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Abstract

Background and Purpose—A better understanding of the stroke risk factors in children with
congenital heart disease (CHD) could inform stroke prevention strategies. We analyzed pediatric
stroke associated with CHD in a large community-based, case-control study.

Methods—From 2.5 million children (< 20 years) enrolled in a Northern California integrated
healthcare plan, we identified ischemic and hemorrhagic strokes and randomly selected age and
facility-matched stroke-free controls (3 per case). We determined exposure to CHD (diagnosed
prior to stroke) and used conditional logistic regression to analyze stroke risk.

Results—CHD was identified in 15/412 cases (4%) versus 7/1,236 controls (0.6%). Children (28
days — 20 years) with CHD had 19-fold (Odds Ratio [OR] 19; 95% Confidence Interval [CI] 4.2,
83) increased stroke risk compared to controls. History of CHD surgery was associated with >30-
fold increased risk of stroke (OR 31; Cl 4, 241 compared to controls). After excluding peri-
operative strokes, a history of CHD surgery still increased childhood stroke risk (OR 13; CI 1.5,
114). The majority of children with stroke and CHD were outpatient at the time of stroke, and
almost half the cases who underwent cardiac surgery had their stroke >5 years after the most
recent procedure. An estimated 7% of ischemic and 2% of hemorrhagic childhood strokes in the
population were attributable to CHD.

Conclusions—CHD is an important childhood stroke risk factor. Children who undergo CHD
surgery remain at elevated risk outside of the peri-operative period, and would benefit from
optimized long-term stroke prevention strategies.
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Introduction

Methods

The high frequency of children with CHD reported in pediatric stroke registries suggests that
CHD is a strong risk factor for ischemic stroke.13 Cases of hemorrhagic stroke have also
been reported in children with CHD.# 5 However, the bulk of the CHD literature examining
stroke focuses on specific scenarios which carry a high burden of neurologic injury, such as
cardiac surgery,b: 7 cardiac catheterization,8 treatment with ventricular assist devices® or
extra-corporeal membrane oxygenation.19 Further, the length of follow-up in published
studies is often limited in time, or specifically targets only the neonatal and infantile
period.11-13 To design rational studies for long-term stroke prevention for children with
CHD, a better understanding of the clinical factors that may influence CHD-associated
stroke risk is needed. Community-based data that includes longer follow-up times, older
children remote from surgery and hemorrhagic stroke outcomes could inform future stroke
prevention studies.

The primary aim of this case-control study was to collect additional detailed cardiac data
from children within a large, established, Northern California community-based cohort and
measure the association of CHD with ischemic and hemorrhagic stroke. We hypothesized
that clinical factors such as age at stroke (neonatal versus childhood), cyanotic or acyanotic
heart lesion and history of a recent cardiac surgery may modify stroke risk, and secondarily
aimed to evaluate these potential effect modifiers.

Study design and setting

We performed a case-control study of the association between CHD and stroke within the
population of 2.5 million children (<20 years of age) enrolled in Kaiser Permanente
Northern California (KPNC) from January 1993 to December 2007. KPNC is an integrated
health care system that provides care to roughly one-third of the Northern California
population. Cases were children with ischemic or hemorrhagic stroke. Three age and facility
matched stroke-free controls per case were randomly selected. Medical records of the cases
and controls were examined for the exposure: a CHD diagnosis made prior to the stroke.
This study was approved by the institutional review boards of the Kaiser Foundation
Research Institute (Oakland, CA) and the University of California, San Francisco; both
institutional review boards waived the requirement for informed consent.

