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Background
• Childhood incidence: 2-13/100,000/year, 

50% ischemic

• 5000 new cases in the US/year

• Hospitalizations for pediatric arterial 
ischemic stroke on the rise….
• Better quality/access to diagnostic imaging
• Increased survival of children with cardiac, 

metabolic disease

Natl Vital Stat Rep. 2013; 62:1-96.



• Cerebrovascular disease is among the top ten causes of death in 
young people
• 65% of children with lasting motor deficits
• 1/3rd develop epilepsy
• Lasting deficits in cognition, language, executive function
• Incidence of LVO in children is not known, but studies suggest that 

children with large artery territory infarction have poor long-term 
outcomes 

• High cost of care
• $42,338:  Median cost of care 1 year post-stroke 
• $135,161: Average adjusted 5-year cost of childhood stroke 

Natl Vital Stat Rep. 2013; 62:1-96
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Background

An intervention that could reduce or eliminate disability in children with 
stroke would have a major, lasting impact on individual and society





“In the absence of pediatric clinical trial data to guide 
treatment decisions, hyperacute therapies for childhood AIS 
remain controversial…”

Ferriero et al, Stroke 2019

…no clear guidelines for children



Perfusion imaging identifies adult patients with salvageable 
tissue who will benefit from reperfusion

• DEFUSE 3: Thrombectomy 6-16 hours from last known well in patients with Target Mismatch on 
PWI: 28% increase in functional independence, 20% aRR in death or disability

• DAWN: Thrombectomy 6-24 hours from last known well in patients with clinical-core mismatch: 
35.5% absolute increase in functional independence

• 2019 AHA guidelines: in acute stroke patients with LVO presenting 6-24 hours from last known 
well, obtaining perfusion imaging (CTP or MRP) is recommended; thrombectomy is recommended 
if they meet DAWN or DEFUSE 3 eligibility criteria.



• Penumbral imaging is now being used to 
triage patients presenting in extended 
time windows for IV thrombolysis

• EXTEND, ECASS4-EXTEND, EPITHET 
meta-analysis: Patients with mismatch 
benefit from IV thrombolysis in late time 
windows; patients without mismatch do 
worse

• TIMELESS – IV tenecteplace 4.5-24 
hours + Mismatch on perfusion imaging 
à ongoing trial

Ma et al NEJM 2019
Marshall et al NEJM 2019

Campbell et al Lancet 2019

Perfusion mismatch +

Perfusion mismatch -



A new era for stroke care…

Time Penumbra is brain!



• 12.7 hours: median in-hospital delay from presentation to diagnosis
• 22.7 hours: median time from symptom onset to diagnosis

Extended time window for acute stroke treatment 
is a major opportunity for children

Srinivasan Pediatrics 2009
Rafay Stroke 2009
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Thrombectomy is increasingly being performed in 
children in extended time windows—and beyond

• 2019 meta-analysis: 113 MT cases 
published between 2000-2019

• Mean LKW to recanalization:        
14.3 hours (SD 8.0-20.6)

• Median LKW to recanalization:           
7 hours (range 3.1 hours-6 days)

Bhatia et al JNIS 2019



Are we selecting the right children for thrombectomy?

• Sporns, et al: 73 children, 27 US and European centers 2000-2018

• Post-procedural complications: 1 patient with sICH and death, 3 patients 
developed malignant infarction requiring hemicraniectomy

• Shoirah, et al: 19 patients with MT, 17 with outcome data 2008-2017

• 1 patient with ASPECTS 4, malignant infarction requiring hemicraniectomy

• Bigi, et al: 16 children recanalized 11 MT, 5 IVT 2000-2015

• 5 patients (all with partial recanalization) developed malignant infarction 
requiring hemicraniectomy; 1 died from herniation, all 5 poor outcome

Shoirah et al JNIS 2019
Bigi et al Ann Neurol 2018



46.4% preferred perfusion studies ≤6 hours; 60.7% >6 hours

Wilson et al Childs Nerv Syst 2019



Children are not little adults!
• No intervention is without risk 
• TIPSTERS study: 0/29 children receiving IV tPA 

experienced sICH
• Save ChildS study: Thrombectomy complications 

included vasospasm, cardiac arrest in a 
congenital heart patient, 1 patient with sICH and 
death, 3 patients with malignant infarction and 
hemicraniectomy 

