
should identify the etiology and rule out other non-vascular
causes that mimic stroke in children (postictal paralysis,
migraine, hypoglycemia, and alternating hemiplegia).
While there is limited evidence to support the use of acute
therapies (intravenous [IV] tissue plasminogen activator
[tPA] or mechanical thrombectomy [MT]) in children, a
rapid stroke evaluation and neuroimaging seems reason-
able to determine whether a favorable profile exists for
hyperacute treatments. The history should include ques-
tions regarding head and neck trauma, unexplained fever or
recent infection (varicella in last 12 months), drug inges-
tion, developmental delay, blood disorders, and associated
headache. A careful family and birth history should also
be taken, with special attention to neurologic disease, pre-
mature vascular disease, hematologic disease, and devel-
opmental disorders.

Acute Diagnosis of Stroke

Significant delays in the acute diagnosis of stroke in children
have likely restricted access to acute therapies. Several factors
have contributed to these delays including delays in arrival
to medical care, diverse clinical presentations, accuracy
of diagnosis among ED providers, lack of effective stroke
screening tools, an absence of pediatric “code stroke” proto-
cols, and use of imaging that is insensitive to acute ischemia
[143, 145]. The American Heart Association (AHA) rec-
ommends that centers establish systems and pathways for
hyperacute pediatric stroke care [43]. Standardized institu-
tional stroke protocols have been found to improve the time
to diagnosis of stroke in children [146—148]. These proto-
cols have typically consisted of the following components: a
stroke screening tool in the ED (based on time of onset and
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symptoms), a code stroke activation process, a dedicated
stroke responder, and a triage process for acute MRI [146,
149, 150].

Neuroimaging

MRI is the preferred imaging modality for acute stroke in
children because it allows for early differentiation of stroke
from mimics; this is critically important due to the high
rate of stroke mimics in children. MRI is better than CT for
the detection of acute ischemia and can also detect acute
and chronic hemorrhage [151]. A consensus-based state-
ment from members of the IPSS recommended the follow-
ing sequences for stroke in children: DWI, FLAIR, GRE or
SWI, T1 and T2 (optional sequences include T1 contrast and
arterial spin labeling) [152]. Recently, several other rapid
sequence MRI protocols have been recommended for stroke
in children. These have included similar sequences with the
addition of a time-of-flight MRA [153, 154]. Perfusion
imaging is helpful in determining stroke core and penumbra
and selecting patients for acute therapies. Dynamic suscepti-
bility contrast MR perfusion is an IV contrast (gadolinium)-
based perfusion technique that is commonly used in adults
but seldom in children with stroke. Concerns regarding an
IV bolus of contrast and gadolinium accumulation in the
brain have limited its use in children. Arterial spin labeling
(ASL) is a non-contrast perfusion technique that is com-
monly used in children with stroke. Several ASL techniques
have been developed to evaluate cerebral perfusion. These
techniques involve the use of radiofrequency pulses to mag-
netically tag arterial blood in the skull base, which is then
imaged as the blood flows into the brain. A cerebral blood
flow map is derived from the imaged blood as it flows into
various brain regions. ASL is more useful in children than
adults, since it does not require IV contrast and has better sig-
nal to noise ratio in children compared to adults [155]. Overall,
the use of MRI in children with stroke has been limited due
to institutional (MRI availability, anesthesia availability, lack
of rapid sequence protocols) and patient-related factors [156].

Etiologic Investigations

A comprehensive evaluation of children with stroke should
include cardiac, hematologic, metabolic, inflammatory, and
brain and vessel imaging studies, as evidence suggests that
children with stroke may have multiple risk factors [43].
Advanced studies should be considered for children with
cryptogenic or recurrent stroke. The primary goal is to uti-
lize an iterative approach to identify the cause of stroke for
secondary prevention and to determine prognosis. The AHA
guidelines for the management of stroke in neonates and
children recommend a baseline evaluation for all children

Table 1 Standard basic evaluation of childhood stroke

Standard diagnostic studies  Stroke etiology

MRI head
TTE with bubble study, EKG

Rule out stroke mimics

PFO, cardiac arrhythmias, identifi-
cation of intracardiac thrombus
MRA brain and neck or CTA

head and neck

Dissection, arteriopathies

Coagulation studies
ESR, CRP, ANA

Inherited or acquired thrombophilias
Inflammatory disorders

TTE transthoracic echocardiogram, EKG electrocardiogram, MRA
magnetic resonance angiography, CTA computed tomography angiog-
raphy, ESR erythrocyte sedimentation rate, CRP C-reactive protein,
ANA antinuclear antibody

with stroke (Table 1) [43]. Depending on the clinical con-
text, advanced diagnostic studies can be considered when the
stroke remains cryptogenic and/or recurs (Table 2).

The approach to diagnostic evaluation of perinatal stroke
differs from childhood stroke, as most perinatal strokes
occur due to a convergence of multiple risk factors specific
to the perinatal period [157]. Transthoracic echocardiog-
raphy and neurovascular imaging can be performed to rule
out intracardiac thrombus, abnormal cardiac anatomy, and
cerebrovascular abnormalities. Several recent studies have
shown that thrombophilia testing is low yield and does not
typically predict recurrence risk or change management [74,
158], so these extensive laboratory studies can be reserved
for children with concerning family histories or recurrent
thromboembolic events.

Evidence Gaps and Diagnostic Testing

There are limited studies regarding the indications, util-
ity, and cost-effectiveness of diagnostic studies for stroke
in children. For example, a study examining the diagnostic
yield of various studies in young adults (18—45 years old)
with stroke showed that Holter monitoring, vasculitis pan-
els, and toxicology screening were low yield studies [159].
The diagnostic yield of these and other studies in childhood
stroke is unknown.

The role of PFO in the pathogenesis of stroke in children
is unclear, as discussed below. The need for additional stud-
ies beyond standard transthoracic echocardiography with
agitated saline, such as transesophageal echocardiography or
transcranial Doppler (TCD) ultrasound with agitated saline,
to identify and characterize PFO is also uncertain.

Several genetic and acquired prothrombotic abnormali-
ties have been evaluated in children with AIS, and the rates
of these abnormalities have varied widely among studies.
Many of these abnormalities, including antithrombin defi-
ciency, protein C deficiency, elevated lipoprotein(a), and
antiphospholipid antibodies, have been associated with
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Table 2 Advanced diagnostic evaluation of childhood stroke

Advanced diagnostic studies Stroke etiology

Holter monitoring Arrhythmia
Cerebral angiography
Lumbar puncture

Artery biopsy Fibromuscular dysplasia

Genetic/metabolic studies

Moyamoya, FCA, covert dissection

Infectious/inflammatory FCA, meningitis/encephalitis, primary angiitis of the central nervous system

HHT, Moyamoya, arteriopathies, thrombophilia, inflammatory disorders, Fabry’s, MELAS, POLGI,

connective tissue disorders, DADA2

Brain biopsy

Dynamic CTA or DSA neck Bow Hunter’s syndrome

Angiography-negative childhood primary angiitis of the central nervous system

FCA focal cerebral arteriopathy, HHT hereditary hemorrhagic telangiectasia, MELAS mitochondrial encephalopathy, lactic acidosis, and stroke
like episodes, POLGI DNA polymerase subunit gamma 1, DADA?2 deficiency of adenosine deaminase 2, CTA computed tomography angiogra-

phy, DSA digital subtraction angiography

incident stroke in children, but further studies are needed
to determine the risk of recurrent stroke [71]. Prothrom-
botic abnormalities tend to be more common in European-
derived populations compared to other ethnic and racial
groups, and whether these tests should be performed in all
children with stroke is unknown.

MRI vessel wall imaging (VWI) is a diagnostic tool that
utilizes special MR sequences to suppress the signal in
areas within and around a blood vessel (flowing blood and
CSF) to image the vessel wall. VWI requires a high spatial
resolution and is typically performed on 3 T or higher
scanners and with higher channel head coils. Imaging in
multiple planes (2D and 3D) is required for optimal reso-
lution of the vessel wall. Most protocols include pre- and
post-contrast T-1 weighted studies to evaluate for enhance-
ment within the vessel wall. The most common sequence
used for blood and CSF suppression is a 3D turbo spin-
echo sequence with variable flip angle refocusing pulses,
which varies among vendors. VWI should be interpreted
by individuals with experience in vessel wall imaging as
age related, flow, and anatomical variation can sometimes
mimic disease [160, 161]. MRI VWI has been shown to be
helpful in the differentiation of intracranial arteriopathies
[162]. Vessel wall enhancement is considered a marker
of inflammatory vasculitis. A study by Dlamini and col-
leagues evaluated 26 children with AIS and found that
distinct VWI patterns were associated with specific types
of arteriopathy [163]. A study of 16 children with AIS
found that strong vessel enhancement on VWI was associ-
ated with progressive arteriopathy [164]. However, a more
recent study of 9 children with AIS and FCA who under-
went VWI did not find an association with vessel enhance-
ment and progression [165]. VWI studies can be long and
require contrast agent and may therefore not be suitable
for all children. Further studies are needed to determine
the utility of VWI in children with AIS [165].

Finally, the role for genetic testing in pediatric stroke is
expanding. Elucidation of the genetic cause of stroke can
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inform counseling, recurrence risk, and prognosis. It may
also drastically change management strategies. For example,
a diagnosis of deficiency of adenosine deaminase 2 (DADA?2)
may prompt discontinuation of antiplatelet therapies and ini-
tiation of TNF inhibitors [166, 167], as detailed below.

Therapeutics
Acute Therapies
IV Thrombolysis

The transformation of adult stroke care at the end of the
twentieth century with the approval of IV thrombolysis for
acute stroke and concurrent implementation of integrated
stroke systems of care led to questions about the appropri-
ateness of IV thrombolytics for childhood stroke. Several a
priori considerations suggest that extrapolation from adult
data may be inappropriate. Specifically, stroke etiologies
differ between children and adults, with certain common
childhood stroke etiologies not being clearly amenable to
treatment with thrombolytic agents. Additionally, develop-
mental changes in the coagulation cascade, termed “devel-
opmental hemostasis,” should be considered, as younger
children have lower levels of endogenous tPA and higher
levels of plasminogen activator inhibitor-1 (PAI-1) com-
pared with older children and adults [168—170], suggesting
that different thrombolytic dosing may be needed based on
age. Finally, as outcome after childhood stroke is generally
better than after adult stroke in the absence of treatment, the
risk—benefit balance may differ based on age.

The Thrombolysis In Pediatric Stroke (TIPS) trial was a
multicenter prospective safety and dose-finding study of IV tPA
in childhood stroke which unfortunately closed prematurely due
to lack of participant accrual [171]. Nonetheless, TIPS resulted
in important infrastructure development in participating sites,
including protocols that allow for rapid, systematic diagnosis
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and treatment of pediatric stroke [172]. TIPS also led to the
TIPSTER study, which retrospectively analyzed the safety of IV
thrombolysis for acute stroke in 26 children at prior TIPS sites
[173]. The analysis yielded an estimated 2.1% rate of sympto-
matic intracranial hemorrhage after thrombolysis in children,
suggesting [V thrombolysis for acute stroke is at least as safe in
children when compared to adults [174].