Case and control identification

Cases of symptomatic stroke and stroke-free controls were identified by methods described
below and in prior reports.1#: 15 Briefly, cases were ascertained through electronic searches
of hospital discharge and outpatient diagnoses related to stroke, keyword searches of
electronic head imaging reports, and cross-referencing with studies of cerebral palsy’6 and
perinatal arterial ischemic strokel” utilizing a KPNC birth cohort. The inclusion criteria for
stroke were: 1) documented clinical presentation consistent with stroke, such as a sudden
onset focal neurologic deficit, headache, loss of consciousness or seizure; and 2) CT or MRI
showing a focal infarct or intracerebral, subarachnoid and/or intraventricular hemorrhage in
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a location and of a maturity consistent with the neurologic signs and symptoms. Stroke was
independently confirmed by two neurologists, with arbitration of disagreements by a third.
Transient ischemic attacks, venous sinus thromboses, extra-axial hemorrhages and neonatal
pure intra-ventricular hemorrhages were excluded. Cases were also excluded if the stroke
occurred before enrollment in KPNC or outside the study period. Three controls per case
were randomly selected by incidence density sampling from the remaining stroke-free
children and matched by birth year, year of enrollment, and primary care facility.

Data abstraction and definitions

Using a standardized protocol, data were abstracted by a single pediatric nurse medical
records analyst from all available KPNC medical records and out-of-plan facility records.
Abstracted data included stroke presentation, type of heart lesion and medical and surgical
interventions for CHD and were reviewed by a pediatric vascular neurologist to confirm.
Exposure to CHD was defined as a diagnosis of CHD prior to the onset of stroke and
documented in the medical record. Cyanotic heart disease included tetralogy of Fallot,
transposition of the great arteries, total anomalous pulmonary venous return, truncus
arteriosus, single ventricle or common ventricle, hypoplastic left heart syndrome, double
outlet right ventricle and interrupted aortic arch. Acyanotic heart disease included atrial
septal defect, ventricular septal defect, atrioventricular canal and coarctation of the aorta.
Neonatal stroke occurred within the first 28 days of life. Childhood stroke occurred from 29
days to 20 years of life. Race was a dichotomous variable classified as either white or non-
white by self-identification. Cardiac surgery was defined as cardiac surgery or
catheterization at any time prior to stroke diagnosis or index date for controls (the date of the
stroke in the matched case). Stroke or index date (for controls) that occurred in the 14 days
after a cardiac surgery was considered peri-operative.

Data analysis

Stata 12, College Station, TX, was used for data analysis. Demographics and characteristics
of stroke cases with and without CHD were compared using Chi-squared tests. To estimate
relative risk, we calculated odds ratios (OR) with 95% confidence intervals (ClI) using
conditional or exact conditional logistic regression analyses to account for the pair-wise
matching. We initially stratified ischemic and hemorrhagic stroke analyses to obtain
separate risk estimates for these outcomes, but also performed additional analyses using a
combined ischemic and hemorrhagic stroke outcome to provide risk estimates for any
stroke. We tested for interaction between CHD and timing of stroke (neonatal versus
childhood), using P<0.1 as a cutoff for interaction. The small number of CHD exposures did
not allow further formal testing of interaction, but we report results of additional stratified
analyses selected for clinical relevance. Multivariate analyses were adjusted for gender and
race. We could not calculate OR for some variables because the risk factor did not occur in
controls; for these we compared proportions using Fisher’s exact test. Mann-Whitney tests
were used for non-parametric data. Except for interaction terms, alpha was set at 0.05.
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Results

Descriptive characteristics of stroke cases and controls

We identified 412 cases of stroke and 1,236 stroke-free controls (Figure 1). Among controls,
we identified 7 with CHD, for an estimated CHD prevalence of 0.6% (CI 0.1%, 1%) among
children in the stroke-free source population. CHD was identified among cases with both
ischemic (11/216) and hemorrhagic (4/196) stroke. Among the children with stroke, those
with CHD were younger and were less likely to present with a headache at stroke onset
(Table 1). The majority (62%; CI 31, 92) of the non-neonatal cases with CHD were
outpatients at the time of their stroke, although they were less likely to be outpatient than
stroke cases without CHD. Among non-neonates with ischemic stroke, 55% (CI 46-65)
were treated with an anti-thrombotic agent, which was not different in children with CHD
compared to those without CHD.

