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Among all known birth defects, congenital heart disease 
(CHD) is the leading cause of death in infancy.1 In the 

United States, nearly 25% of children born with CHD will 
require surgery or treatment within their first year of life.2 
Tremendous advances in surgical techniques and strategies 
have led to a dramatic increase in survival rates, even ≤90% 
in complex CHDs; today, most children born with CHD will 

reach adulthood.3 Lower mortality rates in CHD have resulted 
in a dramatic shift in current research efforts: from short-term 
survival to improving functional outcome and quality of life.

It has become increasingly clear that children born with 
CHD have worse long-term neurological outcomes than their 
peers (Figure 1).4–6 Neuroimaging and psychological evalua-
tions have identified strong associations between altered brain 
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Abstract: In the past 2 decades, it has become evident that individuals born with congenital heart disease (CHD) are 
at risk of developing life-long neurological deficits. Multifactorial risk factors contributing to neurodevelopmental 
abnormalities associated with CHD have been identified; however, the underlying causes remain largely unknown, 
and efforts to address this issue have only recently begun. There has been a dramatic shift in focus from newly 
acquired brain injuries associated with corrective and palliative heart surgery to antenatal and preoperative 
factors governing altered brain maturation in CHD. In this review, we describe key time windows of development 
during which the immature brain is vulnerable to injury. Special emphasis is placed on the dynamic nature of 
cellular events and how CHD may adversely impact the cellular units and networks necessary for proper cognitive 
and motor function. In addition, we describe current gaps in knowledge and offer perspectives about what can be 
done to improve our understanding of neurological deficits in CHD. Ultimately, a multidisciplinary approach will 
be essential to prevent or improve adverse neurodevelopmental outcomes in individuals surviving CHD.   (Circ 
Res. 2017;120:960-977. DOI: 10.1161/CIRCRESAHA.116.309048.)
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development and poor neurological outcomes in CHD. The 
underlying causes of altered brain maturation and newly ac-
quired brain injury after corrective and palliative surgery are 
multifactorial, cumulative, and synergistic. Recent clinical 
findings indicate that altered brain development as early as 
the fetal period is a primary cause of worse neurocognitive 
outcomes in CHD.8–11 Thus, to determine the causes of altered 
brain maturation in CHD and ultimately improve neurological 
function, a strong link between cardiovascular and neurosci-
ence research must be established.

Epochs of Brain Development and 
Neuropathology in CHD

Brain development is a highly dynamic process that involves 
proper timing and orchestration of cellular and molecular 
events. Human brain development is a long process which 

begins in the third week of gestation and continues into early 
adulthood.12 After birth, the brain increases over 100% in 
volume in the first year and another 15% by the end of the 
second year of life.13 During these key developmental time 
windows, individuals with CHD are at risk of altered brain 
development and pathological insults which may result in 
poor neurological outcomes.

During fetal development, the brain is initially smooth—
lissencephalic—and later develops gyri (Figure 2A). Neurons 
form networks with one another as early as midgestation; ini-
tially, more connections are made than necessary, and these 
connections are then refined as new demands and challenges 
are met throughout life.16 It has been proposed that the hier-
archy of connections between brain regions may underlie the 
order of maturation in the brain: low-level processing areas 
such as sensory regions would need to mature first to foster 
high-level integration of information used by associative re-
gions which develop later.17

Higher-order cognitive function requires proper connectiv-
ity and communication between neurons locally and distally 
throughout the brain. The corpus callosum, for example, is the 
largest white matter (WM) tract in the brain and connects the 
left and right cerebral hemispheres enabling interhemispheric 
communication essential for the proper integration of motor, 
sensory, and cognitive information. Myelinated axons are a 
primary constituent of the corpus callosum, and myelin—lipid- 
rich membrane synthesized by oligodendrocytes—enables rapid 
communication of information. WM development is a protracted 
process, and myelination begins near midgestation in the human 
brain.18 Oligodendrocytes originate from the subventricular zone, 
and myelination is a multistage process involving oligodendro-
cyte precursor cell (OPC) expansion, migration, differentiation, 
and membrane expansion.19,20 Because WM dysmaturation and 
injury are common in CHD, it will be important to study the cel-
lular responses to CHD-imposed brain pathologies.

