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BACKGROUND—Cardiac disease is a leading cause of stroke in children, yet limited data
support the current stroke prevention and treatment recommendations. A multidisciplinary panel
of clinicians was convened in February 2014 by the International Pediatric Stroke Study group to
identify knowledge gaps and prioritize clinical research efforts for children with cardiac disease
and stroke.

Author Manuscript

RESULTS—Significant knowledge gaps exist, including a lack of data on stroke incidence,
predictors, primary and secondary stroke prevention, hyperacute treatment, and outcome in
children with cardiac disease. Commonly used diagnostic techniques including brain computed
tomography and ultrasound have low rates of stroke detection, and diagnosis is frequently delayed.
The challenges of research studies in this population include epidemiologic barriers to research
such as small patient numbers, heterogeneity of cardiac disease, and coexistence of multiple risk
factors. Based on stroke burden and study feasibility, studies involving mechanical circulatory
support, single ventricle patients, early stroke detection strategies, and understanding secondary
stroke risk factors and prevention are the highest research priorities over the next 5-10 years. The
development of large-scale multicenter and multispecialty collaborative research is a critical next
step. The designation of centers of expertise will assist in clinical care and research.
CONCLUSIONS—There is an urgent need for additional research to improve the quality of
evidence in guideline recommendations for cardiogenic stroke in children. Although significant
barriers to clinical research exist, multicenter and multispecialty collaboration is an important step
toward advancing clinical care and research for children with cardiac disease and stroke.
Keywords
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Introduction
Children with congenital and acquired cardiac disease are at an increased risk of arterial
ischemic stroke (AIS). The risk varies depending on age, comorbidities, underlying cardiac
diagnosis, and factors that can vary over time, including changing hemodynamics, new
cardiac procedures, and/or the need for mechanical circulatory support devices. Children
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with particular cardiac lesions, such as single ventricle physiology and cardiomyopathy
appear to be at greater risk. In spite of the increased risk of stroke in children with heart
disease, diagnosis is frequently delayed, and high-level evidence on prevention and
treatment of stroke in this group is lacking. In combination with other factors that influence
neurological outcome, including other cardiac-related brain injury, stroke in this population
leads to significant morbidity and mortality. The International Pediatric Stroke Study group
organized a symposium in 2014, comprising pediatric subspecialists in neurology,
cardiology, hematology, and critical care medicine, to address stroke in this vulnerable
population. The aims of the meeting were as follows: to foster multidisciplinary
collaboration, to review current knowledge, to identify important gaps in knowledge, and to
outline priorities for further research. This report summarizes the findings and
recommendations from the symposium.
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Current knowledge and knowledge gaps
Incidence—Stroke has been associated with both congenital and acquired heart disease
in children. Congenital heart disease occurs in 4-10 per 1000 live births.1 Approximately
85% of patients survive into adult life and within this decade, in North America,
approximately 1 in 150 adults are expected to have some form of congenital heart disease.2
Although stroke has been associated with most types of cardiac disease, those with cyanotic
and complex congenital heart disease appear to be at greatest risk.
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Reported incidence rates for stroke in children with cardiac disease are primarily based on
single- or dual-center studies. These data are summarized in Table 1. There is considerable
variability in reported rates, and caution should be used when interpreting studies because of
limitations related to small sample size, non-population-based data, variable stroke
definitions, ascertainment bias, and variability in the definition of cardiac disease. Also as
indicated in the table, some studies considered AIS independently, whereas others looked at
combined rates of AIS and other neurological injury such as hemorrhagic stroke and
cerebral sinovenous thrombosis.
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Hoffman et al.3 estimated the overall incidence of AIS in children with cardiac disease based
on a cohort in the Intermountain Pediatric Stroke Database, United States. Their reported
incidence rate was 132 of 100,000 per year, which is dramatically higher than the general
incidence of AIS in children of 2-8 of 100,000 per year.4-6 Among cohorts of neonates and
children with AIS, the prevalence of cardiac disease ranges from 10%-31%6-13; however,
studies varied as to whether they included isolated patent foramen ovale (PFO) as a cardiac
disease. In the vast majority of patients, cardiac disease is known before the onset of stroke.
In the International Pediatric Stroke Study cohort, Dowling et al.13 found that children with