Currently, IV thrombolytic agents are administered in
5-7% of cases of childhood stroke in the USA [175, 176].
A recent serial cross-sectional study of admissions for child-
hood AIS identified using the Kids’ Inpatient Database
showed that IV tPA utilization in the USA significantly
increased from 2.5 to 6.5% between 2005 and 2019 [176]. An
analysis of the National Inpatient Sample similarly showed
an increase in IV thrombolysis use from 1.6% between 2010
and 2015 to 5.5% between 2016 and 2019 [175]. Despite the
increased use of thrombolytics for acute childhood stroke, the
true benefit conferred by tPA in children, the ideal weight-
based dosing, and the optimal time window for administra-
tion of IV tPA in children all remain unknown.

Mechanical Thrombectomy

Mounting observational data suggest that MT for acute
stroke has a good safety profile in children. In the Save-
ChildS study, a recent retrospective cohort study of 73
children who underwent MT for acute AIS, only 1 patient
developed symptomatic intracranial hemorrhage [177].
Given the concern about high rates of large vessel arterio-
pathies in childhood stroke, with theoretical increased risk
of dissection, vasospasm, or vessel rupture in such cases,
the authors noted that none of the 14 children with arte-
riopathies in SaveChildS experienced these complications
[177]. A similar excellent safety profile was reported in an
analysis of the National Inpatient Sample, which reported
that in 190 children treated with MT, no patient suffered
contrast-induced kidney injury nor periprocedural iatrogenic
ischemia or hemorrhage [175].

While a growing body of evidence supports the feasibility
and safety of MT in children, the efficacy remains less clear.
For example, in the Save ChildS study, there was no control
group to account for potential natural history of improve-
ment. Nonetheless, children in the study who underwent MT
had a reduction in median pediatric National Institutes of
Health Stroke Scale Score (pedNIHSS) from 14 at admis-
sion to 4 at discharge. At 6 months from stroke, patients
in this study had favorable neurologic outcomes, with 87%
achieving a modified Rankin scale score (mRS) of 0-2. The
results from the SaveChildS study are concordant with a
meta-analysis of 113 children who were treated with MT for
acute stroke [178]. In that analysis, over 90% of patients had
favorable neurologic outcomes, though the role of publica-
tion bias must be considered.

More recently, a retrospective, population-based cohort
study of childhood ischemic stroke in Australia demonstrated
that children with large vessel occlusions who were treated
with MT (n=13, with or without IV-tPA) had better func-
tional outcomes compared with children with large vessel
occlusions who were managed conservatively (n=26) [179].
The authors point out, importantly, that the absence of rand-
omization or standardized MT selection criteria likely led to
selection bias, and children who were treated with MT were
older than those children managed conservatively, which may
have driven, at least in part, the differences in outcomes.

In another recent analysis using the National Inpatient
Sample by Dicpinigaitis and colleagues, 55.3% of children
with acute ischemic stroke treated with MT had favorable
outcomes at discharge [175], though the authors defined
favorable as discharge to home or acute rehabilitation, which
likely encompasses a broad range of functional outcomes.
After propensity adjustment to address confounding by indi-
cation, patients treated with MT had higher rates of favora-
ble functional outcomes compared to medically managed
patients, though this did not reach statistical significance.
Patients with greater dysfunction (NIHSS > 11) received a
larger benefit from thrombectomy compared with controls,
though this also did not reach statistical significance [175].

MT use is increasing in the USA, with recent data dem-
onstrating that 3-4% of children admitted with acute AIS
are treated with MT [175, 176]. Cross-sectional data derived
from the Kids’ Inpatient Database showed that MT was used
in 1.2% of children admitted for AIS in 2009 and in 3.0%
of similar children in 2019 [176]. A recent analysis of the
National Inpatient Sample likewise showed an increase in
MT utilization from 1.7% prior to publication of the land-
mark adult thrombectomy trials (2010-2015) to 4.0% in the
post-thrombectomy era (2016-2019). In an Australian study
of childhood ischemic stroke conducted between 2010 and
2019, a third of children with large vessel occlusion were
treated with MT, with or without IV-tPA.

The boundaries of MT use in children have not yet been
established. The time window to safely perform thrombectomy
is generally extrapolated from adult data, but differences in col-
lateral vasculature or other pediatric-specific factors may mod-
ify the time window in children. In a secondary analysis of 20
children in the SaveChildS study, MT between 7.8 and 16.2 h
from symptom onset in the setting of a mismatch between clini-
cal deficit and radiographic infarction was safe and associated
with neurologic improvement, with reduction of pedNIHSS
from 12 on admission to 2 at day 7 [180]. Several case reports
even demonstrate good outcomes after MT when performed
after 24 h from stroke onset [181—-184]. Nonetheless, selection
criteria for late-window MT are not yet well-established, and
extrapolation from adult parameters may not be appropriate
given concerns about differing penumbral thresholds in chil-
dren compared with adults [185].
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Similarly, the minimum age for MT eligibility in pedi-
atric stroke is controversial [186, 187]. As there are no
stent retrieval or aspiration devices designed specifically
for children, questions frequently arise regarding the com-
patibility of devices designed for adults with the smaller
pediatric cervicocerebral vasculature. While the head and
neck vessels approximate adult size by the age of 5 years
[188], access through the femoral arterial diameter may be
more limiting [189]. Nonetheless, MT has been reported
with good outcome in many children below 5 years of age
[190], though very preliminary data suggest younger chil-
dren may receive less benefit from thrombectomy compared
with their older counterparts [177]. Other technical modi-
fications related to tolerance of blood loss and safety of
contrast and radiation exposure in young children should
be considered [189]. Notably, thrombectomy in neonates is
generally discouraged by pediatric stroke specialists, par-
ticularly given the inability in most cases to establish a clear
time of stroke ictus and likelihood of higher risk of MT due
to smaller vasculature [187].

As there are no randomized controlled data that allow
for clear recommendations about when to proceed with MT
in children, potential risks and benefits must be carefully
weighed based on each individual patient’s degree of dis-
ability, age, size, stroke etiology, comorbidities, and neuro-
imaging characteristics.

Acute Therapies in Special Populations

Moyamoya Disease Moyamoya disease is a progressive
steno-occlusive arteriopathy of the intracranial vascula-
ture beginning with the distal internal carotid arteries with
compensatory collateral vessel formation. It can occur in
isolation or with an associated condition including sickle
cell disease, neurofibromatosis, and Down syndrome [42].
Moyamoya accounts for about 8% of childhood AIS and is
associated with high rates of stroke recurrence [37]. The
perioperative period is a particularly high-risk epoch for
moyamoya-related stroke, which remains a challenge in
moyamoya care due to the need for angiography and surgical
management [191, 192]. While long-term stroke prophylaxis
may include antiplatelet therapies and/or surgical revascular-
ization, acute stroke is typically managed with augmentation
of cerebral perfusion pressure with fluids and flat head of
bed. Consideration can be given to vasopressors in the right
clinical context, such as if the patient is hypotensive or there
are other indicators of cerebral hypoperfusion [193]. Pain
and agitation control is of paramount importance, as hyper-
ventilation can lead to cerebral vasoconstriction, thereby
exacerbating cerebral hypoperfusion [191]. Maintenance
of normocarbia and normoglycemia and minimization of
metabolic demand through normothermia and prompt sei-
zure control are also important neuroprotective measures.
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The role of antiplatelet therapy and red blood cell transfu-
sion in acute stroke in children with moyamoya needs fur-
ther investigation. IV thrombolysis is contraindicated due to
high risk of intracranial hemorrhage due to fragile collateral
vasculature. Similarly, MT is typically not performed in chil-
dren with moyamoya given increased risks of introducing a
catheter into diseased vessels and low likelihood of benefit.

Sickle Cell Disease SCD is a major risk factor for child-
hood ischemic stroke [194]. The highest risk time for
SCD-associated stroke is in the first decade of life [60]. By
20 years of age, 11% of individuals with SCD will experi-
ence a clinically evident stroke, and nearly a quarter of
individuals with SCD have a stroke by age 45 years in the
absence of preventative measures [60]. Recurrent stroke
is also common in patients with SCD [195].

Any person with SCD presenting with acute neurologic defi-
cits should be treated with an emergent blood transfusion,
ideally an exchange transfusion when possible [196]. The
role of IV thrombolysis and MT in children with SCD is
less well-studied. In an analysis of the AHA/ASA Get With
The Guidelines Stroke Registry, in adults with acute stroke
who received thrombolytic therapy, rates of symptomatic
intracranial hemorrhage were not higher in patients with
SCD, and coexistent SCD did not impact the discharge out-
come [197], suggesting that IV-tPA should not be withheld
from adults with SCD. In adults with SCD and acute stroke,
thrombolysis and thrombectomy should be considered, as
they are for patients without SCD, followed by red blood
cell exchange transfusion [198]. However, most pediatric
stroke protocols exclude children with SCD from consid-
eration for I[V-tPA due to perceived high risk of intracranial
hemorrhage related to high rates of moyamoya syndrome
and intracranial hemorrhage in this population [199], par-
ticularly in the absence of proven benefit in children. The
American Society of Hematology recommends against IV
tPA for children with SCD [196]. There are no data on the
risks or benefits of MT in children with SCD. It is the view
of the authors that eligibility for MT should be considered
using standard guidelines in children with SCD and large
vessel occlusion, though special consideration must be made
due to high rates of cerebral arteriopathies and moyamoya
syndrome in children with SCD.

Systems of Care for Delivery of Acute Stroke Interventions

With increasing utilization of both IV thrombolysis and MT
[175, 176], implementation of acute pediatric stroke pro-
tocols is critical to be able to deliver these interventions
rapidly, safely, and effectively. Prior to the TIPS trial, which
was initially funded in 2010, centers interested in pediatric
stroke lacked systematic readiness to rapidly diagnose and
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treat childhood stroke [172]. In defining staffing, neuroim-
aging, and ordering criteria necessary to administer IV tPA,
TIPS set standards that led to the emergence of the primary
pediatric stroke center [172]. More recently, a survey of
pediatric stroke specialists showed that at least 41 pediat-
ric centers in the USA and Canada have established acute
stroke protocols [200]. Another survey demonstrated that
most pediatric hospitals surveyed have stroke protocols to be
able to deliver IV tPA and thrombectomy, but respondents
did not agree on precisely what the protocols should contain
and how they should be actualized [201]. That survey study
also highlighted the need for development of standardized
pre-hospital screening tools for pediatric stroke.

Multiple acute pediatric stroke protocols and accompa-
nying data on time to stroke diagnosis have been published
[146-148, 202-204], with average time from presentation
to neuroimaging/diagnosis ranging from 1.3 to 10.5 h. This
starkly contrasts to adult data, which boasts median door-
to-needle times of around an hour for the past decade [205,
206]. An analysis from a US hospital showed that the major
source of pediatric stroke diagnostic delays was late presen-
tation to the emergency department, suggesting that future
interventions aimed improving community recognition of
stroke symptoms could help alleviate these delays [203].
Though ongoing improvements in time to pediatric stroke
diagnosis are needed, a recent Australian study of pediatric
large vessel occlusions showed that the majority presented
early enough to be eligible for MT (69% presented within
6 hours of symptom onset and 90% within 24 hours) [179].

Neuroprotection

Most children with stroke will not be candidates for IV
thrombolysis or thrombectomy; however, prompt stroke
diagnosis remains critical so neuroprotective measures can
be implemented early. Neuroprotective measures aim to
salvage penumbral tissue through optimization of oxygen
and glucose delivery to at-risk tissue and minimization of
metabolic demand through prompt fever and seizure control.
Though there are limited data to support specific neuropro-
tective measures in children, strategies are generally adopted
from the adult stroke literature [43].