In the late 80s and early 90s, postmortem neuropathologi-
cal examinations detailed the developmental and acquired brain 
anomalies and lesions, respectively, in infants born with hypo-
plastic left heart syndrome (HLHS). Microcephaly, immature 
cortical mantle, agenesis of the corpus callous, and holoprosen-
cephaly were among the identified developmental abnormali-
ties.21 Intracranial hemorrhages and hypoxic–ischemic lesions, 
such as periventricular leukomalacia (PVL), cerebral, and brain 
stem necrosis, were identifiable acquired lesions.22 A little over 
a decade ago, PVL or diffuse WM gliosis was found to be the 
most significant types of lesions in CHD infants dying after car-
diac surgery.23 Moreover, infants <1 month of age who had an 
incidence of acute PVL after cardiopulmonary bypass (CPB) 
with deep hypothermic circulatory arrest (DHCA) died at sig-
nificantly younger ages compared with younger infants. These 
findings suggest an inverse correlation between brain matura-
tion and WM vulnerability to hypoxic–ischemic brain injury.

Brain injuries during development can result in debilitating 
cognitive, behavioral, and psychological outcomes that may 
not be evident until many years later. Advances in corrective 
and palliative pediatric cardiac surgery over the past 60 years 
have substantially improved the survival rate of babies born 
with CHD; however, these children remain susceptible to a 
spectrum of neurological impairments.4–6 Initial insights into 

Nonstandard Abbreviations and Acronyms

APOE apolipoprotein E

CHD congenital heart disease

CPB cardiopulmonary bypass

CVR cerebrovascular resistance

DHCA deep hypothermic circulatory arrest

DTI diffusion tensor imaging

EEG electroencephalogram

HLHS hypoplastic left heart syndrome

HUS head ultrasound

MRI magnetic resonance imaging

NIRS near-infrared spectroscopy

OGD oxygen–glucose deprivation

OPC oligodendrocyte precursor cell

PVL periventricular leukomalacia

SES socioeconomic status

SV single ventricle

WM white matter

Figure 1. Severity of congenital heart disease positively 
correlates with increased incidence of neurological 
impairments. Reprinted from Wernovsky7 with permission of the 
publisher. Copyright ©2006, Cambridge University Press.
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the underlying causes of such neurological deficits were heav-
ily limited by the lack of appropriate imaging tools required to 
monitor brain development noninvasively. Prospective and ret-
rospective imaging studies have been mounted to carefully doc-
ument primary structural abnormalities during development and 
secondary brain injuries after corrective and palliative surgery.

Neuroimaging in CHD
Neuromonitoring
Several imaging modalities have been developed and used to 
identify associations between physiological or anatomic altera-
tions and neurodevelopmental outcome in CHD. These include 
optical imaging technologies, such as pulse oximetry and near-
infrared spectroscopy (NIRS), as well as electroencephalo-
gram (EEG), Doppler ultrasound, and head ultrasound (HUS). 
Several clinical and research studies have used these tools to 
gain insights into potential pre-, intra-, peri-, and postoperative 
predictors of neurodevelopmental outcomes in CHD.

NIRS has been used as a monitoring tool during the pre-, 
intra-, and postoperative period. Preoperative cerebral oxygen-
ation is significantly reduced in certain cases of complex CHD, 
depending on the type of cardiac anomaly and arterial satura-
tion.24 In addition, decreases in preoperative cerebral oxygen ex-
traction have been reported in cases of patent ductus arteriosus 
and HLHS.24 In the early 2000s, the use of intraoperative NIRS 
monitoring in predicting neurological outcomes was assessed in 
swine. NIRS was shown to be a useful predictor of neurological 

recovery and injury after surgery.25,26 A few years later, dimin-
ished cerebral oxygen delivery determined by NIRS in the 
perioperative period in infants undergoing cardiac surgery was 
shown to be associated with lower Psychomotor Developmental 
Index scores at 1 year of age.27 In a recent study using NIRS in 
HLHS patients, reduced preoperative—but not postoperative—
cerebral oxygenation was associated with worse neurodevelop-
mental outcomes assessed in early childhood.28