• No prospective safety data on hyperacute
reperfusion therapies in children



DEFUSE 3 CT Perfusion parameters
• Dynamic acquisition of sequential slices 

during IV administration of contrast 
provides quantitative assessment of brain 
perfusion
• Severely reduced relative Cerebral Blood 

Flow (CBF) predicts irreversible infarcted 
tissue even before hypodensity appears on 
noncontrast CT
• Volume of rCBF < 30% corresponds with 

DWI lesion on MRI
• Tmax >6 seconds on CTP correlates with the 

same threshold on MR Perfusion
Albers et al Ann Neurol 2016
Cereda el at Cereb Blood Flow Metab 2016
Campbell et al Stroke 2011
Campbell et al Stroke 2012 Oct;43(10):2648-53



CT perfusion is feasible in children*
• Advantages, short (20-40 seconds), typically does not require anesthesia or specialized 

equipment—just a post-processing software
• Drawbacks of CT perfusion: limited spatial coverage with thick cuts, radiation exposure
• Wintermark, et al: CTP in an ER setting identified pathology with no false negatives (brain 

ischemia, n=2; head trauma n=9; brain infection n=2; Sickle cell disease n=1) and 1 “false 
positive” (hyperperfusion in the setting of migraine)
• Changes not detected on NCCT, and diagnoses were confirmed by subsequent MRI (unable 

to be obtained in the acute phase)
• Threshold of rCBF < 30% to estimate ischemic core has been extensively validated in 

adults, but not in children 

Wintemark et al Pediatrics 2004



ACR-ASNR-SPR practice parameter
• “It may be reasonable to use CT brain perfusion in individual patients 

under 18 years of age for the same indications listed for adults, but the 
increased risk to the pediatric patient associated with radiation 
exposure obligates the practitioner to apply a higher threshold to any 
decision to use this technique and to strongly consider MRI as an 
alternative.”  
• *Our approach—consider CT perfusion in an older child eligible for 

thrombectomy with confirmed LVO and questionable ASPECTS who 
cannot get MRI

Subramanian et al Clin Nucl Med. 2017 Dec;42(12):918-927



Wintermark et al Pediatrics 2004
Zebedin et al, Eur J Radiol 2013



DWI
00:30

GRE
00:27

MRA
2:25

PWI
1:48

Total imaging time = 5:10

MRI is preferred over CT in children
• Pros: Superior sensitivity for acute ischemia; lack of ionizing radiation
• Cons: Less available; longer scan, may require sedation; contraindications



Tmax > 10s: 24 mL

Tmax > 8s:  54 mL

Tmax > 6s:  103 mL

Tmax > 4s:  197 mL 

DEFUSE 3 MR Perfusion parameters
• Core: ADC <620x10-3 mm/s occurs with 

severe, acute hypoperfusion and identifies 
irreversibly injured tissue in the setting of 
persistent occlusion

• Tmax > 6 seconds in adults defines critically 
hypoperfused tissue that is salvageable but will 
go on to infarct if not reperfused

Purushotham et al Int J Stroke. 2015; 10:348–353
Olivot et al Stroke. 2009; 40:469–475



MR perfusion is feasible in children
• Brain tumor data: 83 children prospectively underwent MR DSC perfusion 

• Wide age range (6 months-16 years, mean 8.15 ± 4.7 years)
• IV placement (arm 76%, hand 17%, foot 7%) 
• IV Gauge (18ga 11%, 20ga 51%, 22ga 29% varied)
• Standard gadolinium dose (0.1mmol/kg) via power injector; flow rates: 1-5mL 
• Sedation in 33/83 (40%), all under 6 years 