cardiac disease and AIS tended to be younger at presentation and were more likely to have
strokes in a “cardioembolic stroke pattern,” defined as strokes that were multiple, bilateral,
and involved both the anterior and posterior circulations, compared with those with AIS and
no cardiac disease. A higher rate of hemorrhagic transformation was also seen in those with
AIS and cardiac disease.14 The increased rate of hemorrhagic transformation may be related
to the underlying embolic mechanism or the greater prevalence of anticoagulation therapy at
the time of stroke in children with cardiac disease.
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Children with mechanical circulatory support devices including extracorporeal membrane
oxygenation (ECMO) and ventricular assist devices (VADs) are at particularly high risk of
stroke. Neurological dysfunction, most commonly ischemic stroke, occurred in 29% and was
the leading cause of death or withdrawal of care in the pediatric Berlin Heart EXCOR
trial.15,16 Comparison of VAD-supported patients versus ECMO-supported patients requires
caution. Published data on stroke prevalence in ECMO cohorts (including the ECMO
comparator group in the Berlin EXCOR VAD cohort) come from the Extracorporeal Life
Support Organization registry, which is based on voluntary reporting from centers with
widely varying approaches to diagnosis and classification of events, and without central
adjudication. The published data on stroke prevalence in the Berlin Heart EXCOR VAD
cohort are more reliable because neurological event ascertainment was mandated, centrally
defined, and adjudicated. Moreover, there is a shorter exposure period for stroke risk in a
patient on ECMO, because ECMO duration is typically <14 days compared with VAD
duration, which typically exceeds 30 days. Although the prevalence of stroke on ECMO
(7-11%) appears to be lower than the prevalence on the EXCOR (29%), the incidence rate of
stroke on ECMO (1-2 events per 100 days of support)17 is significantly higher than on
EXCOR events per 100 days of support).16 Adult VADs, such as the Heartware HVAD
(Heartware, Framingham, MA) and Heartmate II left VAD (Thoratec, Pleasanton, CA), used
widely in adolescent heart failure patients appear to have a significantly lower risk of stroke
(6-12%) based on small pediatric studies.18
Diagnosis/diagnostic delay
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Prompt stroke diagnosis is critical for the initiation of neuroprotective care and secondary
stroke prevention and for close monitoring of stroke complications. However, the diagnosis
of AIS in children is frequently delayed.19 Children with cardiac disease appear to be no
exception, despite many of these strokes occurring in children who are already hospitalized
at the time of the stroke.
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A number of factors may lead to delays in diagnosis. Prolonged postsurgical sedation,
pharmacologic paralysis, and/or anesthesia may mask symptoms associated with stroke and
reduce reliability of clinical detection. More commonly appreciated signs of stroke, such as
acute hemiparesis, are often lacking in the neonatal period and early infancy, and this is a
common time for cardiac surgery. Seizures are a common presenting feature of childhood
stroke,20-22 and lack of awareness of this may delay diagnosis. Obtaining definitive
neuroimaging in children with complex cardiac disease postoperatively is challenging given
potential hemodynamic instability. Cardiac anesthesia is usually required for patient safety
and monitoring when performing MRI of the brain. Permanent or temporary pacing wires
and/or mechanical circulatory support devices are contraindications to MRI. Cranial
ultrasound is frequently relied on for screening of intracranial events including stroke
because of its noninvasive nature and bedside facility. Yet, in infants with AIS, it is known
that cranial ultrasound misses the diagnosis of stroke in up to two-thirds of cases.23,24 Head
computed tomography is usually obtained when MRI cannot be safely performed; however,
50%-80% of strokes eventually detected on MRI are missed on initial head computed
tomography.19,25
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Limited family and health practitioner awareness of the risk of stroke in children with
cardiac disease is another factor that may lead to delays in diagnosis. Anecdotally, families
report not having been aware that children with complex cardiac disease are at increased risk
of stroke. Health practitioners may be reluctant to burden families with this information
given the already complex medical situations that many of these children face. There may
also be a lack of awareness of the common presenting features of stroke in children amongst
parents and health practitioners.
Stroke mechanisms and risk factors
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Approximately one-quarter to one-third of children with cardiac disease and stroke have
their stroke in the peri-procedural period related to cardiac surgery or other cardiac
interventions.13,26 The remainder occurs spontaneously. Multiple stroke risk factors often
exist for an individual child with cardiac disease. Cardioembolic stroke may be because of
mural thrombus in a dyskinetic atrium or ventricle, clot formation or vegetation on an