Reduced systemic venous oxygen delivery, measured by 
fiberoptic oximetry, was significantly associated with neuro-
developmental abnormalities in 4-year olds who underwent 
the Norwood procedure for palliation of HLHS.29 In addition, 
longer durations of systemic venous oxygen levels <40% cor-
related with higher risks of abnormal neurodevelopmental 
outcomes.29 Early postoperative monitoring—within 48 hours 
after surgery—of cerebral oxygen saturation by NIRS was 
also shown to be predictive of adverse outcomes in HLHS pa-
tients who underwent the Norwood procedure.30 Mean cere-
bral oxygen saturation values <56% were predictive of worse 
outcomes, including longer intensive care unit stay and longer 
need for extracorporeal membrane oxygenation.30 Cerebral 
hypoxia determined by NIRS during the early postoperative 
period was reported to be associated with worse neurodevel-
opmental performance, particularly low visual-motor integra-
tion, when assessed in children at 4 to 5 years of age.31

Although clinical studies indicate that NIRS may be a use-
ful predictor of neurodevelopmental outcomes in CHD, the 

Figure 2. A, Cortical gyrification increases throughout fetal and perinatal brain development. Legend demarks the 4 lobes of the 
cortex. B, Gyrification indices and (C) cortical surface areas of fetuses with hypoplastic left heart syndrome (HLHS) compared with normal 
fetuses. Adapted from Dubois and Dehaene-Lambertz (A)14 and Clouchoux et al (B and C)15 with permission of the publishers. Copyrights 
© 2015, 2013, Elsevier and Oxford University Press, respectively. Authorization for this adaptation has been obtained both from the owner 
of the copyright in the original work and from the owner of copyright in the translation or adaptation.

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Morton et al  Brain Maturation and Congenital Heart Disease  963

use of NIRS during surgery remains controversial.32 Currently, 
the evidence that NIRS is associated with improved neurode-
velopmental outcomes is limited and reflective of outcomes 
in small cohorts32; additional studies will be necessary to de-
termine whether NIRS is a valid predictor of neurodevelop-
mental deficits in addition to its neuromonitoring use.32 Such 
future studies should consider the fact that cerebral oxygen 
levels assessed by NIRS are usually generated from probes 
covering the frontal lobe; acquiring measurements from other 
regions of the brain associated with behavioral function as-
sessed during formal testing such as visuospatial skills will 
be fruitful and may provide more meaningful associations be-
tween cerebral oxygenation and specific neurodevelopmental 
modalities.

A recent longitudinal study assessed neurodevelopmen-
tal outcomes in a large cohort of mixed CHD patients (178 
patients) after surgery.33 Narrower arterial-cerebral and arte-
rial-somatic saturation by NIRS was associated with better 
motor performance assessed by the Bayley Scales of Infant 
Development III.33 In addition, higher arterial saturation val-
ues were associated with improved motor performance scores 
with age.33 Future studies will be essential to reach a consen-
sus on the risks and benefits of optical imaging technologies 
as a management tools to improve neurodevelopmental out-
comes in CHD.

Subclinical perioperative seizures are common, can be 
identified by EEG, and have been shown to be predictive of 
worse neurodevelopmental outcomes in CHD in an age-de-
pendent manner.34,35 Continuous EEG monitoring of neonates 
and infants during the first 48 hours after surgery for complex 
CHD was not predictive of neurodevelopmental outcomes at 
1 year of age.36 At 4 years of age, EEG seizure occurrence 
was associated with worse executive function and deficits in 
social interactions and restricted behavior; seizures did not 
correlate with worse cognitive, motor, and language skills 
nor attention or impulsivity performance.37 Although EEG 
has long since been an excellent tool for the detection of sei-
zures, these findings indicate that it can also be used as a 
predictive measure of neurodevelopmental outcomes later in 
life and affords opportunities for intervention and manage-
ment strategies.

Doppler ultrasound is also a valuable tool for identifying 
associations between cerebral flow with neurodevelopmen-
tal abnormalities. This technique has primarily been used 
in the fetal period and typically has not been used to assess 
cerebral blood flow in the neonatal period. Doppler evalu-
ation during fetal echocardiography examination has been 
used to assess systolic, diastolic, and mean blood flow ve-
locity in the middle cerebral artery and umbilical arteries to 
determine the cerebroplacental resistance ratio. Alterations 
in cerebrovascular resistance (CVR) and fetal cerebrovas-
cular blood flow distribution between the brain and placenta 
vary depending on the type of CHD.38,39 Early investiga-
tions of fetuses with single ventricle (SV) defects have sug-
gested that these flow alterations may have an impact on 
early neurodevelopmental outcomes.40 Future studies will 
be necessary to determine whether fetal Doppler ultrasound 
can be widely used as a tool to predict neurodevelopmental 
outcomes.