In a retrospective multivariate analysis of modifiable
physiologic parameters in 98 children with acute AIS, hyper-
glycemia was associated with worse neurologic outcomes,
but fever and hypertension were not [121]. Based on this
study as well as extrapolation from adult data, a recent scien-
tific statement from the AHA/American Stroke Association
(ASA) recommends treatment of hyperglycemia to achieve
blood glucose < 180 mg/dL as well as avoidance of hypo-
glycemia [43].

Another retrospective study of 53 children with AIS
showed that hypertension in the first 72 hours after stroke

ictus was associated with higher in-hospital mortality,
but not with neurologic disability [207]. The association
between hypertension and childhood ischemic stroke and
in-hospital mortality was supported by an analysis that iden-
tified children with ischemic stroke and hypertension using
ICD codes in a large national database [208]. Importantly,
hypertension may not be directly harmful but instead may
be a compensatory mechanism to support cerebral perfusion
in children with more severe presentations including large
vessel occlusions and cerebral arteriopathies. Optimal blood
pressure management in children after stroke remains an
important knowledge gap [43].

Stroke Prevention

Stroke Prevention in Sickle Cell Disease

Primary Prevention Development of evidence-based pri-
mary prevention measures in childhood SCD has been
incredibly successful. Without implementation of preventa-
tive measures, 11% of individuals with SCD will experience
an overt stroke by 20 years of age [60]. Stroke risk in SCD
can be stratified using TCD, a non-invasive bedside test that
measures cerebral blood flow velocities [209]. In the 1998
Stroke Prevention Trial in Sickle Cell Anemia (STOP) trial,
treatment of high-risk children (as stratified by TCD) with
chronic transfusion therapy resulted in a 92% reduction in
stroke risk compared with standard care [210]. Annual TCD
screening is therefore recommended for screening all chil-
dren with HbSS disease or HbSB® thalassemia between the
ages of 2 and 16 years [196, 211]. For children who meet
TCD criteria for high stroke risk, monthly blood transfusions
are recommended to maintain HbS level < 30% and hemo-
globin >9.0 g/dL. In environments where regular blood
transfusion therapy and chelation therapy are not avail-
able or practical, hydroxyurea therapy can be considered
as an alternative [196]. A retrospective trend analysis of the
Nationwide Inpatient Sample and Kids’ Inpatient Database
showed that incidence rates of hospitalization for stroke in
children with SCD decreased by 45% after publication of the
STOP trial and hydroxyurea licensure in 1998, suggesting
that these measures had been effective in primary stroke
prevention in SCD [212].

Chronic transfusion therapy is associated with serious long-
term morbidity, including alloimmunization, transfusion
reaction, iron overload, and infection risk. High associated
costs and burden to families and patients also limit adher-
ence. Therefore, studies subsequent to STOP have examined
when and how transfusions can be safely discontinued. In
2005, the STOP2 trial evaluated children with SCD with
high stroke risk based on TCD screening but without severe
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cerebral arteriopathy who had normalized cerebral blood
flow velocities after at least 30 months on transfusion therapy
[213]. Participants were randomized to either continue or dis-
continue transfusion therapy. Discontinuation of transfusions
resulted in high rates of reversion to abnormal TCD read-
ings (14 of 41 participants who had transfusion discontin-
ued) and overt stroke (2 of 41 participants, mean 4.5 months
after last transfusion) [213]. Subsequently, the 2015 TCD
With Transfusions Changing to Hydroxyurea (TWiTCH)
trial was a randomized, open label, non-inferiority trial that
enrolled children 2—16 years old with abnormal TCD results
but without severe cerebral arteriopathy who had received
transfusion therapy for at least a year [214]. Participants were
randomized to either continue transfusion therapy or transi-
tion to hydroxyurea. There were no differences in 24-month
TCD velocities between the groups, suggesting that in chil-
dren with SCD without cerebral arteriopathy, hydroxyurea
may be a reasonable substitute for chronic transfusions after
at least 1 year of transfusions [214]. Notably, participants
in the study were on transfusion therapy for an average of
4 years, so the optimal duration of transfusion therapy prior
to transition to hydroxyurea remains unknown.

Silent cerebral infarctions in children with SCD have been
associated with cognitive impairment, recurrent silent infarc-
tion, and progression to overt stroke [62]. In the silent cer-
ebral infarct (SIT) trial, children with silent cerebral infarcts
who were treated with transfusion therapy, as opposed to
standard observation, had lower rates of subsequent overt
stroke or recurrent silent infarction [215]. Therefore, the
American Society of Hematology recommends obtaining a
screening brain MRI at least once in early school age chil-
dren with HbSS or HbSB thalassemia once they are able to
tolerate the imaging without sedation [196]. If silent cerebral
infarcts are identified, secondary prevention measures, such
as chronic transfusion therapy or hematopoietic stem cell
transplantation, as well as neuropsychological evaluation,
can be considered.

Despite effective and safe screening and prevention
methods, there are substantial barriers to the widespread
use of these measures. According to Medicaid claims data
from 2010 to 2011, less than 25% of children in Maryland
received the recommended annual TCD screening [216].
A recent national survey of SCD clinicians found only
a 46% adherence to TCD screening guidelines, and low
adherence was associated with practice barriers including
lack of support staff or time [217]. Another study found
that 22% of caregivers of children with SCD had no knowl-
edge of TCD screening and that 42% were unaware that
screenings were recommended annually [218]. Addition-
ally, the lack of sufficient specialty SCD clinics impedes
access to SCD-specific care for many individuals [219].
Importantly, as SCD affects largely Black Americans,
racial disparities may play a role in poor access to care,
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with prior studies suggesting that differences in insurance
coverage and systemic racism, among other factors, may
play a role [220, 221].

Finally, there are emerging data that initiation of
hydroxyurea in asymptomatic SCD patients may have a
role in stroke prevention, though further investigation is
needed. The BABY HUG trial demonstrated that early ini-
tiation of hydroxyurea mitigated the rise of cerebral blood
flow velocities on TCD [222]. In the SCATE study, fewer
children on hydroxyurea, compared with standard care,
had conversion from conditional to abnormal TCD veloci-
ties [223], though the study was concluded prematurely
due to slow patient accrual.

Secondary Prevention After incident stroke, two-thirds
of individuals with SCD will have recurrent stroke [195].
Chronic transfusions are standard of care for secondary
stroke prevention, but long-term transfusion therapy con-
fers significant risks. In one study of 10 patients with SCD
whose transfusions were halted an average of 9.5 years after
stroke, 50% of participants had an ischemic event within
12 months of transfusion discontinuation [224]. In 2012,
the Stroke With Transfusions Changing to Hydroxyurea
(SWiTCH)) trial investigated hydroxyurea plus phlebotomy
as an alternative to transfusions with chelation therapy
for recurrent stroke prevention in participants with SCD,
prior clinical stroke, and iron overload [225]. SWiTCH was
unfortunately terminated early due to statistical futility for
the composite endpoint, as there was equivalent liver iron
content in the two groups. Though the stroke endpoint was
within the non-inferiority margin, there were no strokes in
the 66 participants in the transfusion group, but 10% of
the 67 participants in the hydroxyurea group experienced
stroke [225]. Transfusions with chelation therefore remain
standard of care for prevention of stroke recurrence in chil-
dren with SCD.

Optimization of other stroke risk factors is also an
important component of stroke prevention in children with
SCD. Of note, the role of antiplatelet therapy in stroke
recurrence prevention in patients with SCD remains
unclear, and other stroke risk factors as well as the pres-
ence of arteriopathy must be considered when making
decisions about antithrombotic therapy initiation.

Antithrombotic Therapies

The decision to start antithrombotic therapy, choice of
agent, timing of initiation, and duration of therapy are highly
dependent on the cause of the stroke and patient-specific
factors such as age and comorbid conditions. After perina-
tal stroke, antithrombotic therapy is rarely indicated, as the
stroke risk factors that converge to cause the vast majority
of perinatal strokes are generally confined to the perinatal
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period. In contrast, antithrombotic therapy is a mainstay of
secondary prevention after childhood stroke [157].

The type of antithrombotic therapy chosen after child-
hood stroke varies both by stroke etiology and geographic
region [226]. When the stroke etiology is determined to be
cardioembolic or due to a thrombophilia, anticoagulation is
typically recommended [43]. In the case of cervical arterial
dissection, there are no pediatric data to guide the choice of
antithrombotic agent, and there remains equipoise in adults
as well [227, 228]. The presence of an intraluminal thrombus
may prompt the clinician to opt for anticoagulation, while a
large associated stroke may make antiplatelet therapy more
appropriate. Antiplatelet agents are typically recommended
for cryptogenic stroke and moyamoya. However, in the
absence of strong evidence supporting a specific antithrom-
botic agent choice for most causes of pediatric stroke, opti-
mal stroke prevention strategies remain unknown.

In the setting of acute stroke, the general approach is to
initiate antithrombotic therapy only after the risk of recur-
rent stroke exceeds the risk of hemorrhagic transformation of
the infarcted tissue. When anticoagulation is deemed neces-
sary, initiation of a heparin infusion with neuroimaging once
therapeutic to evaluate for hemorrhagic transfusion before
transition to a longer-acting anticoagulant is reasonable.
The choice of anticoagulant, which includes low molecu-
lar weight heparin, warfarin, or direct oral anticoagulants,
should be based on stroke etiology and patient-specific fac-
tors. Antiplatelet agents, including aspirin and clopidogrel,
can generally be initiated earlier than anticoagulation after
incident stroke.

Duration of antithrombotic therapy depends on the stroke
cause. In cryptogenic childhood stroke, expert consensus
is to continue antithrombotic therapy for 2 years, as most
stroke recurrences occur within this time frame [43].

Immunomodulatory Therapies

Steroids and other immunomodulatory therapies may play
a role in stroke prevention in children with inflammatory,
infectious/post-infectious, and genetic arteriopathies [229].
The most accepted use of these therapies is in primary cen-
tral nervous system (CNS) angiitis, though specific regimens
vary between institutions [230, 231]. In children with FCA,
some evidence suggests that corticosteroids may improve
outcomes when added to antithrombotic therapy [232]. This
is an area of interest given emerging evidence of inflamma-
tion in the pathogenesis of FCA, though the pathophysiol-
ogy of FCA is an area of ongoing investigation [165, 233].
Several studies are currently ongoing to evaluate the role of
steroids in the treatment of FCA.

Anti-TNF therapy is the mainstay of therapy in children
with DADA?2, which is a genetic small and medium size
vasculitis that results in early lacunar strokes in addition

to manifestations of systemic vasculitis [166]. Available
data suggest that TNF inhibition may be effective in reduc-
ing the risk of stroke in children with DADA?2 [166, 167].
Importantly, patients with DADA?2 are at risk for hemor-
rhagic stroke, and thus, antithrombotic therapy is generally
not recommended.

PFO Closure

The pathophysiologic role of PFO in childhood stroke
remains undetermined, but multiple recent adult studies
showed that PFO closure reduces recurrent stroke risk in
a subset of young adults with cryptogenic strokes when
compared with medical management alone [54-57]. Based
on these studies, the American Academy of Neurology
2020 practice advisory suggests that PFO closure can be
considered for patients under 60 years old with a PFO and
embolic-appearing infarct in the absence of another stroke
mechanism [234]. In a recent prospective observational
single-center study, children with cryptogenic stroke had a
higher frequency of PFO compared with children with stroke
of known etiology and with children who had echocardio-
grams for benign cardiac concerns, which hints at a potential
causative relationship between PFO and childhood stroke
[58]. Nonetheless, which children would benefit from PFO
closure after cryptogenic stroke remains unknown, and fur-
ther investigation is necessary [235].