abnormal heart valve, or from paradoxical embolism in the presence of right to left shunting
or a univentricular heart. In children with cardiac disease, intracardiac thrombus is rarely
identified on echocardiography after an AIS event.11
The propensity to thrombosis in an individual child with cardiac disease can vary over time.
Virchow’s Triad describes three broad variables that contribute to thrombosis: alterations in
blood flow, injury to the vessel wall, and alterations in blood components. In the setting of
cardiac disease, some or all of these factors may be at play (Figure).27,28
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Genetic and acquired thrombophilias (prothrombotic disorders) have been reported to occur
at a greater frequency in children with cardiac disease and stroke compared with agematched healthy controls.7 Specific abnormalities include elevated lipoprotein (a), protein C
deficiency, anticardiolipin antibodies, and combined prothrombotic disorders among others.
Based on pooled data from 1764 children with stroke due to AIS or cerebral sinovenous
thrombosis from all causes and 2799 control children, the odds ratios for index AIS is
increased 1.5-9 times in children with a single prothrombotic disorder and by 12-fold in
children with two or more abnormalities.29 Practices vary regarding testing for
thrombophilias. More research is required in this area to determine whether screening for a
thrombophilia before cardiac surgery could reduce the risk of stroke through selective
administration of more intensive perioperative anticoagulation. Primary stroke prevention in
children with cardiac disease and thrombophilia undergoing procedures would lend itself
well to a multicenter collaborative study.
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In spite of numerous refinements over the years optimizing safety and morbidity from
cardiopulmonary bypass, stroke risks persist secondary to microembolism and
macroembolism of particulate (including thrombotic) and gaseous material. Given that
oxygenated blood is delivered directly to the (cannulated) aorta, emboli originating in the
bypass circuit can enter the cerebral circulation directly thereby bypassing the normal
pulmonary filtration mechanism. Also, children with prolonged surgery, hypoperfusion, or
cardiac arrest can have watershed pattern strokes. There is overlap in the neuroimaging
features between watershed pattern and arterial occlusive stroke.30 Differentiating “white
matter injury” from arterial occlusive stroke can also be challenging. Detailed neuroimaging
Pediatr Neurol. Author manuscript; available in PMC 2016 July 07.
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analysis employing a uniform classification system across a large and diverse group of
children with cardiac disease and stroke is lacking.
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In neonates and infants with surgically treated congenital heart disease, numerous studies
have examined the preoperative and postoperative risk factors for MRI-ascertained brain
injury, including stroke.31-39 Risk factors across studies vary and most report on brain injury
as a whole, including white matter injury—the most common form of brain injury in infants
with congenital heart disease.34,35,37 In one single-center study of children undergoing
cardiac surgery with bypass, reoperation was independently associated with an increased
risk of stroke.40 In another study, significant risk factors for stroke were as follows: lower
birth weight, preoperative intubation, lower intraoperative hematocrit, and higher blood
pressure at admission to the cardiac intensive care unit post-operatively.31 However, the
preceding studies employed varying age groups (all pediatric versus only neonates/infants)
and stroke definitions (clinical versus silent). Recent studies suggest that in infants with
congenital heart disease, brain structure and metabolism are relatively immature compared
with other infants. This may be one explanation for the increased propensity to brain injury
that is seen in children with congenital heart disease.34 There have been contradictory
findings as to whether ballon atrial septostomy is an independent risk factor for preoperative
stroke.34-37,39 Block et al.35 found that ballon atrial saptostomy was significantly associated
(relative risk, 4; 95% confidence interval, 1.5-9.3) with preoperative stroke in infants with
transposition of the great arteries. This remains an important issue because in practice the
use of prophylactic anticoagulation during ballon atrial septostomy is another area that
would benifit from a standardized protocol or clinical trial.
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There are limited data on stroke recurrence in children with cardiac disease. In a singlecenter longitudinal study of 135 neonates and children, the risk of stroke recurrence was
27% at 10 years by competing risk analysis.26 The recurrence risk was highest in the period
immediately following the sentinel stroke and decreased with time. Neonates were at similar
risk to older children for stroke recurrence, which is quite different than neonatal stroke
without cardiac disease, where recurrence risk is very low.41 Half of the children with a
recurrence had a stroke while they were not receiving therapeutic anticoagulation or
antiplatelet agents. Predictors of recurrent stroke included the presence of a mechanical