Heart lesions in cases and controls were heterogeneous and included both cyanotic and
acyanotic heart defects (supplemental Table). Cases and controls with were equally likely to
receive their CHD diagnosis in the neonatal period (P=0.2). By the time of stroke or index
date, children with CHD had undergone a mean of 1.7 surgeries (range 0-7). More cases
with CHD had a cardiac surgery compared to controls (80% versus 57%, P=0.3). None of
the children with CHD and hemorrhagic stroke had a known arterial ischemic stroke as a
cause for the bleed, and only one of the four children with hemorrhagic stroke was on an
anti-platelet or anti-coagulation at the time the bleed occurred. Four stroke cases and 5
controls had acquired cardiac disease but did not have CHD; these were not included in as
CHD exposures in our analyses.

CHD is a risk factor for both hemorrhagic and ischemic stroke

In univariate stratified analyses, CHD was associated with both ischemic (OR 5.5, Cl 2.0,
15) and hemorrhagic stroke (OR 13, CI 1.6, inf). In our model using a combined outcome
for stroke of either type, we found a significant interaction between CHD and age (neonatal
versus childhood) (P=0.03); that is, the effect of CHD on stroke risk was different depending
on whether the patient was a child or neonate. CHD increased the point estimate of the OR
for neonatal stroke, but the Cl included null (OR 1.5, CI 0.3, 8.2). Among children >28
days, CHD increased stroke risk 19-fold (OR 19, Cl 4.2, 83). Estimates of univariate OR
were essentially unchanged after adjustment for gender and race (data not shown). The
population attributable risk (the estimated proportion of stroke within a population that can
be attributed to CHD) was 7% for childhood ischemic stroke and 2% for childhood
hemorrhagic stroke.

Stratification of CHD risk for childhood stroke

To examine clinically important subgroups, we conducted additional stratified analyses.
Among children >28 days, both cyanotic and acyanotic CHD were associated with stroke
(Table 2). Children with CHD and a history of cardiac surgery had the strongest association
for stroke, with a 31-fold increased stroke risk compared to controls. In children with a
history of cardiac surgery, the risk of stroke remained elevated by 13-fold compared to
controls even after excluding cases of peri-operative stroke. In 5 of 12 cases who had a
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history of cardiac surgery, the stroke occurred years after their most recent procedure
(Figure 2). Children with CHD who did not have cardiac surgery had a trend towards
elevated stroke risk, but the broad confidence intervals included the null.

Discussion

Improved medical care and advances in surgical techniques have increased life expectancy
for children with complex CHD, but developmental delays, poorer academic achievement
and behavior, and neurologic morbidity remain a challenge.18: 19 Stroke is a potentially
preventable factor that may contribute to worsened neurodevelopmental outcome. Our study
found that CHD is strongly associated with childhood stroke, with a 19-fold increased risk
for ischemic or hemorrhagic stroke in children between the ages of 29 days and 20 years.

We found that the children with cardiac surgery for CHD were at greatest risk for stroke.
Pediatric heart surgery, while life-saving, is complicated by a high proportion of thrombotic
events?0 and has been associated with a higher risk of delayed development and neurologic
abnormalities.1® 21 Qur study only included children with symptomatic strokes, but many of
the radiographically identified peri-operative infarcts in children undergoing
cardiopulmonary bypass for CHD are clinically silent in the acute period. Therefore, our
study likely underestimates the full burden of insidious peri-operative neurologic injury,
which may manifest as neuropsychological deficits later in life.

However, a history of cardiac surgery is also likely to be a marker for higher severity of
CHD, which could itself convey a risk for stroke. In a series of children who had MRI
performed after a cardiac operation with cardiopulmonary bypass, 10% demonstrated
ischemic infarcts, with the timing thought to be pre-operative in about half.12 In our study,
we found that stroke risk remained elevated in children who have surgical repair of CHD
even when peri-operative strokes were excluded. Many of the children with CHD were
outpatients at the time of their stroke, or suffered their stroke years after their last cardiac
procedure. Elevated risk of stroke has also been reported in the growing population of adult
CHD survivors.22 23 These data underscore the biological risks of complex CHD aside from
the procedural risks associated with surgery. Right to left shunting allows paradoxical
embolism, and systemic venous thromboses in turn may be more likely because of increased
systemic venous pressure, flow dynamics and propensity to coagulopathy.24 Stroke may be
indirectly associated with CHD through underlying genetic syndromes featuring
cerebrovascular abnormalities.25 Infective endocarditis, arrhythmias or depressed heart
function associated with CHD could elevate stroke risk.