Historically, HUS acquisitions were most routinely per-
formed and predate magnetic resonance imaging (MRI); 
however, HUS does not provide the resolution necessary to 
detect a majority of subtle structural alterations. A study com-
paring HUS and MRI demonstrated preoperative brain injury 
by MRI in 26% of infants with CHD, whereas HUS only de-
tected brain injury in 3% of infants—80% of which were false 
positives.41 A recent study concluded that preoperative HUS 
in CHD infants undergoing surgery with CPB was not pre-
dictive of neurodevelopmental outcomes at 1 year of age.42 
Detectable alterations in WM identified by HUS are modest 
in number, whereas studies using MRI have reported WM in-
jury in ≤50% of CHD cohorts.43 Thus, the need for routine 
brain scans with more modern and standardized techniques 
is becoming increasingly recognized; in fact, some hospitals, 
including our own, have been performing routine brain MRI 
scans on all neonates undergoing cardiac surgery for several 
years.

Magnetic Resonance Imaging
Advances in MRI technology have enabled identification of 
a high frequency of immature brain development and injury 
in CHD patients.8–11 Before these sophisticated technologies, 
many brain pathologies in CHD went unnoticed without post-
mortem examination. With state-of-the-art techniques, we are 
now able to visualize the brain with high fidelity, quantify 
specific microstructural alterations, and identify predictive 
neurodevelopmental measures and potential treatment/inter-
ventional windows even before birth.

Magnetic resonance spectroscopy is particularly useful 
for assessing the metabolic integrity of neurons in specific 
brain regions. Neuronal abnormalities have been suggested in 
CHD fetuses by magnetic resonance spectroscopy (eg, lower 
N-acetylaspartic acid [NAA]:Cho ratio) during the third trimes-
ter when key neuronal connections (synapses) are forming.44 In 
addition, newborns with d-transposition of the great arteries 
and SV physiology displayed a 10% reduction in the adjusted 
mean NAA:Cho ratio before cardiac surgery.8 It was recently 
demonstrated that reduced NAA:Cho ratios in periventricular 
WM are predictive of worse motor outcomes in preterm infants 
without CHD.45 Hence, it will be of great importance to deter-
mine whether alterations in metabolites are also predictive of 
neurodevelopmental outcomes in CHD populations.

Advances in fetal neuroimaging have provided great in-
sights into the developing brain; before these advances, the 
anatomic condition of the brain was unknown until birth. A 
groundbreaking and well-designed study demonstrated a 
drop-off in global brain volume by MRI during the third tri-
mester in fetuses with HLHS.15 In addition, this group reported 
a significant reduction in cortical volume, gyrencephaly, corti-
cal surface area, and WM volume during the later stages of 
gestation (Figure 2B).15 Interestingly, preterm newborns were 
recently reported to have a higher gyrification index compared 
with their term fetal counterparts during this time window46; 
these findings suggest that alterations in blood flow during fe-
tal CHD development may have more deleterious effects on 
specific aspects of brain development, such as gyrification. A 
recent study using antenatal MRI demonstrated a reduction in 
total brain volume, gray matter volume, and subcortical brain 
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volumes in fetuses with tetralogy of Fallot between 20 and 34 
week of gestation.47 In addition, it was recently shown that 
Doppler and head biometry measurements during midgesta-
tion are predictive of abnormal brain development indepen-
dent of the type of CHD assessed.48 Together, these studies 
indicate that the immature brain in the fetus with CHD is vul-
nerable before birth.

Clinical findings indicate that reduced placental weight is 
associated with reduced birth weight and head circumference 
size in infants born with certain types of CHD (eg, tetralogy 
of Fallot), indicating the importance of placental health.49 
Advanced fetal MRI allows determination of the association 
between placental health and brain maturation.50 For instance, 
a prospective study reported that placental growth was associ-
ated with birth weight but not with brain volumes in CHD.51 
These studies emphasize the use and need for further investi-
gations into complex brain pathologies associated with CHD 
before birth.