valve, a prothrombotic condition (including genetic and acquired thrombophilias/
prothrombotic states, e.g., factor V Leiden gene mutation, protein C/S deficiency, presence
of indwelling catheter, and protein losing enteropathy) and an acute infection at the time of
the sentinel stroke.26
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Cerebral vasculopathy is identified in a significant proportion of children with cardiac
disease.11,13 In the International Pediatric Stroke Study cohort, cerebral vasculopathy was
present in 25.8% of children with cardiac disorders compared with 52.1% of those without
cardiac disorders.13 However, the International Pediatric Stroke Study data are not
population-based and vasculopathy frequently coexisted with cardiac disease as part of an
associated underlying genetic syndrome. Syndromes with both cardiac disorders and
cerebral vasculopathy include Down syndrome, William syndrome, neurofibromatosis type
I, Posterior fossa brain malformations, Hemangiomas, Arterial abnormalities, Cardiac
anomalies and Coarctation of the aorta, Eye abnormalities, Alagille syndrome, and rarely
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Noonan syndrome. The associated vasculopathy may be steno-occlusive, typically
moyamoya like, or may manifest with increased tortuosity or increased frequency of
congenital/developmental variants (e.g., fetal posterior cerebral artery, hypoplasia of A1
segment of the anterior cerebral artery).
Improved knowledge of the risk factors and mechanisms of stroke in children with cardiac
disease is critical for successful preventative strategies. To date, relatively low patient
numbers and the heterogeneous nature of the population have hindered studies. Analysis
based on a very large multicenter database with standardized collection of data would be
required to define more precisely the risk factors for stroke in this population.
Treatment and review of recommendations in published guidelines
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Current guidelines for prevention and treatment of stroke in children with cardiac
disease.28,42,43 are based on a low level of evidence in spite of the fact that the volume of
cited papers in these guidelines has risen significantly overtime. Most recommendations are
based on expert consensus. There is an urgent need for additional research to improve the
quality of evidence and confidence in guideline recommendations.
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Recent guidelines with recommendations on treatment of cardioembolic stroke in children
are summarized (Table 2). Differences in antithrombotic treatment recommendations exist
between the American College of Chest Physicians, Antithrombotic therapy in Neonates and
Children guidelines, and the American Heart Association scientific statement on the
Management of Stroke in Infants and Children.42,43 Results from the International Pediatric
Stroke Study, 2003-2007, found that 52% of children with stroke and cardiac disease
received anticoagulation at some point in their poststroke care; however, 25% of children
received no antithrombotic therapy.44
The recommendations for closure of isolated PFO in the setting of AIS in children also
differ between the two guidelines. This clinical situation is particularly challenging for
physicians. Although studies in young adults have suggested a role for isolated PFO as a risk
factor for stroke, further research is required in children.45 Recent randomized trials in
adults have not demonstrated benefit for percutaneous closure of PFO compared with
medical therapy alone for prevention of recurrent transient ischemic attack or stroke.46-48
Although it is possible that children may benefit differently from percutaneous PFO closure,
there is currently no evidence to support this idea and replicating these PFO closure trials in
children is probably not possible because of sample size limitations.
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The published guidelines conclude that there are insufficient data from which to make
recommendations regarding hyperacute stroke treatments such as tissue plasminogen
activator (tPA) or endovascular therapy because of the lack of evidence in children.
Unfortunately, a safety and dose finding study for tPA in pediatric stroke was recently closed
because of lack of patient accrual. The Thrombolysis in Pediatric Stroke trial included
children 2-17 years with stroke of all types and required confirmation of a partial or
complete cerebral vessel occlusion to be eligible for thrombolysis.49 In spite of significant
pediatric stroke expertise at the study sites, there were many challenges including the
following: the need for continuous 24-hour availability of acute stroke teams for children
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and 24/7 sedated neuroimaging capability.50 The challenges in a cardioembolic stroke
treatment trial might be slightly different, but clearly the Thrombolysis in Pediatric Stroke
Study showed how difficult it is to mount a stroke-related clinical trial in children.
Hyperacute treatments such as tPA and thrombectomy therefore remain off-label treatments
in children. However, there are reports of their use, including in children with cardiac
disease.51-53 Systematic reporting in a central registry of patients receiving off-label use of
these hyperacute treatments would be beneficial.