Surgical Revascularization in Moyamoya Arteriopathy

Children with moyamoya are at high risk of occurrent and
recurrent stroke [28, 37, 137]. The mainstay of long-term
stroke prevention in moyamoya is revascularization surgery,
which can be done via a direct anastomotic bypass or via
an indirect non-anastomotic approach, the latter of which
is more commonly performed in children. In a retrospec-
tive analysis of 174 children with moyamoya enrolled in
the IPSS, children who had revascularization surgery were
less likely to experience stroke recurrence [37]. Observa-
tional single-center data also suggest that revascularization
surgery confers protection from ischemic stroke in children
with moyamoya [236, 237].

Though revascularization surgery decreases the long-term
risk of stroke, there is a risk of perioperative complications,
especially ischemic stroke and TIA. Reported incidence
of perioperative ischemic events for children with moy-
amoya undergoing revascularization surgery ranges from
4 to 20% [192, 237-240]. Therefore, selecting patients in
whom these risks are outweighed by the long-term benefits
of surgery is critical. Some data suggest that radiographic
progression and the presence of biomarkers such as the ivy
sign may help stratify risk of clinical disease progression
and identify patients likely to benefit from surgery [241,
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242]. The ivy sign is characterized by leptomeningeal fluid-
attenuated inversion recovery (FLAIR) hyperintensity or
contrast enhancement on T1-weighted images that looks like
ivy growing along the sulci and subarachnoid space [243]. It
represents engorgement of the pial vasculature and/or slow
flow in leptomeningeal collateral vessels and is thought to
indicate cerebral hypoperfusion and elevated stroke risk.
Common comorbid conditions may also modify stroke risk,
with recent data demonstrating that children with neurofi-
bromatosis type 1 generally have milder disease, while asso-
ciated Down syndrome and SCD portend a more aggressive
course [42, 244].

Increasingly, patients are being diagnosed with moy-
amoya before they experience stroke or TIA. This occurs
typically when patients with commonly associated condi-
tions, such as neurofibromatosis and SCD, are screened with
neuroimaging, or when patients present with non-ischemic
symptoms such as headache. In two distinct single-center
retrospective studies, 12-14% of asymptomatic children
with moyamoya developed clinical ischemic stroke over an
average follow-up time of 5-6 years, though more children
(36-54%) developed radiographic progression [41, 241].
Therefore, the role and most optimal timing of surgery in
children with asymptomatic moyamoya remain unclear.

Once appropriate patients are selected for surgery, iden-
tification of high-risk patients and meticulous periopera-
tive management, which includes rigorous blood pressure
management and maintenance of normocarbia, is critical to
minimizing risk of perioperative infarction [191, 192]. When
revascularization is performed at high-volume moyamoya
centers, length of stay and costs are decreased without more
complications [245].

Rehabilitation and Management of Stroke Sequelae

Rehabilitation is a critical aspect of stroke treatment that
targets the physical, occupational, language, cognitive, and
behavioral sequelae of stroke and aims to optimize function
and independence [246, 247]. Unlike after adult stroke, strat-
egies for pediatric rehabilitation differ by age and depend on
the child’s developmental level and degree of brain matura-
tion. Concepts such as neuroplasticity and emerging deficits
must be considered when evaluating optimal timing, dose,
and intensity of therapies [248].

Constraint-induced movement therapy (CIMT) is a
therapeutic approach in which the less impaired limb is
restrained, promoting functional use of the more-impaired
side. Several small studies in children with hemiparesis dem-
onstrate improvements in spontaneous use, efficiency, and
dexterity of the more impaired arm after CIMT [249, 250].
Bimanual therapy has also been evaluated with promising
results and may be able to achieve benefits comparable to
CIMT [251, 252]. Optimal timing of CIMT and bimanual

@ Springer

therapy initiation after perinatal stroke are areas of active
investigation.

Non-invasive brain stimulation is another area of active
investigation [253]. Several small, randomized trials of
repetitive transcranial magnetic stimulation (rTMS) in
children with chronic stroke have demonstrated benefits of
this technique compared with sham controls, particularly
when paired with other therapeutic techniques [254-257].
In the largest pediatric rTMS trial to date, the combination
of rTMS and CIMT together with intensive therapy pro-
vided the greatest benefit compared with intensive therapy
paired with either rTMS or CIMT [256]. A randomized con-
trolled trial evaluating the effect of the addition of transcra-
nial direct current stimulation (tDCS) to intensive therapy
on motor function in children with perinatal stroke-related
hemiparesis failed to demonstrate a benefit in objective
motor function, but subjective gains were evident 1 week
after intervention [258]. Before non-invasive brain stimula-
tion techniques can be used clinically, optimal modalities,
stimulation parameters, and timing of therapy, as well as
concurrent therapies and patient selection criteria, need to
be established.

The best evidence supporting these novel therapies in
children after stroke is primarily aimed at improving motor
outcomes. Nonetheless, monitoring for language, cognitive,
and behavioral dysfunction after stroke is critical. When def-
icits are identified, implementation of therapies, educational
resources, and school accommodations can help optimize
school function. For example, children with a history of
stroke are at risk for attention-deficit/hyperactivity disorder
(ADHD) [259]. ADHD can be medically managed when
identified, thereby limiting the impact on a child’s daily life.
Emerging evidence is beginning to elucidate a potential role
for non-invasive brain stimulation as an adjunct therapy for
post-stroke aphasia in adults, though the use of brain stimu-
lation to treat aphasia after childhood stroke is limited to
case reports [260, 261].

Post-stroke care should also entail monitoring for fatigue,
depression, and anxiety, all of which may interfere with par-
ticipation in therapies as well as quality of life. Though data
on post-stroke fatigue after childhood stroke are limited,
fatigue is common in young adults after stroke and is asso-
ciated with worse functional outcomes [262]. Post-traumatic
stress disorder and depression are also common in parents
of children who suffer stroke [263]; assessing the family
unit for mental health consequences of stroke could lead to
improved long-term care after childhood stroke.

Epilepsy is common after perinatal and childhood stroke,
and development of epilepsy in the first year after stroke
is associated with worse neurologic outcomes [127, 128,
264]. Development of epilepsy is also associated with
poorer quality of life after childhood stroke [128]. Opti-
mal epilepsy management is critical, as seizure freedom is
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associated with higher likelihood of functional independ-
ence after childhood stroke [128].

Conclusions and Future Directions

Diagnostic and therapeutic advances in pediatric stroke have
led to improved care for infants and children with stroke,
but important knowledge gaps persist. Further advances in
neuroimaging techniques, such as VWI and arterial spin
labeling MRI, may provide better diagnostic capabilities in
the future. Therapeutically, feasibility and safety data for
IV thrombolysis and MT for childhood stroke are mount-
ing, but high-quality evidence for efficacy of these thera-
pies is lacking. Optimal dosing and type of thrombolytic
agents and selection criteria for IV thrombolysis and MT
have yet to be defined. Great advancements have been
made in stroke prevention in children with SCD, but the
optimal transfusion-sparing regimen remains undefined.
Other knowledge gaps in stroke prevention include the role
of immunomodulatory therapies for FCA, ideal long-term
antithrombotic strategies, and the role of PFO closure in
pediatric stroke. Finally, further evaluation of rehabilita-
tion strategies including non-invasive brain stimulation and
constraint-based therapies may allow for improved outcomes
after pediatric stroke.
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ARTICLE INFO ABSTRACT

Objective: To assess the longitudinal evolution of cerebral perfusion after revascularization surgery in patients
with moyamoya disease (MMD) by CT perfusion (CTP).

Materials and methods: Thirty-one clinically confirmed MMD patients (12 males and 19 females, average age:
33.26 y, Suzuki stages 3 and 4: 19 and 11, respectively) who underwent revascularization surgery (bilateral
(n=13) or unilateral (n=18)) were studied retrospectively. All patients underwent CTP examinations before and
in the week after surgery and long-term (>3 months). CTP metrics (CBF, CBV, MTT, TTP, and delay TTP) were
derived. The corresponding CTP metric values of the ROIs, which were manually drawn in the white matter
(WM) and gray matter (GM), were recorded.

Results: Six patients developed a new or progressive cerebral infarction/hemorrhage. In all patients, compared
with the preoperative level, the TTP of GM and WM decreased in the short term after the surgery (P < 0.005).
Concurrently, the WM CBF increased significantly a week after surgery (P =0.02). However, in the long-term
follow-up, the CBV and CBF in the GM and WM decreased to equal to or lower than the preoperative level,
especially for CBV in the WM (P =0.012). Furthermore, cerebral perfusion began to decrease in the sixth month,
and a continuous decline was observed over the next two months. It returned to the presurgical level after one
year. In addition, the improvement in postsurgical perfusion was greater in Suzuki stage 3 patients than stage 4
patients.

Conclusion: Cerebral perfusion in patients with MMD improved shortly after surgery. However, in the long-term,
brain perfusion decreased, most seriously in 6-8 months postoperatively, which might indicate that patients with
MMD need timely follow-up and long-term intervention.

Keywords:

Moyamoya disease

One-stop CTP
Revascularization surgery
Cerebral perfusion evolution

Introduction

Moyamoya disease (MMD) is characterized by progressive stenosis or
occlusion of the supraclinoid internal carotid arteries and their
branches, resulting in chronic ischemia and progressive cerebral
infarction.! Compensatory collateralization can occur but is often
insufficient.” Patients often present with symptoms related to ischemic
or hemorrhagic stroke.® A synthesis of existing research suggests that

cerebral revascularization surgery can restore cerebral blood flow (CBF),
reduce stroke risk®, prevent further neurocognitive decline®”, and
decrease MMD mortality.®'? However, many patients still experience
recurrent intracranial ischemia after surgery, and the dynamic changes
and factors influencing cerebral perfusion after bypass surgery remain
unknown.

How does cerebral perfusion change postoperatively? Many studies
have shown that cerebral perfusion increases after surgery.>%'’

Abbreviations: STA, superficial temporal artery; MCA, middle cerebral artery; MMD, moyamoya disease; NCCT, non-contrast CT; CTA, CT angiography; CTP, CT
perfusion; CBF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time; TTP, time to peak; ROI, region of interest; MRA, MR angiography; DSA,
digital subtraction angiography; CTP, CT perfusion imaging; ASL, arterial spin-labeling; EC-IC, extracranial-intracranial; TIA, transient ischemic attack; ICH,
Intracerebral hemorrhage; IVH, intraventricular hemorrhage; ICA, internal carotid artery; PCA, posterior cerebral artery; EDAS, encephalo-duro-arterio-synangiosis.
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However, these studies focused on relatively short postsurgical time
points. Wouters et al.” showed that surgical intervention in MMD is
associated with a decreased risk of stroke, most striking in patients
presenting with hemorrhagic MMD, but not in patients with ischemic
stroke.” Moreover, we have often observed that many patients with
MMD have recurrent intracranial ischemia or ischemia after surgery.
Based on this phenomenon, we suspected that, from a long-term
perspective, the cerebral perfusion of patients with MMD after surgery
did not primarily increase or decrease to some extent.