We estimated that 7% of childhood ischemic stroke could be attributed to CHD. Prior
pediatric stroke series report much higher proportions of children with CHD. In the
International Pediatric Stroke Study, 31% of children had an underlying cardiac disorder.3 In
a large pediatric stroke series from the Great Ormond Hospital in London, 15% had CHD.1
Several factors may explain the discrepancy between these series and our study. Most
importantly, the source population of our study is community-based rather than referral-
based. A community-based study of Saudi children with stroke reported 4.8% children with
CHD?5, a proportion similar to our findings. Because we only included cases with CHD who
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were diagnosed before the stroke, any exposure misclassification should be similar for our
cases and controls. Reassuringly, the prevalence of CHD in our controls (0.6%) is similar to
that estimated in the general population (4-10 in 1000 live births, or 0.4%-1 %).2” Given
these considerations, we believe the community-based nature of our study provides a
relatively unbiased assessment of increased stroke risk in children with CHD.

We found that CHD was associated not only with ischemic, but also with hemorrhagic
stroke. Magnetic resonance brain imaging demonstrating hemosiderin staining (suggesting
prior brain hemorrhage) has been associated with poorer developmental outcome in children
with repaired CHD.28 Further, the association of CHD with hemorrhagic stroke has
important safety implications for anti-platelet and anti-coagulant medications. Despite this,
hemorrhagic stroke risk related to CHD has previously received less attention than that for
ischemic stroke, and few studies have examined this relationship directly.

Although prior reports have reported strokes in neonates with CHD, 1 29 we could not
confirm an association of CHD and neonatal stroke. Despite our large population base and
the advantages in power gained through using a case-control design, our study included only
a small number of neonatal cases and controls with CHD, resulting in wide confidence
intervals and limited precision of our risk estimates. Thus, it is possible, and even likely, that
a larger study with a more precise estimate would demonstrate association of CHD and
neonatal stroke.

Our study had important limitations. The small number of stroke cases and controls with a
history of CHD resulted in wide confidence intervals and limited the precision of our risk
estimates. We had too few cases to provide estimates of risk for specific procedures and
devices. We did not include patent foramen ovale as a CHD exposure in our study because it
is typically asymptomatic and we could not accurately assess the frequency in our controls.
Finally, we could not completely avoid the possibility of spectrum bias if the types of CHD
in children enrolled in Kaiser were systematically different than in other populations. This
could happen, for example, if families of patients with more complex CHD systematically
chose a different type of health insurance. Careful consideration must be taken before
generalizing our findings to specific referral populations that may include more children
with severe cardiac disease; our findings may underestimate effect for these groups.

Summary

CHD is associated with increased risk of both ischemic and hemorrhagic stroke in
childhood. Children with complex CHD who require cardiac surgery are at the highest risk
of stroke, and this risk remains elevated beyond the immediate post-operative period. Our
study adds to the increasing weight of evidence that research to optimize peri-operative and
long-term stroke prevention in children with complex CHD is needed. Future studies should
include hemorrhagic stroke as an outcome to better understand its association with CHD and
the safety of anti-platelets and anti-coagulants in this population. Finally, because many
strokes among children with CHD occur outside of the hospital setting, providers should
consider anticipatory guidance to help parents recognize signs of stroke in children with
complex CHD who are at the greatest risk.
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Refer to Web version on PubMed Central for supplementary material.
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Source population: N=2.5 million

Stroke cases (n=412)
Neonatal, n=113
Childhood, n=299

Stroke-free controls (3 per case, n=1,236)
Neonatal, n=339
Childhood, n=897

CHD (n=15) No CHD (n=397) CHD (n=7) No CHD (n=1,229)
Neonatal, n=2 Neonatal, n=111 Neonatal, n=4 Neonatal, n=335
Childhood, n=13 Childhood, n=286 Childhood, n=3 Childhood, n=894

Figure 1.