Author Manuscript
Author Manuscript

Recommendations for primary prevention of thrombosis in children with heart disease are
provided in the American Heart Association Prevention and Treatment of Thrombosis in
Pediatric and Congenital Heart Disease guidelines.28 A special focus has been placed on the
Fontan population, a challenging and high-risk group. The recommendations for prevention
of clinically evident systemic thrombosis (and possibly stroke) in children following Fontan
procedure have been informed by one randomized controlled trial. Monagle et al.54
performed a multicenter randomized trial comparing aspirin to heparin or a vitamin K
antagonist in prevention of thrombosis following Fontan procedure. The overall rate of
thrombosis (venous or arterial and symptomatic or detected on routine echocardiography)
was 19% at 2 years with no significant difference between the aspirin and the heparin/
vitamin K antagonist groups. However, this study was relatively underpowered (111 children
were randomized). In addition, no clinical stroke events were observed, and routine
neuroimaging was not included in the study protocol. There remains a need for large
multicenter trials of antithrombotic agents in pediatric patients with cardiac disease for both
clinical and silent stroke outcomes. In addition, because this study evaluated patients up to 2
years post-Fontan, by study design, stroke in the very late postoperative period was not
evaluated. In a 2005 retrospective review of risk factors for cerebrovascular events following
Fontan procedure, the use of aspirin or aspirin and/or warfarin, compared with no
antithrombotic therapy was associated with a significantly decreased risk of cerebrovascular
events.55 No significant difference was seen in comparing aspirin with anticoagulation. A
more recent study of thrombotic complications (intravascular thrombosis, cardioembolic
strokes, or pulmonary embolism) at different stages of single ventricle palliation has shown a
trend toward potential benefit of warfarin as thromboprophylaxis.56 AIS has, however, been
reported in children up to 5-9 years57-59 following the Fontan procedure in spite of
prophylaxis with either aspirin or warfarin, and clinical practice varies both within and
among centers. The ongoing long-term risk of stroke in this population poses a significant
challenge in prevention studies.
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The recommendations for primary prevention of thrombosis and stroke in other groups of
children with cardiac disease are also based on a low level of evidence. In children with a
VAD, where there is a particularly high risk of stroke, multiple antithrombotic agents are
used concurrently to prevent thrombosis.15
Neurodevelopmental outcomes in congenital heart disease
Neurodevelopmental abnormalities described in children with congenital heart disease
include developmental delay,60-62 intellectual disability,33 behavioral problems,63
socialization problems,64 and functional limitations.65 A variety of pre- and post-operative
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factors are thought to increase the risk of these problems including the type of cardiac
lesion,66 preoperative hypoxia,64 low pH,67 age at surgery,65 palliative versus corrective
operative procedure,62 deep hypothermic cardiac arrest,68 and length of cardiac intensive
care unit stay.65
More recent studies have described the temporal and anatomic lesion patterns associated
with various types of brain injury including stroke in infants with cyanotic forms of
congenital heart disease.35,37,69 However, there are limited data exploring the relationship
between the different patterns of brain injury and neurodevelopmental outcome.
Priorities for research and quality improvement: challenges and opportunities
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Significant gaps exist in our current knowledge regarding stroke in children with cardiac
disease. Ideas for future research were identified and are summarized in Table 3. The
development of a large multicenter registry and a multicenter transdisciplinary collaborative
network was recognized as a priority for any future research.
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A multicenter collaboration with centralized review of neuroimaging in children with
cardiac disease and stroke would be helpful for improving understanding of types, timing,
mechanisms, and evolution of brain injury in this population and how they these factors to
neurodevelopmental outcomes. It would be beneficial to establish minimum neuroimaging
requirements to detect ischemic or hemorrhagic brain injury. Guidelines would need to take
into account the imaging requirements of varied clinical scenarios. For example, the clinical
decision making, and hence the imaging needs, for the child on a VAD with acute new
hemiparesis would be quite different from those of an infant with complex congenital heart
disease with subclinical seizures detected on video electroencephalography on Postoperative
day 1. In the first case, a very narrow time window for hyperacute reperfusion intervention
(e.g., thrombectomy) and the unavailability of MRI would dictate the choice of imaging. In
the second case, a role for hyperacute reperfusion intervention is not likely and the priority
might more appropriately be placed on treating status epilepticus. MRI would be the
preferred imaging modality to definitively characterize the basis for the neurological
symptoms for the purposes of making decisions about ongoing intensive care unit supportive
care, secondary stroke prevention, and prognosis. Although a consensus was not reached at
the symposium regarding the minimum MRI dataset for children with acute cardiac stroke,
diffusion weighted imaging, a blood sensitive sequence such as susceptibility-weighted
imaging, T1 and T2 sequences, and time of flight magnetic resonance angiography should
be strongly considered.
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Bedside neuromonitoring strategies, for example with near infrared spectroscopy, continuous
electroencephalography (cEEG) and transcranial Doppler ultrasound may hold some
promise for early detection of stroke or cerebral emboli in high-risk patients such as those
undergoing cardiac surgery. The advantage of these diagnostic modalities is that they can be
performed at the bedside in the cardiac intensive care unit or the operating room, and their
use may inform decisions about the need for neuroimaging. A systematic review in 2012
found that there has been insufficient research to date to determine whether cEEG,
transcranial Doppler ultrasound, or near infrared spectroscopy as neuromonitoring strategies
may improve neurological outcome in infants undergoing cardiac surgery.70 These
Pediatr Neurol. Author manuscript; available in PMC 2016 July 07.

Sinclair et al.