Imaging examinations may provide objective evidence for the eval-
uation of postoperative MMD outcomes.'? Modalities such as CT angi-
ography (CTA), MR angiography (MRA), digital subtraction
angiography (DSA), CT perfusion imaging (CTP), and arterial spin la-
beling (ASL)'® are often used to assess collateralization and perfusion.
DSA is the current reference standard for evaluating MMD.'®!” How-
ever, given its invasive nature and higher radiation exposure than CT,
DSA is not optimal for longitudinal perfusion monitoring. DSA also does
not fully reflect cerebral hemodynamic status.'® With the development
of CTP, the practicability of CT for evaluating cerebral hemodynamic
changes in patients with MMD has been significantly enhanced.
Compared with PET, SPECT, and MRI, CTP allows fast,
semi-quantitative measurements with high reference value.'” It can
efficiently obtain multiple parameters, access the information of bypass
vessels, and comprehensively assess cerebrovascular and perfusion sta-
tus. Many studies have demonstrated its utility for assessing MMD. %2
In comparison, there are no reports on the role of CTP in dynamic
long-term follow-up changes, and, to the best of our knowledge, no
studies have compared quantitative CTP values in white matter and gray
matter separately.

Thus, we retrospectively included 31 MMD patients with CTP data
who underwent revascularization procedures in this study. All patients
were followed up longitudinally (up to three years). Cerebral perfusion
changes in the white and gray matter before and after surgery and
during follow-up were analyzed to provide objective imaging evidence
for the triage of MMD patients.

Materials and methods
Patients

We retrospectively collected the data of 31 patients (19 females, age
range 6-53 y, mean age: 33.26+14.22 y) who were clinically diagnosed
with MMD and underwent bypass surgery from January 2016 to January
2020. The inclusion criteria were as follows: @ met the diagnostic
criteria in the "Interpretation of the 2012 Moyamoya Disease (Willis
Circle Spontaneous Occlusion) Guidelines for Diagnosis and Treatment
(Japan)"’; @ diagnosed by whole cerebral angiography (DSA); ® un-
derwent superficial temporal artery-middle cerebral artery bypass sur-
gery; @ CTP examination and clinical review were performed before
and after the surgery. Patients with CTP source image artifacts that
affected the evaluation of the CTP results were excluded. The clinical
data of the included patients are presented in Table 1.

This study was approved by our hospital. The requirement for
informed consent was waived due to the retrospective nature of the
study.

CTP acquisition

One-stop CTP (NCCT (non-contrast CT) -CTA-CTP) was performed
using a 640-slice multidetector CT scanner (Aquilion One; Canon Med-
ical Systems Corporation). Whole-brain volumetric CTP was performed
after excluding cerebral hemorrhage. A 50-mL bolus of iopromide
(Ultravist 370; Bayer Schering Pharma, Berlin, Germany) was injected at
a rate of 5 mL/s. Nineteen scan volumes, each containing 320 slices at a
resolution of 0.5 mm, were acquired after a 7 s delay between 2 and 5 s
apart over a period of 60 s after the injection, with a tube voltage of 80
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Table 1
Clinical and imaging information for included patients.

Category Number of sides
Symptoms

TIA

Headache 12

Epilepsy 0

Recurrent limb weakness 21

Others (involuntary movement) 2

Blurred vision 3

Loss of consciousness 2

NCCT lesions

None 10

Cerebral infarction 21

ICH or IVH 2

Encephalatrophy 6
Involving terminal ICA-MCA

Right side 1

Left side 3

Bilateral 27
Suzuki Staging

Stage 2 1

Stage 3 19

Stage 4 11
Involving PCA
With other cerebral vascular malformation (e.g aneurysm) 3
Surgical side

Right side 8

Left side 10

Bilateral 13
Surgical ways

STA -MCA 35

STA -MCA+EDAS 9
Outcomes

New cerebral infarction 4

Extensive infarcts 2

New cerebral hemorrhage 2

TIA: transient ischemic attack; ICH: Intracerebral hemorrhage; IVH: intraven-
tricular hemorrhage; ICA: internal carotid artery; MCA: middle cerebral artery;
PCA: posterior cerebral artery; ATA-MCA: superficial temporal artery-middle
cerebral artery bypass surgery; EDAS: encephalo-duro-arterio-synangiosis

kV, tube current of 150 mA, and an average effective dose of 5.25 mSv.

Post-processing of CTP
1) NCCT

Pre- and post-surgical NCCT images were used to observe the cere-
bral parenchyma and determine the presence of cerebral infarction,
hemorrhage, or other abnormalities.

2) CTA

Virtual reality (VR) and maximum intensity projection (MIP) images
post-processed by multiphase CTA display the anatomy of the collateral
vessels from multiple angles. CTA images are mainly used to analyze the
vessels after revascularization procedures and to determine the patency
of the bridge vessel.

3) CTP

Dynamic volume perfusion images were further analyzed using
commercial software (Vital Images VES Client 6.9.2, Vital Images,
Minnetonka, MN, USA). The input artery and output vein were manually
selected. The basal artery was chosen as the input artery and the supe-
rior sagittal or straight sinus was selected as the output vein. The time-
density curve of the areas of interest was automatically obtained using
this software. Subsequently, perfusion parameter maps including cere-
bral blood volume (CBV), cerebral blood flow (CBF), mean transit time
(MTT), time to peak (TTP), and delayed peak time (delay time to peak,
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Delay-TTP) were generated using the SVD+ deconvolution algorithm.
The thickness of each perfusion parameter layer was 5 mm.

Regions of interest (ROIs) were automatically and manually selected
on perfusion parameter maps to avoid abnormal brain parenchyma such
as infarction, hemorrhage, surgery-related subdural effusion, and gas
accumulation. For the series of CTP examinations, ROIs were placed on
the gray and white matter in four consecutive layers (from the basal
ganglia to the radial corona in the middle cerebral artery distribution).
ROIs of the white matter regions were outlined manually. The ROIs of
the gray matter regions (10-mm) were automatically drafted using post-
processing software and adjusted manually, if applicable. The corre-
sponding CTP metric values were recorded, and the average values of
each CTP metric were calculated. (Fig. 1)

Statistical analysis

SPSS25 (IBM Corporation, Armonk, NY, USA) was used for statistical
analysis. All data are presented as the mean + standard error of the
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mean. Longitudinal changes for cohorts with complete data (cohorts
with three measured time points [pre-, post-surgery within a week, and
post-surgery after three months]) in the cerebral gray and white matter
at different time points were determined using analysis of variance for
repeated measurements, followed by Bonferroni post hoc multiple
comparisons, and the P value was adjusted. In addition, the postsurgical
and presurgical parameter ratios were calculated to observe perfusion
changes over time, and ratio-time curves were plotted using GraphPad
Prism software (version 8.0) to explore the time points at which brain
perfusion started to decline. The data (cohorts that included at least two
time points [pre- and post-surgery within a week, or pre- and post-
surgery after three months]) were used to analyze the change in perfu-
sion at different times in patients with different Suzuki stages using t-
tests for paired samples followed by Bonferroni post hoc multiple
comparisons, and the P value was adjusted. All statistical tests were two-
sided, and P < 0.05 was considered statistically significant.

Fig. 1. An example of ROI placement. Pictures A, B and C were post-processing images of CTP for pre-surgery, post-surgery within a week, and post-surgery after
three months, respectively. ROIs were manually drawn in white matter regions. Pictures D, E and F, were post-processing images of CTP for pre-surgery, post-surgery
within a week, and post-surgery after three months, respectively. ROIs were manually drawn in gray matter regions. Pictures 1-5 were post-processing images of CTP

(CBV, CBF, TTP, MTT and delay-TTP metrics, respectively.
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Results
Clinical characteristics

Because the two cerebral hemispheres are supplied with blood
separately, 31 patients with 44 sides of revascularization procedures (13
patients underwent bilateral surgery and 18 patients underwent uni-
lateral surgery) were analyzed. Twenty-three sides had complete lon-
gitudinal data (before surgery, short-term [within a week], and long-
term [>3 months] after surgery), 30 sides had short-term data (within
a week), and 36 sides had long-term data (>3 months).

Presurgical NCCT showed 21 cases of cerebral infarction, 2 cases of
acute cerebral hemorrhage, and 10 cases with negative NCCT results
that experienced transient ischemic attack (TIA), indicating the need for
further surgical treatment®’. Postoperatively, all bridge vessels were
patent. No occlusion of the bridge vessels was observed during the
follow-up. Three patients developed new infarctions shortly after, and
one patient had an increased infarction area with hemorrhagic trans-
formation. All infarcts and hemorrhages occurred 5-7 days after surgery.
Accompanying aneurysms were found in 3 cases of MMD on CTA. With
Suzuki' staging, there was 1 case in stage 2, 19 in stage 3, and 11 in stage
4. By comparison, in the Matsushima®* analysis, there were 3 cases of
stage 2, 12 cases of stage 3, and 16 cases of stage 6. The detailed clinical
and imaging data of the patients are presented in Table 1.

Longitudinal changes of the cerebral perfusion

Twenty-three sides with complete longitudinal data (before surgery,
short-term [within a week], and long-term [>3 months] after surgery)
were included for longitudinal evaluation.

1) Perfusion evolution in the cerebral gray matter

Significant changes in the cerebral cortex perfusion values of the TTP
after surgery were detectable compared with those before surgery. TTP
values decreased from 14.90+5.20 s to 11.86+2.60 s within a week after
surgery and slightly increased to 12.47+2.26s after 3 months. (P =
0.016 for pre- vs. post- within a week; P = 0.155 for pre- vs. post- after 3
months). MTT values slightly decreased from 4.30+0.96 s (pre-) to 3.89
+0.74 s within a week after surgery but increased somewhat to 4.16
+0.61 s after 3 months. The CBV and CBF values increased slightly and
decreased to even lower values than the presurgerical values in the long
run. However, no significant differences were observed between groups.
The delay values decreased gradually; however, no significant changes
were observed. (Table 2 and Fig. 2).

2) Perfusion evolution in the cerebral white matter

TTP in the cerebral white matter compared with values before sur-
gery significantly decreased from 15.45+5.14 s to 12.194+2.65 s within a

Table 2
Changes in cerebral cortex and cerebral white matter for three time points.
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week after surgery (P =0.008) and slightly increased in the long term
follow-up. MTT values slightly dropped from 4.24+0.89 s to 4.04+0.87
s in a week and were maintained at 4.044-0.67 s after 3 months, but no
significant changes were observed. CBF values increased from 36.10 to
41.62 mL/(100 g-min) just for a short time (P =0.02) and decreased to
33.61 mL/(100 g-min) in the long term. CBV values increased from 2.46
mL/100 g to 2.76 mL/100 g a short time after surgery and significantly
decreased to 2.17 ml/100 g in the long term (P=0.012). The delay-TTP
values gradually decreased, but no significant changes were observed.
(Table 2 and Fig. 2).

Validating a time threshold for the deterioration of the cerebral perfusion

Because the follow-up time of the included patients ranged from 3
months to 3 years, we used cerebral perfusion data at the same follow-up
time points on at least 3 sides. Thirty-two sides of data (3 months: 7
sides; 4 months: 4 sides; 5 months: 4 sides; 6 months: 3 sides; 8 months: 3
sides; 12 months: 7 sides; >12 months: 4 sides) were included in this
part of the analysis, and mean values were calculated for each time
point.