It is well established that nearly 25% of children with com-
plex CHD are microcephalic at birth, which has been strongly 
associated with neurodevelopmental abnormalities.8,52–54 MRI 
studies have indicated that WM defects are the most common 
brain injuries in CHD, including diffuse WM injury and focal 
WM injury, such as PVL.55–57 Recent MRI studies have dem-
onstrated brain immaturity before surgery and newly acquired 
WM injury during and after corrective and palliative sur-
gery.10,57 The incidence of WM injury reported is highly vari-
able depending on the age at the time of surgery and the type 
of CHD. A recent study demonstrated reduced hippocampal 
volumes in adolescents who had undergone CPB surgery58; 
the hippocampus is an important structure for learning and 
memory. Although several studies have addressed the effects 
of heart surgery on brain injury, the developmental abnormali-
ties before surgery have received more attention recently.

The advent of diffusion tensor imaging (DTI) has enabled 
clinicians and researchers to gain insights into the structur-
al and maturational profiles of the developing brain. DTI is 
particularly useful in defining WM maturation and injury by 
measuring fractional anisotropy: a metric of the directional 
dependence of water displacement which increases in numeric 
value as WM matures and becomes more organized. Studies 
using DTI have demonstrated a high incidence of WM dys-
maturation and injury in CHD patients, including adolescents 
who underwent surgery in infancy.59–66 Preoperative DTI stud-
ies have identified several underdeveloped WM structures in 
CHD from infancy to adolescence.59 A reduction in fractional 
anisotropy in key WM tracts, such as the corpus callosum, was 
reported in a mixed cohort of newborns with CHD.62 In ad-
dition, 2 studies reported microstructural abnormalities and 
immaturity in the splenium of the corpus callosum in preterm 
neonates born with CHD.63,64 Postoperative WM injury in ≤18 
WM regions has also been reported in adolescents after cor-
rective surgery60; it is important to note that these injuries were 
barely detectible by conventional MRI.

The functional impact of WM developmental abnormali-
ties and injury on network connectivity and neurocognitive im-
pairments in CHD has recently come into focus. There is now 
evidence that perturbations in structural and microstructural 

brain development can result in alterations in neuronal net-
work connectivity in neonates with CHD.67 Graphic analysis 
to acquire DTI data recently revealed that differences in the 
connectome mediate poor neurocognitive function seen in 
adolescents with d-transposition of the great arteries repaired 
during infancy.68 Reduced network integration and increased 
network segregation mediated differences in intelligence quo-
tient (IQ), academic achievement, executive function, learning 
and memory, and visuospatial abilities between adolescents 
born with d-transposition of the great arteries and peers.68 
Such advances are laying a foundation for understanding the 
interplay between macro/microstructural alterations, neuronal 
connectivity, and cognitive outcomes in CHD.

Research aimed at developing and using noninvasive 
imaging technologies, such as the BRAIN initiative (Brain 
Research Through Advancing Innovative Neurotechnologies) 
at the NIH, is now providing a dynamic picture of human 
brain development and pathologies.69 Implementing the use of 
these innovations in the CHD population will provide fruitful 
information about the complex nature of brain development 
and likely identify a wide range of developmental delays and 
impairments associated with CHD.

Similarities and Differences to the Preterm 
Population

There are many similarities in brain alterations and neurode-
velopmental outcomes associated with premature birth versus 
CHD. Surviving infants born prematurely at a very low birth 
weight are at a high risk of developing impairments in motor, 
cognitive, behavioral, attention, language, executive, and so-
cial abilities.70,71 Children born prematurely often display re-
ductions in cortical gray and WM volumes as seen in CHD.72 
There are also regional vulnerabilities to brain dysmaturation; 
for example, the frontotemporal lobes and hippocampi are 
highly vulnerable.73,74 Historically, cystic PVL and intraven-
tricular hemorrhage were the most common forms of brain 
injury seen in preterm patients; however, the incidence of PVL 
has declined, and diffuse WM injury is now more commonly 
present.19,70,75–77 Importantly, as seen in CHD, WM injury iden-
tified with neuroimaging techniques is associated with, and 
predictive of, worse motor and cognitive outcomes after pre-
mature birth.78–80