Page 10

Author Manuscript

neuromonitoring strategies, including cEEG, are currently used in some centers, and a
multicenter study of cEEG for early stroke detection was proposed at the symposium.
The critical challenges for clinical trials in pediatric cardiac disease are sample size and the
heterogeneity of the population in terms of patient age and cardiac diagnosis. Both factors
would be addressed by conducting collaborative research across a large multicenter network.
The grouping of children with similar diagnoses and the utilization of adaptive trial designs
to maximize sample size are potentially useful strategies.71 The Berlin Heart EXCOR
Pediatric trial is one example of a successful trial in a particularly complex group of children
with cardiac disease,15 hopefully paving the way for future clinical trials.
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Along with sample size and population heterogeneity, a number of other challenges exist for
conducting trials in this population. Individual centers become familiar with their own
clinical practice, leading to a reluctance to change and randomize away from their “comfort
zone.” Newer anticoagulant and antiplatelet agents lack pharmacokinetic data and pediatric
drug formulations for pediatric dosing, although some pediatric pharmacokinetic trials are
underway. The new antithrombotic agents may hold promise, but efficacy and comparison
data of aspirin, heparin, and warfarin/vitamin K antagonist for primary and secondary
prevention of stroke and transient ischemic attack in childhood remain limited. Furthermore,
the irreversible and rapid-onset anticoagulant effects of oral direct thrombin inhibitors may
pose excess risk for children where the risk of bleeding is increased and the need for urgent
reversal may be present, especially in the toddler years when the risk of falls is high.
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Measuring neurological outcome in children with cardiac disease poses a number of
challenges and makes clinical trial design more difficult. Only one measure of neurological
outcome is specifically validated for pediatric stroked—the Pediatric Stroke Outcome
Measure.72 However, in pediatric stroke studies many different outcome measures have been
used. Consensus outcome measures for pediatric stroke research would improve the ability
to compare groups between and across studies.73 Differentiating outcomes related to stroke
versus other neurological injury related to cardiac disease also poses a challenge. The high
rate of pre-existing brain injury or genetic syndromes in children with congenital heart
disease necessitates baseline neurological assessments to better interpret end point/outcome
measurements. However, baseline neurological assessments may be difficult to obtain
because of resource constraints or critical illness. The American Heart Association scientific
statement, “Neurodevelopmental Outcomes in Children with Congenital Heart Disease:
Evaluation and Management”, makes a suggestion that periodic developmental surveillance,
screening, evaluation, and re-evaluation throughout childhood may enhance identification of
neurodevelopmental deficits.74 Ideally, stroke studies in this population should include longterm neurological follow-up of ≥5 years.
A key issue is defining “acceptable outcomes.” This was highlighted in the recent Berlin
Heart EXCOR trial of a VAD for children with severe heart failure.16 In this trial, the Food
and Drug Administration and funding agencies required that the trial sponsor incorporate in
the study design a definition for “acceptable” versus “unacceptable outcome”. This was
particularly challenging considering that the alternative to use of a VAD in many children
would have been death. As pediatric cerebrovascular disease independently remains one of
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the top ten causes of mortality in children aged 1-18 years,75 there are similar challenges in
this population. Defining an “acceptable” outcome is a heavily value-loaded process in any
particular clinical trial and in this very vulnerable population where the costs are high and
the stakes are life and death. As such, arriving at these end point definitions might best be
done through collaborations that include the study sponsors, regulatory agencies, treating
providers as well as families, and the wider community. Recurrent stroke is an important
outcome to identify; however, children with cardiac disease may have recurrent silent
infarcts only detected on neuroimaging.26 Follow-up neuroimaging should therefore be
considered as research protocols are designed. Non-neurological outcomes, such as
extracerebral bleeding related to anticoagulation, should also be sought.
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Development of centers of expertise in pediatric cardiac disease and stroke treatment and
prevention could improve standardization of practice and monitoring of outcomes. An ideal
“center of expertise” would have multidisciplinary collaborations between pediatric experts
in cardiology, vascular neurology/stroke, hematology, anesthesiology, perfusion, surgery,
and critical care. Such centers could develop, follow, and periodically review adherence to
clinical guidelines and update these as new evidence becomes available. Guidelines could be
shared between centers and the International Pediatric Stroke Study could serve as a central
repository. Routine multidisciplinary case management review at individual centers is
recommended to highlight the relationships between practices and patient outcomes; this
practice should optimize clinical care, add to interdivisional education, and enhance
communication. Quality improvement efforts help to assure that best practices are
implemented.
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When making patient decisions in the absence of high-level evidence, collaboration and
communication among pediatric cardiologists, neurologists, and hematologists to understand
an individual’s cardiac physiology, thrombosis, and stroke risk is perhaps more critical than
strict adherence to guidelines. Decisions in both the inpatient and outpatient settings require
a multispecialty approach. Involvement of caregivers at all stages of decision making is also
critical, and education of families and health practitioners regarding the increased risk and
identification of stroke in children with cardiac disease is a priority. The International
Pediatric Stroke Study and International Alliance for Pediatric Stroke could serve as
repositories for educational resources regarding stroke in cardiac disease.

Conclusions

Author Manuscript

Multispecialty collaborations are a priority for both clinical care and research in pediatric
cardiac stroke. Collaboration among pediatric neurologists, cardiologists, hematologists, and
critical care physicians is crucial, and existing collaborations should expand to include
neonatologists, cardiothoracic surgeons, and neuroradiologists. Laying the groundwork
through collaborative effort is critical to address research priorities for children with cardiac
disease. The International Pediatric Stroke Study group cardiac stroke symposium is an
important start, and the publication of a joint summary of our current views demonstrates
multidisciplinary alliance. The suggested immediate “next steps” to further research in this
area are summarized in Table 4. Sustained collaborative efforts, both at an individual center
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and multicenter level, will be required to advance clinical care and research priorities for
neonates, infants, and children with cardiac disease and stroke.
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FIGURE.