The MTT and TTP values showed similar trends, and the CBF and
CBV values changed similarly. During the fourth and fifth months, the
CBF ratios increased to >1, while the MTT and TTP shortened, and the
ratios were <1. In the sixth month, the MTT and TTP ratios were more
significant than those in the first month. The MTT ratios decreased to <1
in the eighth month and then increased slightly to approximately 1 until
the 12th month. However, the TTP ratios continued to decrease and
dropped to <1 in the eighth month. The CBF ratios were <1 in the sixth
and eighth months and >1 in the 12th month. The CBV ratios were <1
from the sixth month until the 12th month. At long-term follow-up (>12
months), the TTP and MTT ratios and the CBF and CBV ratios remained
<1. (Fig. 3)

Longitudinal changes of the cerebral perfusion in patients with different
Sugzuki stages

Nineteen patients with 26 sides were assigned as Suzuki stage 3 (16
sides of short-term and 22 sides of long-term post-surgical data). Eleven
patients (15 sides) were assigned as Suzuki stage 4 (13 sides in the short-
term and 12 sides in the long-term postsurgical data). These data were
included to evaluate changes in cerebral perfusion at different Suzuki
stages. A similar perfusion evolution tendency was observed in patients
with MMD, irrespective of the Suzuki stage. (Table 3)

In the gray matter, significantly decreased TTP were found within a
week post-surgery (13.42+3.23 s to 11.65+2.3 s) and 3 months after the
surgery (11.65+2.3 s to 11.70+2.36 s) in patients with Suzuki stage 3 (P
= 0.004 for pre- vs post- within a week; P = 0.013 for pre- vs post-after
3m) but not those with stage 4. Irrespective of Suzuki stage, CBF
significantly increased within a week after surgery and then decreased
again to the preoperative level after 3 months (pre- vs. post-surgery after

Pre (n=23) Postl (n=23) Post2 (n=23) P values (Pre vs. postl) P values (Pre vs. post2) P values (postl vs. post2)
TTP 14.90+5.20 11.86+2.60 12.474+2.26 0.016* 0.155 >0.99
MTT 4.30+0.96 3.89+0.74 4.16+0.61 0.099 >0.99 0.258
Gray Matter CBF 46.81+10.95 50.49+11.59 46.12+10.88 0.487 >0.99 0.440
CBV 3.24+0.53 3.32+0.75 3.11+0.59 >0.99 >0.99 >0.99
delay 3.43+2.65 2.87+1.21 2.55+1.26 0.810 0.419 0.907
TTP 15.45+5.14 12.19+2.65 13.43+2.35 0.008* 0.219 0.237
MTT 4.24+0.89 4.04+0.87 4.04+0.67 0.635 0.190 0.147
White Matter CBF 36.10+9.14 41.62+8.31 33.61+£8.90 0.02* 0.684 0.008*
CBV 2.46+0.67 2.76+0.76 2.17+0.55 0.139 0.012% 0.001%
delay 3.72+2.21 3.40£1.60 3.26+1.58 >0.99 0.917 >0.99

Pre: Pre-surgery; postl: post-surgery within a week; post2: post-surgery after three months; TTP, MTT and delay were measured in seconds (s); CBF was measured in
ml/(100g.min); CBV was measured in ml/100g; P values were adjusted by Bonferroni correction for multiple comparison.
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3 months: 51.98+13.3 ml/(100 g-min) vs 52.76+10.2 ml/(100g-min),
P=0.821). No significant changes in CBV values were observed within a
week after surgery or 3 months after surgery in patients with Suzuki
stage 3 or 4 MMD.

Within a week after surgery, the TTP of the white matter significantly
decreased and the CBF increased considerably, irrespective of Suzuki
stage. In addition, the CBV of patients with Suzuki stage 3 MMD

substantially increased during short-term follow-up. Regarding long-
term follow-up, the TTP of the white matter was still significantly
lower than that before surgery in patients with Suzuki stage 3 MMD.
Compared with presurgical values, reduced CBF and substantially low-
ered CBV were identified in patients with Suzuki stage 3 or 4 MMD.
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Table 3
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Changes in cerebral cortex and cerebral white matter for Suzuki Stage 4 and Stage 3 patients.

Suzuki Stage 4

Pre (n=15) Postl (n=13) Post2 (n=12) P values (Pre vs. postl) P values (Pre vs. post2) P values (post1 vs. post2)
TTP 15.87+6.57 12.14+3.87 12.00+2.96 0.077 0.068 0.445
MTT 5.07+1.27 4.47+0.70 4.26+0.55 0.068 0.133 0.934
Gray Matter CBF 43.05+9.29 49.30+11.86 43.71+£10.44 0.043* 0.788 0.303
CBV 3.55+0.92 3.64+0.91 3.04+0.56 0.660 0.143 0.305
delay 4.53+3.34 2.75+1.25 2.71+1.12 0.060 0.177 0.841
TTP 16.55+6.42 12.48+3.80 13.14+2.96 0.03* 0.107 0.159
MTT 4.91+1.30 4.42+0.94 4.15+0.60 0.077 0.148 0.781
White Matter CBF 34.98+8.11 40.51+9.26 34.36+11.63 0.05* 0.244 0.064
CBV 2.77+0.82 2.97+0.87 2.29+0.62 0.412 0.007* 0.064
delay 4.31+2.57 3.38+1.84 3.26+1.66 0.16 0.143 0.916
Suzuki Stage 3
TTP 13.42+3.23 11.65+2.31 11.70+2.36 0.004* 0.013* 0.649
MTT 4.20+0.71 3.48+0.46 4.00+0.62 0.006* 0.319 0.032*
Gray Matter CBF 51.98+13.30 58.31+14.06 52.76+10.20 0.038* 0.821 0.262
CBV 3.56+0.80 3.50+0.78 3.43+0.63 0.179 0.395 0.507
delay 3.17+1.96 2.80+1.23 2.23+1.39 0.728 0.021* 0.275
TTP 14.45+3.39 12.134+2.32 12.9442.23 0.001* 0.034* 0.255
MTT 4.24+0.73 3.75+0.75 3.98+0.81 0.106 0.068 0.671
White Matter CBF 38.49+10.77 44.99+7.31 37.36+7.56 0.001* 0.652 0.021*
CBV 2.7240.92 2.79+0.62 2.41+0.72 0.003* 0.015* <0.001*
delay 4.21+2.18 3.80£1.55 3.23+1.49 >0.99 0.075 0.833

Pre: Pre-surgery; postl: post-surgery within a week; post2: post-surgery after three months; TTP, MTT and delay were measured in seconds (s); CBF was measured in
ml/(100g.min); CBV was measured in ml/100g; p values were adjusted by Bonferroni correction for multiple comparison.

Discussion

Our study demonstrated that CTP can depict the patency of the
bridge vessels and easily identify new infarcts or hemorrhages. Longi-
tudinal CTP analysis showed that TTP in the white and gray matter
decreased significantly for a short period after surgery. CBF values in the
white matter increased significantly for a short time after surgery but
decreased again for a long time after surgery. Furthermore, our study
found that cerebral perfusion began to deteriorate in the sixth month
and continued to deteriorate at 6-8 months, returning to the presurgical
level after a year. In addition, the improvement in postsurgical perfusion
was greater in stage 3 patients than in stage 4 patients.

Our comprehensive study found that TTP values within a week after
surgery were significantly lower than those before surgery, whereas CBF
increased significantly. These changes in the gray and white matter were
similar, indicating marked perfusion improvement in the short-term
after surgery. These results were consistent with those reported by
Wang et al.'®. This suggests that the cerebral parenchymal blood supply
effectively benefited from STA-MCA surgery in a short time.?>?” How-
ever, over time, compared with preoperative values, CBF and CBV
decreased again and showed no significant improvement. The CBF and
CBV of the white matter decreased to a lower level than before surgery.
However, inconsistent with CBF or CBV, the TTP was still slightly lower
than the presurgical TTP, with no statistical significance, suggesting that
neovascularization coverage was still ongoing. This result verified the
findings of Calamante et al.”® and Shimizu et al.>. They suggested ce-
rebral hemodynamics did not develop immediately because blood ves-
sels took 3 to 4 months to form.”®?’

Furthermore, our longitudinal study identified that cerebral perfu-
sion began to deteriorate in the sixth month, continued to deteriorate
from the sixth to eighth months, and returned to the presurgical level
after a year. The results of previous studies might explain these findings.
Calamante et al.”® and Shimizu et al.>* suggested that cerebral hemo-
dynamics did not improve immediately after surgery because blood
vessels took 3-4 months to develop, and presurgical cerebral ischemia
could occur during this time. Therefore, more supportive treatment is
required during this period. Zhao et al.'® reported that neo-
vascularization coverage for patients with MMD was not ideal 3-6
months after bypass surgery; neovascularization was generally
completed at approximately 6 months, and the coverage increased

significantly one year later. Our results were partially consistent with
these findings, and a study with a longer (>2 years) follow-up period is
warranted.

We further investigated the impact of surgery on different Suzuki
stages to identify patients with MMD who may benefit from surgery. Our
study showed a similar perfusion evolution tendency in patients with
MMD, irrespective of Suzuki stage. CBF and TTP temporarily improved
in both gray and white matter. Significantly decreased TTP in the gray
matter at 3 months and substantially increased CBV in the white matter
within a week after surgery were only identified in patients with Suzuki
stage 3 but not those with stage 4. This suggests that in patients with
MMD with Suzuki stage 4, less perfusion improvement was observed
during surgery than in those with Suzuki stage 3 disease. Additionally,
we found that there were no significant improvements in the long-term
relevant to Suzuki stage, and CBV values in white matter regions were
significantly lower than presurgical values. These results indicate that
the short-term improvement effect of surgery in MMD is better than that
in the long term, and the curative effect of surgery in patients was
similar, irrespective of the Suzuki stage.

Surgical treatment methods for MMD include direct and indirect
surgery.”® Some researchers have indicated that direct surgery yields a
larger postoperative perfusion area and more significant improvement
than indirect surgery.*° However, longitudinal studies comparing these
two surgical methods and the evolution of brain perfusion are yet to be
conducted. In our study, all included patients underwent direct (n=35)
or direct combined with indirect (n=9) revascularization surgery.
However, owing to the small sample size, the impact of different surgical
methods on brain perfusion alterations in patients cannot be evaluated
or applied in our study. Multicenter studies with large sample sizes are
required to analyze the longitudinal perfusion changes using different
revascularization techniques.

Our study has several limitations. First, radiation exposure during
CTP is inevitable. CTP at our hospital significantly reduced the mean
effective dose. Second, the study cohort was limited, and follow-up was
inconsistently performed. There have been few long-term follow-up
studies, and few studies have analyzed white and gray matter separately.
However, MMD often affects different vessel territories to a different
extent; in this study, we mainly focused on the overall perfusion alter-
ations of the brain parenchyma while neglecting the impact of the
different circulation regions. This problem should be solved in future
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studies with larger sample sizes. Third, CTP scans were performed
before and after surgery a total of three times; therefore, it was chal-
lenging to ensure that the ROIs were precisely the same all three times,
which might have caused some bias. However, all brain CTP collections
were standardized with high consistency.