Stroke cases and controls with or without congenital heart disease identified from a

population of children (<20 years of age) enrolled in Kaiser Permanente Northern

California, 1993-2007.
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Age at stroke
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Figure 2.
Among children with congenital heart disease and stroke (n=15), histograms demonstrating

(A) age at the time of stroke; and (B) in those with a history of cardiac surgery (n=12),
length of time from the most recent cardiac procedure to stroke.
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Table 1

Characteristics of children (<20 years) with ischemic or hemorrhagic stroke enrolled in KPNC, 1993-2007,
stratified by presence of congenital heart disease.

CHD No CHD
n=15 n=397
n (%) n (%) P-value

Demogr aphics
Male sex 11 (73) 229(58) 0.2
Non-white race 6 (40) 238 (60) 0.1
Neonatal stroke 2(13) 111(28) 0.2
Age of non-neonates, mean years (SD) 74(75) 116(63) 02"

Ischemic stroke 11 (73) 205(52) 0.1

Clinical presentation
Outpatient at time of stroke (non-neonates) 8 (62) 259 (91)  goor*
URI (prior 4 weeks, non-neonates) 2 (15) 56(20) 0.7
Obesity (non-neonates) 0(0) 8(3) 0.5
Diabetes (non-neonates) 0(0) 8(3) 0.5
Headache at onset (non-neonates) 1(8) 126 (46) po1*
Hypertension 0(0) 9(2) 0.6
Seizure at onset 8 (53) 130(34) 0.1
Vascular imaging performed 6 (40) 193 (49) 05
Abnormal vascular imaging T 1(17) 103(54) 01
Multiple etiologies for stroke 0(0) 11 (3) 0.5
Length of stay, mean # days (SD) 13.1(13) 135(21) 0.9

Neur ologic deficit at dischar ge (non-neonates) 9 (69) 162 (58) 0.4

Stroke Location®

Multifocal 3(20) 82(23) 08
Frontal 4(31)  150(43) 0.4
Temporal 4(33) 106 (31) 0.9
Parietal 4(33)  152(45) 04
Occipital 4 (31) 7221 04
Brainstem 0 (0) 20 (6) 0.4
Cerebellum 1(8) 298) 09
Laterality
Right 4(29) 134(37) 05
Left 8(57) 171(48) 05
Bilateral 2 (15) 65(17) 09
*P<0.05;

Tif vascular imaging was performed;

;tstroke locations were not mutually exclusive, so percentages do not total to 100%.

Abbreviations: CHD = congenital heart disease, SD = Standard deviation, URI = upper respiratory infection.

Stroke. Author manuscript; available in PMC 2016 February 01.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Fox et al. Page 12

Table 2

Stratified analyses of congenital heart disease as a risk factor for childhood stroke (occurring from age 29 days
— 20 years) in a population enrolled in Kaiser Permanente Northern California, 1993-2007

Cases,N=299 ~ Controls, N=897 Unadjusted |
n (%) n (%) P-value OR (95% CI)

Cyanotic or Acyanotic

Cyanotic heart disease 7(2) 3(0.3) 0.003 7(1.8,27)

Acyanotic heart disease 6(2) 0(0) 0.0002 n/a
Surgical repair (ever)

CHD with repair 11 (4) 2(0.2) <0.0001 31 (4, 241)

CHD without repair 2(0.7) 1(0.1) 0.2 6 (0.3, 66)
Timefrom surgeryJr

Surgery, within prior 14 days 6 (2) 0(0) 0.0002 n/a

Surgery, not in prior 14 days 5(2) 2(0.2) 0.02 13 (1.5,114)

P-value for chi squared or Fisher exact;
*
Adjustment for gender and race did not change these associations.

TTime from surgery to stroke (for cases) or index date (for controls).
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