Propensity to thrombosis in children with cardiac disease based on Virchow’s triad. *Stasis
can occur because of nonpulsatile flow, vessel or chamber dilatation, decreased systolic
performance, immobility, arrhythmia, or hyperviscosity. ** 76,77 *** 78 **** Hypoxemia is
thought to activate neutrophils, and via the inflammatory cascade, cause endothelial injury.79
(The color version of this figure is available in the online edition.)
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TABLE 1

Author Manuscript

Published Incidence or Prevalence of Stroke in Children With Cardiac Disease
Population with Cardiac Disease

Incidence or prevalence of Stroke
yr3

Limitations/Caveats of Incidence/Prevalence Data

All children with cardiac
disease

AIS: 132 of 100,000 per

Neonates/infants with
surgically treated CHD

Preoperative AIS 5%-25%,
postoperative AIS 0%-19%31-35,37,38

Vast majority of strokes clinically silent and detected on
neuroimaging

Post-Fontan procedure

1.4%-19%55,58,59,80-83

Variability in stroke definition and length of follow-up
%15,16

Cardiac disease defined as CHD, arrhythmia, or
cardiomyopathy

Author Manuscript

Berlin Heart EXCOR VAD

AIS and HS: 28%-34

Ischemic stroke not clearly differentiated from hemorrhagic
stroke. VAD IDE trial mandated neurologic assessments,
adjudicated centrally. Including silent infarcts and global
ischemic encephalopathy (events excluded from the
neurological dysfunction definition in the trial), the overall
stroke risk was 34%

ECMO

AIS and HS: 7%-11%17,84

From ELSO registry, voluntary reporting, nonadjudicated
neurological events. Data include ischemic and hemorrhagic
strokes, with each stroke subtype accounting for ~50% of the
cases

Cardiac surgery with bypass

AIS and CSVT: 5.4 of 1000 per
cardiac surgeries with bypass40

Incidence of both AIS and CSVT-related stroke during first
72 hours after surgery

Cardiac catheterization

AIS: 0.38%-1.3%85,86

Liu et al study was 1977-1981; stroke diagnosed by CT and no
children received anticoagulation for catheterization
procedure

Endocarditis

AIS and HS: 6%-11%87,88

Cardiomyopathy

4.8%89

Rate of cerebral embolism

Abbreviations:
AIS = Arterial ischemic stroke
CHD = Congenital heart disease
CSVT = Cerebral sinovenous thrombosis
CT = Computed tomography

Author Manuscript

ECMO = Extracorporeal membrane oxygenation
ELSO = Extracorporeal Life Support Organization
HS = hemorrhagic stroke
IDE = Investigational device exemption
VAD = Ventricular assist device

Author Manuscript
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TABLE 2

Author Manuscript

Comparison of Guidelines for the Treatment, Prevention, and Evaluation of Cardiac Stroke in Children

Author Manuscript

Stroke Mechanism

Chest Antithrombotic
Therapy in Neonates and
Children 2012
Recommendations42

American Heart Association (AHA)
Management of Stroke in Infants and
Children 2008 Recommendations43

American Heart Association
Prevention
and Treatment of Thrombosis in
Pediatric
and Congenital Heart Disease
2013
Recommendations28

AIS secondary to
cardiac embolism

For AIS secondary to
cardioembolic causes,
suggest anticoagulant
therapy for at least 3 mo
(Grade 2C)

Reasonable to start anticoagulation in
children with cardiac embolism
unrelated to PFO, who are judged to be at
high risk of recurrence. Where there is a
risk of cardiac embolism, it is reasonable
to continue anticoagulation for at least
1 yr or until the lesion responsible for the
risk has been corrected.
For those with a suspected cardiac
embolism unrelated to PFO where there
is a lower or unknown risk of stroke, it is
reasonable to start aspirin and continue
for at least 1 yr (Class IIa, level of
evidence C)

Refers to 2008 AHA Management
of
Stroke in Infants and Children
recommendations

Endocarditis

No recommendations,
case-by-case basis

Anticoagulant therapy not recommended
for individuals with native valve
endocarditis (Class III, level of evidence C)

Not addressed

Isolated PFO

For children with AIS
secondary to cardioembolic
causes where there is a
demonstrated right to
left shunt (e.g., PFO),

Surgical repair or transcatheter closure is
reasonable in those with a major atrial septal
defect. (Class IIa, level of evidence
C). This recommendation does not apply
to individuals with a PFO pending
additional data

Addressed regarding adults but not
children because of insufficient
data in
children

It is reasonable to evaluate for the more
common prothrombotic states even
when another stroke risk factor has been
identified (Class IIa, Level of Evidence C).