In conclusion, CTP can be used to evaluate bridge vessels and
simultaneously obtain dynamic alterations in brain parenchymal
perfusion in patients with MMD after revascularization surgery.
Increased cerebral perfusion was observed shortly after surgery. How-
ever, as time passed, brain perfusion began to deteriorate in the sixth
month and continued to deteriorate from the sixth to eighth months. It
returned to or was lower than the presurgical level after the last follow-
up, which may be the leading cause of disease progression. In addition,
the improvement in postsurgical perfusion was greater in Suzuki stage 3
patients than in stage 4 patients. Our results should be verified in a
prospective study with a longer follow-up period.
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Arterial Spin-Labeling MRI Can Identify the Presence and
Intensity of Collateral Perfusion in Patients With
Moyamoya Disease

Greg Zaharchuk, PhD, MD; Huy M. Do, MD; Michael P. Marks, MD; Jarrett Rosenberg, PhD;
Michael E. Moseley, PhD; Gary K. Steinberg, MD, PhD

Background and Purpose—Determining the presence and adequacy of collateral blood flow is important in cerebrovas-
cular disease. Therefore, we explored whether a noninvasive imaging modality, arterial spin labeling (ASL) MRI, could
be used to detect the presence and intensity of collateral flow using digital subtraction angiography (DSA) and stable
xenon CT cerebral blood flow as gold standards for collaterals and cerebral blood flow, respectively.

Methods—ASL and DSA were obtained within 4 days of each other in 18 patients with Moyamoya disease. Two
neurointerventionalists scored DSA images using a collateral grading scale in regions of interest corresponding to
ASPECTS methodology. Two neuroradiologists similarly scored ASL images based on the presence of arterial transit
artifact. Agreement of ASL and DSA consensus scores was determined, including kappa statistics. In 15 patients,
additional quantitative xenon CT cerebral blood flow measurements were performed and compared with collateral

grades.

Results—The agreement between ASL and DSA consensus readings was moderate to strong, with a weighted kappa value
of 0.58 (95% confidence interval, 0.52—0.64), but there was better agreement between readers for ASL compared with
DSA. Sensitivity and specificity for identifying collaterals with ASL were 0.83 (95% confidence interval, 0.77—0.88)
and 0.82 (95% confidence interval, 0.76—0.87), respectively. Xenon CT cerebral blood flow increased with increasing

DSA and ASL collateral grade (P<<0.05).

Conclusions—ASL can noninvasively predict the presence and intensity of collateral flow in patients with Moyamoya
disease using DSA as a gold standard. Further study of other cerebrovascular diseases, including acute ischemic stroke,

is warranted. (Stroke. 2011;42:2485-2491.)

Key Words: angiography m arterial spin labeling m cerebral blood flow m cerebral hemodynamics
m cerebrovascular disease m collateral flow m neuroradiology m perfusion

Moyamoya disease is characterized by progressive ste-
nosis of the supraclinoid anterior circulation.! By the
time of diagnosis, these patients have extensively developed
collateral vessels. Cerebral collateral flow is poorly under-
stood despite its importance in maintaining the cerebral
circulation during acute stroke and chronic hypoperfusion.>3
In acute stroke, the presence of collaterals is associated with
better outcomes after thrombolytics*> and appears to decrease
the rate of hemorrhagic transformation.® A commonly ac-
cepted method of judging the presence of collateral vessels is
digital subtraction angiography (DSA), which is relatively
time-consuming, invasive, and costly. DSA-based grading
systems described in the literature are qualitative, relying on
the visual inspection of contrast transit to an ischemic
region.” Other methodologies, including bolus contrast

methods such as CT perfusion and MRI-based perfusion-
weighted imaging, may permit evaluation of the adequacy of
flow related to collaterals, although they do require the use of
exogenous contrast agents. It would be helpful to have
information about the collateral networks using a truly
noninvasive, noncontrast tomographic approach.

Arterial spin-labeling (ASL) is a noncontrast MRI perfu-
sion method whose greatest flaw is its exquisite sensitivity to
arterial arrival delays.'°-'> However, the bright intravascular
signal known as arterial transit artifact (ATA) actually con-
tains important information about late-arriving flow. How-
ever, this complicates the calculation of quantitative cerebral
blood flow (CBF),'¢!7 which can be circumvented by the use
of gold standard diffusible tracer methods such as stable
xenon (Xe) CT.'81° The goal of the current study was to test
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whether ASL using a single postlabel delay (PLD) time could
be used to reliably identify the presence of angiographic
collaterals using DSA as a gold standard. Additionally, we
sought to understand whether quantitative CBF measure-
ments using stable Xe CT correlated with either DSA-based
or ASL-based measures of collateral flow.

Materials and Methods

The study was approved by our institution’s Committee on Human
Research. DSA and ASL imaging was performed in 18 patients with
newly diagnosed Moyamoya disease (5 men, 13 women; mean age,
43 years; range, 19—65 years; 11 unilateral disease, 7 bilateral
disease) as part of their preoperative assessment for possible super-
ficial temporal artery to middle cerebral artery bypass. All patients
were symptomatic, with the most common symptoms including
transient ischemic attacks, small deep white matter infarcts, seizures,
and headache. The DSA study was acquired within 4 days of the
MRI study in all cases.

DSA was performed using a dedicated biplane cerebral angio-
graphic system (Axiom Artis dBA Twin; Siemens Medical Systems).
Images of bilateral internal and external carotid artery and at least 1
vertebral artery injection were acquired and stored. Imaging through
the entire arterial and venous phases was performed to evaluate
slowly flowing collateral vessels.

All MRI studies were performed at 1.5 T. In addition to the
anatomic imaging, which is part of the clinical routine at our
institution, we acquired pulsed continuous ASL using a repetition
time of 5500 ms, echo time of 2.5 ms, labeling period of 1500 ms,
and a PLD of 2000 ms, with a total acquisition time of 6 minutes.
Readout was accomplished with a 3-dimensional background-
suppressed fast spin-echo method, with in-plane and through-plane
spatial resolution of 3 mm and 4 mm, respectively.

In 15 of these patients (83%), stable Xe CT CBF measurements
were also performed. CT was performed using a GE Lightspeed 8
detector scanner integrated with a stable Xe enhancer system
(Diversified Diagnostic Products). The Xe CT protocol imaged 4
contiguous 10-mm slices (80 kVp, 240 mA), with the lowest slice at
the level of the basal ganglia. Eight sets of images were acquired at
45-second intervals. The first 2 time points were acquired during
room air inhalation, whereas the remaining 6 time points were
acquired during 28% Xe gas inhalation. End-tidal Xe concentration
was assumed equal to arterial Xe concentration, a reasonable
approximation except in patients with severe respiratory disease.
CBF was calculated using the Kety autoradiographic method by the
manufacturer’s commercial software,?° yielding CBF maps with a
1-mm nominal and 2 to 3 mm true in-plane spatial resolution. Rigid
body rotation based on mutual information using SPM5 (University
College of London, available at www.fil.ion.ucl.ac.uk/spm/software/
spm5) was used to coregister the ASL. CBF images to the Xe CT
images.

Two interventional neuroradiologists (M.P.M. and H.Y.D.) sepa-
rately evaluated the DSA studies using a 4-point collateral grading
scale describing the intensity of collateral flow.” It incorporates
specific comparison locations between regions identified on DSA
and tomographic images based on 2 slices corresponding with the
Alberta Stroke Programme Early Computed Tomography Score
(ASPECTS) locations. This scale is as follows: 0, no collaterals
visible (absence of any capillary blush); 1, mild to moderate
collaterals; 2, robust collateral flow; and 3, normal antegrade flow.
This grading was performed in 20 regions in each patient, as
described in Figure 1. We chose to focus only on cortical regions
because of the difficulties in visualizing capillary blush on DSA and
signal on ASL imaging in the white matter. Disagreements were
resolved by consensus. ASL images were evaluated by 2 additional
neuroradiologists (G.Z. and N.J.F.) blinded to the DSA studies and
grading results. These were scored in the same regions of interests
using a similar 4-point scale (0, no or minimal ASL signal; 1,
moderate ASL signal with ATA; 2, high ASL signal with ATA; and
3, normal perfusion without ATA). To improve the robustness of this

A2

o

M1/ M2 M3 P1

M4 M5~ M6 P2
o~

A1

Figure 1. Collateral grading scales. Regions on digital subtrac-
tion angiography (A, B) are compared with corresponding
regions on cross-sectional images (C, D). Figure modified with
permission from Kim JJ, Fischbein NJ, Lu Y, Pham D, Dillon
WP. Regional angiographic grading system for collateral flow:
correlation with cerebral infarction in patients with middle cere-
bral artery occlusion. Stroke. 2004;35:1340-1344.

score, several slices immediately above and below the precise
ASPECTS slice were mentally summed to be more comparable with
the DSA measurement.?! An example of the ASL collateral grading
scale is shown in Figure 2. Disagreements were resolved by
consensus.

Agreement, linear-weighted « values, Kendall 7-b measure of
correlation, and the exact Bowker test of symmetry (to determine any
tendency for disagreements to be predominantly in 1 direction) were
calculated for both the individual inter-reader scores and intermo-
dality consensus scores. Also, the scores were dichotomized between
0 and 2 (collateral flow) and 3 (antegrade flow) and were compared
using unweighted «, the Kruskal-Goodman vy measure of correlation,
and the exact Bowker test of symmetry. The consensus DSA reading
was considered the gold standard and, based on this, specificity,
positive predictive value, and negative predictive value of ASL for
identifying collateral flow were determined.

Quantitative Xe CT CBF was measured in the same regions-of-
interest in which collaterals were assessed, using the two 10-mm
slices most closely aligned with the ASPECTS system. After
coregistering and reslicing the ASL CBF images to the same slice
thickness and locations as the Xe CT slices (10-mm-thick), qualita-
tive CBF values were also obtained in the same regions; the ASL
measurements cannot be considered quantitative, considering the
unknown effects of arterial arrival time, and are shown only for
comparative purposes. The Jonckheere-Terpstra test was used to
evaluate whether there was a trend for increasing CBF based on
either the consensus DSA or the ASL collateral scores. All statistical
analyses were performed with Stata Release 9.2.

Results
An example of a DSA image in the late venous phase and
corresponding ASL images at the relevant levels in a patient
with unilateral Moyamoya disease is shown as Figure 3. Note
the clear depiction of arterial transit artifact on the ASL
images in the right middle cerebral artery territory that also
demonstrates delayed collateral flow on the DSA study.
Although most cases showed good correlation, we present in
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Figure 2. A 30-year-old woman with bilateral Moyamoya dis-
ease. FLAIR (A) and arterial spin-labeling (ASL; B) images at the
2 ASPECTS levels used in the current study. ASL collateral con-
sensus scores are shown as an illustration of the grading scale
(0, no or minimal ASL signal; 1, moderate ASL signal with arteri-
al transit artifact [ATA]; 2, high ASL signal with ATA; 3, normal
perfusion without ATA). FLAIR indicates fluid attenuated inver-
sion recovery.

Figure 4 an example of a case in which there was a
discrepancy between the DSA and ASL collateral scores in
which an area was deemed to be fed by collaterals on ASL but
was called normal antegrade flow on DSA. Interestingly, it

RICA LICA
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Scores
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Figure 4. A 40-year-old woman with Moyamoya disease. Arteri-
al spin-labeling CBF images (A) and collateral grades (B). C,
Digital subtraction angiography (DSA) collateral grades. In this
patient, there is good correlation except in the right A1 and A2
regions, which were called abnormal on ASL but not on DSA.
Later, it was deemed that this patient had early bilateral Moya-
moya disease and underwent bilateral superficial temporal artery
to middle cerebral artery bypass.

was later deemed that this patient had early bilateral Moya-
moya based on clinical and angiographic features and under-
went bilateral superficial temporal artery to middle cerebral
artery bypass.