• No access site or systemic complications
• High-quality CBV and signal intensity-time curves achieved in 100%
• Quantitative values equal or superior to those reported for adults; no 

significant difference among the high flow-rate group

Gaudino, et al AJNR Am J Neuroradiol. 2019 Feb;40(2):359-365



What about MR perfusion in pediatric stroke?
• Visser, et al: 29 children presenting acutely with ischemic stroke who 

underwent RAPID perfusion imaging
• 12 with large vessel occlusion, 3 with penumbra detected by Tmax > 6 seconds
• Mean ADC increased as time-to-imaging increased, similar to adult values
• Movement, poor bolus timing or incorrectly selected AIF may confound accurate 

maps (notching and temporal dispersion)

• Lee, et al JNIS 2019: 5 children with acute LVO and RAPID perfusion
• MR Perfusion in 4/5; 5/5 with interpretable, good quality images
• Tmax > 4 seconds may better approximate penumbra than Tmax > 6 seconds



Case
• 10-year-old girl with dilated cardiomyopathy several months status 

post heart transplant presented with right gaze preference, left sided 
hemiparesis, neglect: NIHSS 13 with right M1 occlusion



Core: 16 mL                           Tmax> 6 seconds: 12 mL  Tmax > 4 seconds: 60mL 

Right gaze preference, left hemiparesis, neglect
To cath labà TICI 3 reperfusion



TTE revealed mobile thrombus, started on anticoagulation
Mild left hand weakness at 12 months, PSOM 0.5



11-year-old previously healthy girl 
found down with aphasia and right-
sided weakness, NIHSS 11

MRI performed 5 hours after last 
known well: proximal M2 cutoff

Tmax > 6 sec : 0 mL
Tmax > 4 sec : 38 mL corresponding 
with aphasia on exam 

Underwent thrombectomy with TICI 
2b reperfusion



Aphasia resolved post-procedure
Extensive workup negative—cryptogenic stroke
NIHSS 1 at discharge, 0 at 1 year



MR Perfusion imaging in children
• Perfusion is becoming widely available and easily integrated with existing imaging 

systems—now recommended in 2019 AHA guidelines 
• Automated threshold calculations: Core, penumbra, mismatch volume and mismatch 

ratios result instantaneously 
• Water content, metabolically active brain regions change over infancy and childhood

• Different ADC thresholds for different ages?

• Children have excellent collaterals: 
• Longer time window?  
• Lower Tmax threshold?  
• Neither?  Or both?

Wintermark et al Pediatrics 2004
Zebedin et al 2013



What about ASL Perfusion?
• Quantitative measure of CBF by using radiofrequency pulse(s) to magnetically label 

arterial blood waterà endogenous tracer 
• Pros: Repeatable, avoids contrast (versus DSC perfusion)
• Limitations: Longer acquisition time, high signal-to noise ratio, measures only CBF; in 

some cases, may be over-sensitive to mild perfusion deficits and arterial delays that do 
not reach PWI Tmax>6 seconds
• Requires further investigation



Small core/high ASPECTS + LVO?
• Up to 60% of acute stroke missed on CT 
• ASPECTS scoring is imperfect with only moderate inter-rater reliability
• Pediatric brains are fuller, sulci less distinct; pediatric neuroradiologists may not be as 

versed in scoring ASPECTS
• 24% of DEFUSE2 patients had LVO and underwent thrombectomy, but did not have target 

mismatch 

Lansberg et al Lancet Neurol 2012



Small core + High NIHSS?
• Children present differently than adults, and NIHSS may be unreliable 
• Fluctuating symptoms commonly described in pediatric stroke
• Non-arteriopathic strokes typically present abruptly, but can progress, stutter or recur 

(?temporary improvement with collateral recruitment or perfusion-related changes)
• 28% of non-arteriopathic and 50% of cardioembolic strokes presented non-abruptly

Braun et al Stroke 2003



Xavier et al JNIS 2012

CT perfusion #1• 16-year-old boy presented with left-sided 
weakness and dysarthria
• CT normal, weakness improved, thus IV 

tPA was deferred
• 3 days after symptom onset, NIHSS 

worsened to 11 à transferred to tertiary 
center
• CTP at ~72 hours with persistent 

penumbra; angiogram confirmed R ICA 
occlusion with partial collateral flow to the 
R MCA
• Intervention deferred and patient was 

medically managed 
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• Next day, NIHSS worsened to 15
Xavier et al JNIS 2012