Expanded evaluation for inherited
or
acquired prothrombotic risk
factors is
reasonable (Class IIa; Level of
Evidence B).
It would be reasonable to include
the
following factors in an initial
evaluation:
protein C, protein S, AT III,
lipoprotein(a),
homocysteine level,
anticardiolipin
antibodies, lupus anticoagulant,
mutations of factor V Leiden, and
prothrombin genes

*

surgical closure of the
shunt suggested (Grade 2C)
Prothrombotic risk
factor assessment in
child with congenital
heart disease and AIS

Not addressed

Author Manuscript
Abbreviations:
AIS = Arterial ischemic stroke
AT III = antithrombin III
PFO = Patent foramen ovale
Chest Grade 2C: weak recommendation, low, or very-low quality evidence.

Author Manuscript

AHA Class IIa: conflicting evidence and/or a divergence of opinion about the usefulness/efficacy ofa procedure or treatment. The weight of
evidence oropinion is in favor of the procedure or treatment.
AHA Class III: evidence and/or general agreement that the procedure or treatment is not useful/effective and in some cases may be harmful.
AHA Level of evidence C: consensus opinion of experts.

*

Recommendation made before publication of adult randomized controlled trials of medical therapy versus PFO closure.
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TABLE 3

Author Manuscript

Identified Research Questions
General
Can a secondary risk factor(s) analysis establish predictors for initial or recurrent stroke in children with cardiac disease? For example, does
addition of a particular risk factor(s) (yet to be identified) significantly increase the risk of stroke beyond the risk of cardiac disease alone?
What is the ideal minimum dataset for the collection of multicenter data on stroke risk factors in the cardiac population?
Does neuromonitoring with cEEG in high-risk situations, such as in neonates and infants following cardiac surgery, result in earlier stroke
detection or improved neuroprotection following acute stroke?
Does the use of bedside imaging modalities, such as transcranial Doppler ultrasound or optical imaging, for neuromonitoring in high-risk
situations result in earlier stroke detection?
Would the development and implementation of a standardized brief neurological assessment for bedside caregivers (e.g., intensive care
nurses)
improve stroke detection?
When is it safe to perform cardiac bypass surgery following an ischemic or hemorrhagic stroke?
What further improvements in cardiopulmonary bypass and cardiac catheterization protocols can reduce the risk of procedure-related stroke?

Author Manuscript

Neuroimaging
What are the neuroimaging characteristics of cardiogenic stroke in children?
What is the ideal minimum neuroimaging dataset for the collection of multicenter data for suspected stroke in the cardiac population?
Should certain populations of children have screening neuroimaging (population, imaging modality, and timing are important factors to
consider)?
Are children with other brain injury (e.g., white matter injury) at increased risk of stroke?
What is the incidence and what are the typical neuroimaging abnormalities in children with a VAD (pre/post)?
Does having an incomplete circle of Willis increase the risk of perioperative stroke?
Hematological
Does the presence of an inherited or an acquired thrombophilia predict stroke recurrence and/or worse outcome?
What is the best method of serum antithrombotic monitoring in patients with a VAD/ECMO?
Does antithrombotic monitoring for patients with a VAD/ECMO reduce complications?
What is the risk of bleeding when using multiple antithrombotic agents concurrently?

Author Manuscript

What is the best practice for antithrombotic therapy in cardiomyopathy?
Would a prothrombotic evaluation performed before cardiac surgery alter management and improve outcome?
What is the role of new antithrombotic agents in stroke prevention in children with cardiac disease?
Is anticoagulation superior to antiplatelet therapy for secondary stroke prevention in children with cardiac AIS? Do particular subgroups
respond
differently?
After cardiac stroke, how long should a child remain on antithrombotic treatment for secondary stroke prophylaxis?
Would procedural anticoagulation given during cardiac catheterization with venous access only (particularly when there is a potential for right
to
left shunting) reduce the risk of procedure related stroke?
Subgroups
What are the risk factors for stroke in the Fontan population?
Does anticoagulation reduce the risk of stroke after Fontan procedure in older children and young adults?

Author Manuscript

What is the best practice regarding management of fenestration and residual right to left shunting after Fontan procedure?
What are the risk factors for stroke in children with arrhythmia?
How long should antithrombotic therapy be withheld in children with intracranial hemorrhage who have a VAD?
Is balloon atrial septostomy independently associated with stroke?
Abbreviations:
AIS = Arterial ischemic stroke
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cEEG = Continuous electroencephalography
ECMO = Extracorporeal membrane oxygenation
VAD = Ventricular assist device

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript
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TABLE 4

Author Manuscript

The “next steps” to Advance Research and Clinical Care in Pediatric Cardiac Stroke
Development of a multicenter pediatric cardiac stroke registry to assess secondary risk factors for stroke in children with cardiac disease
Development of a multicenter collaborative network
Designation of centers of expertise, where clinical guidelines are in place and are monitored through quality improvement activities
Development of parent education resources regarding stroke in children with cardiac disease

Author Manuscript
Author Manuscript
Author Manuscript
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