Overall, there was good agreement between the 2 readers
for each modality as shown in the Table. It was more
common for the ASL readers to agree regarding the exact

Figure 3. Comparison between digital
subtraction angiography and MRI findings
in a 41-year-old woman with unilateral
Moyamoya disease. Anterior projections
from right and left internal carotid artery
injections in the (A) arterial and (B) venous
phases demonstrate delayed capillary
blush in the middle cerebral artery (MCA)
territory (arrows), which corresponds to
the MCA regions on ASPECTS. FLAIR (C)
and arterial spin-labeling (D; ASL) images
in the same patient corresponding to the
2 ASPECTS levels. ASL images demon-
strate clear abnormality in the M1-M3

and M5-M6 regions. The arterial transit
artifact signal on the ASL images in the
affected territories reflects flow arriving via
collateral routes. FLAIR indicates fluid
attenuated inversion recovery.
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Table. Inter-Reader and Intermodality Agreement of Collateral Scores
Full 4-Point Score Weighted k 95% Cl Kendall 7-b Symmetry Test P
DSA1 vs DSA2 0.52 0.47-0.56 0.78 <0.0001 DSA1>DSA2
ASL1 vs ASL2 0.79 0.74-0.84 0.85 <0.0001 ASL2>ASL1
ASLc vs DSAc 0.58 0.52-0.64 0.67 0.0013 DSAc>ASLc
Dichotomized Scores (Collateral
vs Antegrade Perfusion) K 95% Cl Kruskal y Symmetry Test P
DSA1 vs DSA2 0.86 0.80-0.91 0.99 0.009 DSA1>DSA2
ASL1 vs ASL2 0.87 0.82-0.92 0.99 0.541
ASLc vs DSAc 0.65 0.56-0.72 0.91 0.450

ASL indicates arterial spin-labeling; Cl, confidence interval; DSA, digital subtraction angiography.

DSA1: DSA scored by reader 1.
DSA2: DSA scored by reader 2.

DSAc: DSA score based on consensus read of readers 1 and 2.

ASL1: ASL scored by reader 1.
ASL2: ASL scored by reader 2.

ASLc: ASL score based on consensus read of readers 1 and 2.
DSA1>DSA?2 reflects that the average scores for reader 1 were higher than those of reader 2.

score as compared with the DSA readers (83% versus 65%,
respectively). This is also reflected in a higher-weighted « for
the ASL readers (k=0.79; 95% confidence interval [CI],
0.74-0.84) compared with the DSA readers (k=0.52; 95%
CI, 0.47-0.56). Weighted « for the agreement between the
consensus DSA and ASL scores was 0.58 (95% CI, 0.52—
0.64). Using a dichotomized scale (ie, collateral flow [score,
0-2] versus normal flow [score 3]), the k value was even
higher (0.65; 95% CI, 0.56—0.72), which can be considered
as substantial agreement.>> Based on DSA consensus scores,
46% of the regions assessed where deemed to be fed by
collaterals. For the consensus ASL and DSA collateral
scores, sensitivity, specificity, positive predictive value,
and negative predictive value were 0.83 (95% CI, 0.77-
0.88), 0.82 (95% CI, 0.76-0.87), 0.80 (95% CI, 0.73-
0.86), and 0.85 (95% CI, 0.79-0.90), respectively. The
nonsignificant exact Bowker test (P=0.45) indicated that

was no tendency toward false-positive results over false-
negative results. Supplemental Table I (http://stroke.
ahajournals.org) shows the breakdown of the various
collateral scores using the entire 4-point scale.

Figure 5 shows the results of the Xe CT and ASL CBF
measurements as a function of either increasing DSA or
increasing ASL collateral scores. The Xe CT CBF measure-
ments increase with increasing collateral score, regardless of
the method used, but the trend is more pronounced for the
ASL collateral score compared with the DSA collateral score
(ASL collateral score: J*=8.00; for DSA collateral score:
J*¥=6.16; Supplemental Table II). ASL CBF shows that the
regions with robust collaterals (score=2) had higher apparent
CBF than those with anterograde perfusion (score=3). This is
likely attributable to artifacts associated with delayed arterial
arrival and high ASL signal in the feeding arteries that
perfuse more distal tissue.
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Figure 5. Mixed-cortical cerebral blood flow (CBF) measured with a gold standard method (xenon CT [Xe CT]) and arterial spin-
labeling (ASL) in the same regions assessed for collaterals, as a function of either (A) digital subtraction angiography (DSA)-based
consensus collateral score or (B) ASL-based consensus collateral score. Xe CT CBF increased with both DSA-based and ASL-
based collateral scores, but the trend was more pronounced for the ASL-based collateral score. Data shown are from the 15
patients who had both Xe CT and ASL performed. The number of regions in which the measurements were made is shown under
the data points. Error bars represent standard deviation of the respective method. These are shown only on the upper half of the
Xe CT and the lower half of the ASL data for clarity. No significant difference between the CBF measurement types for any of the
collateral scores was present.
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Discussion

Collateral blood flow plays a critical role in supporting the
cerebral circulation in the setting of acute and chronic
cerebral ischemia.?232* In response to a decrease in local
perfusion pressure, there is recruitment of flow from both
circle of Willis and leptomeningeal anastomoses, which
compensate for the lack of anterograde flow.? Patients with
the same vascular occlusion may have significantly different
outcomes based on their ability to recruit collateral pathways
to restore flow to the ischemic region during the minutes and
hours after an acute event.?52¢ The eventual failure of
collateral pathways is thought to lead to infarct growth and is
ultimately responsible for the decreasing efficacy of stroke
therapy with time.?” Timely knowledge about the status of
collaterals affects the decision-making process regarding
acute therapy in individual patients with ischemic stroke.?327
For example, Kucinski et al>> demonstrated that the best
predictor of favorable outcome in the retrospective series of
patients undergoing intra-arterial thrombolysis was the pres-
ence of good collateral flow as judged by the initial DSA
study. For all these reasons, having the ability to assess the
location and amount of collateral perfusion using a noninva-
sive test such as MRI would be desirable.

Given its sensitivity to arrival time and its ability to
quantify CBF, ASL combines features of both angiography
and perfusion. Previous studies have shown good correlation
with gold standard CBF imaging of gray matter in healthy
subjects,?® but it is likely that it underestimates CBF in
regions with delayed arterial arrival times. This is because the
label decays with the blood T1, which is on the same order as
arterial arrival delays in patients with Moyamoya disease.?’
However, this drawback for quantitation may be turned to
advantage for visualizing collaterals. With ASL, late-arriving
flow appears as serpiginous high ASL signal within cortical
vessels, which has been termed ATA.!''3° ATA was seen
frequently in a small group of acute ischemic stroke patients
and was associated with tissue survival and improved clinical
outcome.?' Also, patients with chronic hypoperfusion and
ATA had poor cerebrovascular reserve in response to acet-
azolamide.'" ATA is dependent on several sequence param-
eters, particularly the labeling time and the PLD. Only a
single PLD was used in this study; ASL sequences with a
range of PLD times exist and can be helpful for quantifying
CBF3234 but require longer imaging times for equivalent
signal-to-noise ratio. There is some evidence that choosing a
single PLD in a range that is highly sensitive to delay can
increase the sensitivity for identifying pathology.!?35

This study shows that an ASL sequence with a single
moderately long PLD can identify regions with collateral
flow and can differentiate between poor and robust collateral
flow, as determined using a DSA-based collateral grading
scale. In particular, the agreement between consensus ASL
and DSA scores for the distinction of normal perfusion versus
collateral flow was quite good. Also, there was no evidence of
a systematic bias in the ASL scoring compared with the
consensus DSA. These findings are consistent with a previous
study®¢ that used a high-field (3-T) multiple PLD ASL
method that also used perfusion territory imaging, an ASL
method that can separate flow contributions from different
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cerebral arteries. These investigators examined a population
of patients with a variety of cerebrovascular disease, some of
whom had Moyamoya disease, and found a k value of 0.72
for distinguishing collateral from antegrade perfusion, similar
to that in the current study (k=0.65). In addition to validating
these general results, the current study also examines how
well different readers agree on both the DSA and ASL
grading scales, showing that agreement is higher with the
ASL method. Furthermore, we suggest that high-field imag-
ing, perfusion territory imaging, and multiple PLD ASL
imaging are not required to identify collateral flow with a
similar degree of accuracy. This is important because these
modifications to the ASL experiment required additional
imaging time (10 minutes for the ASL and 4 minutes for the
3-dimensional time-of-flight angiogram that is required to
plan the ASL sequence). The current study demonstrates
good performance using a faster ASL imaging protocol (6
minutes), making it more feasible in the clinical setting.

We also undertook understanding the relationship between
collateral scores and CBF. Previous reports have suggested
that identification of collaterals on DSA was not a good
predictor of the adequacy of cerebral perfusion based on
oxygen extraction fraction measurements using positron
emission tomography.37-3% Our findings show that gold stan-
dard Xe CT-based CBF increases as collateral score increases
for both DSA-based and ASL-based consensus collateral
scores. This effect was more pronounced with the ASL-based
scores than the DSA-based scores (Supplemental Table II).
Interestingly, the highest correlation was for Xe CT CBF
based on ASL collateral score. ASL CBF also increased with
increasing collateral score but is unreliable in the presence of
known long arterial arrival delays. This likely explains why
the ASL CBF measurements are highest in regions rated to
have robust collaterals (score=2), because this flow is des-
tined for more distal slices. Bolus perfusion-weighted imag-
ing, using either CT or MRI, also can be used to estimate
CBF, cerebral blood volume, mean transit time, and normal-
ized bolus arrival time and could be used for this application.
However, it is challenging to acquire quantitative CBF
measurements using such nondiffusible intravascular tracers,
particularly in patients with Moyamoya disease.?3° Delay-
corrected algorithms*® may mitigate problems associated with
pure delays, but not with dispersion.*! We performed
perfusion-weighted imaging measurements in a subset of
these patients, but we do not present these data because the
acquisition parameters were not standardized, and the imag-
ing planes did not completely cover the regions of interest
interrogated in the remainder of the study. To our knowledge,
few methods using bolus perfusion-weighted imaging to
distinguish normal from collateral flow have been reported,*?
and we hope to explore this more thoroughly in a prospec-
tively recruited study. This ASL method may be particularly
amenable for use in patients who cannot receive gadolinium-
containing contrast agents or who may need multiple studies
(either in a single or consecutive sessions) to assess either
cerebrovascular reserve or effects of treatment.

The limitations of this study include the difficulties of
applying the DSA collateral grading system,’ initially devel-
oped for acute ischemic stroke as part of the PROACT 2
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study, to a chronic cerebrovascular disease such as Moya-
moya disease. Also, perfusion territory imaging using vessel-
selective ASL was not used,?>#344 which may further help
identify regions fed via collateral pathways. Such a method
would allow one to distinguish slow antegrade flow attribut-
able to a high-grade stenosis from leptomeningeal or other
retrograde-type collateral flow, which was not possible with
the current study. Historically, such methods have required
additional scan time, but newer techniques have been de-
scribed that achieve vessel selectivity without the scan time
penalties.*s It is probable that such methods would prove even
more accurate. Also, we do not report quantitative CBF using
the ASL method. Given the long arterial arrival delays in
Moyamoya patients,? it is likely that some degree of CBF
underestimation occurs in the regions perfused by collaterals.
Finally, we recognize that the use of a consensus reading
from 2 separate readers for each modality allows only a
limited evaluation of the variability related to multiple read-
ers, which is reported in the Table.

Conclusions
This study shows that ASL can noninvasively evaluate the
presence and intensity of collateral flow in patients with
Moyamoya disease when compared to DSA. Further study of
other cerebrovascular diseases, including acute ischemic
stroke, is warranted.
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