CT perfusion #1

CT perfusion #2



• Taken for thrombectomy with successful reperfusion
• Post-procedure, perfusion deficit resolved 

• At 3-month follow-up, mRS 1, NIHSS 1
• At 1 year, mild difficulty with left hand dexterity



Core growth highly variable in adults
• Some complete their stroke within hours, and some grow over days--it can take 3 days for 

“slow-growers” to complete their infarcts



Core growth also varies in children
• 15-year-old boy collapsed at home with right-sided weakness and aphasia
• Taken to a local community hospital 2 hours after last known well
• IV alteplase given; transfer call initiated for possible thrombectomy 



Time to Peak tissue residue Cerebral Blood Flow



• Transferred direct to Stanford MRI, NIHSS 22

• MRI 3.5 hours after last known well with 
DWI lesion involving the entire left MCA 
territory, corresponding with TTP lesion seen 
on CTP

• Underwent hemicraniectomy

• Discharged to rehab facility with mRS 4: 
expressive/receptive aphasia, right-sided 
hemiparesis



Perfusion maps can provide information on 
collateral status
76-year-old man with atrial fibrillation presented with aphasia and right arm plegia
Symptoms improved en route to ED—only facial droop and dysarthria on arrival
CT noncontrast negative, CTA with left M1 occlusion—transfer requested 



Hypoperfusion Intensity Ratio: lower is better
• HIR =

• On arrival, NIHSS had improved to 1 
(facial droop)
• Given low NIHSS and excellent 

collateral status, patient was admitted 
to ICU for close monitoring and 
medical management

Guenego et al Stroke 2019

Tmax > 10 s
Tmax > 4 s



Final infarct burden



HIR did not vary by age in DEFUSE3 + DEFUSE2 + CRISP 
adult cohort

Lee et al, submitted.

>40              AGE ≤40≤57           58-68          69-78            ≥79

AGE



Perfusion may help distinguish between a chronic/ 
subacute process and an acute embolic occlusion

• Bigi, et al: Focal Cerebral Arteriopathy (FCA) 3/16 (18.8%)

• SaveChildS: FCA 8%, bilateral cerebral arteriopathy 1%, Aortic/cervical arteriopathy 10%

• Cobb, et al: vascular risk factors (26.5%), infectious risk factors (8.8%)

• Bhatia et al: Arteriopathy (9.3%)

Chronic R ICA occlusion: 
Relatively preserved mean transit 
time + delayed Tmax



• SaveChildS case
• Child with stepwise worsening
• Taken for thrombectomy 24 hours after 

symptom onset
• MTT and CBV relatively preserved



• Etiology: arteriopathy



More research on PWI in pediatric LVO is needed!
• What thresholds best define core and penumbra in children?
• Is PWI helpful, or does it just add time?
• Are there other imaging biomarkers that inform acute management? 



• Child Neurology
• Paul Fisher
• Jorina Elbers
• The amazing residents

• Pediatric CVICU/Heart Failure
• Kate Ryan, Chris Almond, Sharon Chen, Jenna Murray 

• Pediatric Critical Care
• Lindsey Rassmussen
• Felice Su
• Linda Knight

• Pediatric Neuroradiology
• Kristen Yeom
• Hisham Dahmoush
• Carolina Guimares
• Casey Carlson

• Pediatric anesthesia
• Jim Fehr
• Olga Wolke
• Gail Boltz

• SHC and LPCH Transfer Centers

• Stanford Stroke Center
• Greg Albers
• Neil Schwartz
• Stephanie Kemp
• Eric Bernier, Sandra Mobley, Saud Khan 
• The amazing residents and fellows

• Neuroradiology
• Max Wintermark
• Teresa Nelson

• Neurointerventional Radiology
• Robert Dodd
• Jeremy Heit
• Huy Do
• Michael Marks

• Pediatric ED
• Dan Imler
• Bernie Dannenberg
• Pat Hock
• Patrice Callagy

Thank you!