CHD fetuses are at a high risk of spontaneous preterm 
birth.81 Preterm birth in CHD affects mortality, morbidity, and 
neurodevelopmental outcomes.82,83 Infants with CHD who 
were born late preterm (gestational age of 34–36 weeks) were 
at an increased risk of hospital death, with a nearly 37% mor-
tality rate for those born at a gestational age of 36 weeks.82 
Using DTI, a recent clinical study reported similarities in the 
cerebral microstructures between preterm neonates with and 
without CHD; however, a microstructural abnormality in the 
splenium of the corpus callosum—a region associated with vi-
suospatial abilities—was identified in all CHD neonates born 
preterm in this study, indicating a regional vulnerability to 
preterm birth in CHD.63 Preterm infants born at an extremely 
low birth weight with CHD were shown to have a higher risk 
of death or neurodevelopmental impairments compared with 
infants born without birth defects.83
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It is important to note that unlike the premature birth 
population, cases of complex CHD require complicated sur-
gical interventions which expose the individual to a wide 
spectrum of complex and cumulative risk factors associated 
with neurodevelopmental abnormalities (Figure 3). For ex-
ample, a strong association between systemic infection/in-
flammation and brain abnormalities in premature birth has 
been well established.84,85 Infants born with complex CHD 
often require surgical interventions using CPB which can 
elicit an inflammatory response because of blood contact 
with foreign surfaces. Significant increases in the levels of 
inflammatory cytokines (8 out of 11) were recently reported 
after CPB surgery in CHD neonates; however, there was a 
weak correlation between WM injury determined by conven-
tional MRI and inflammatory markers with interleukin-1β 
on postoperative day 1.86,87

Because adverse neurodevelopmental outcomes have been 
well recognized and defined in the preterm population and 
have only recently received attention in CHD, it is important 
to consider converging causes of brain pathologies between 
these populations. In contrast with preterm birth, almost noth-
ing is known about CHD-induced brain injury at a cellular lev-
el in humans. Some common spatiotemporal mechanisms of 
cell-specific vulnerabilities are likely; therefore, comparative 
studies extrapolating and expanding on findings in the preterm 
birth population will be fruitful in expediting the development 
of treatment strategies to target specific cells and molecular 
pathways to improve neurodevelopmental outcomes in CHD.

Risk Factors Associated With CHD
Several clinical and research studies have identified multi-
factorial causes associated with neurological impairments in 
CHD. These encompass intrinsic genetic and acquired risks, 
including pre-, peri-, and postoperative factors (Figure 3).

Genetic Alterations in Heart and Brain 
Development
Clinical genotyping is a powerful tool of great prognostic 
value and can be performed before the brain is even formed. 
There are several genetic alterations that have been associated 
with neurological disabilities in CHD. A series of prospec-
tive studies have identified the Apolipoprotein E (APOE) ε2 
allele, which encodes the APOE E2 protein, to be associated 

with poor neurological outcomes in CHD patients after CPB. 
APOE is a key regulator of cholesterol metabolism and lipid 
transport in the brain and is involved in neuronal resiliency. 
Patients undergoing CPB before 6 months of age had signifi-
cantly lower neurological scores assessed by the Psychomotor 
Developmental Index of the Bayley Scales of Infant develop-
ment at 1 year of age; importantly, these poor neurological 
outcomes were independent of the type of cardiac defect, use 
of DHCA, ethnicity, or socioeconomic status (SES).88 In ad-
dition, anthropometric growth measurements were obtained, 
and it was shown that the APOE ε2 allele was predictive of 
reduced weight and head circumference growth at 4 years of 
age in CHD patients whom underwent surgery in infancy.89 A 
follow-up study that assessed Child Behavior Checklist indi-
ces during preschool ages (4–5 years old) revealed a higher 
prevalence of impaired social interactions, problems inter-
nalizing, and behavior problems compared with non-APOE 
ε2 allele carriers.90 These findings were recently validated in 
a new combined cohort of patients with SV after surgery.91 
The APOE ε2 allele was associated with lower scores on the 
Psychomotor Development Index at 14 months of age inde-
pendent of operative factors.91 Together, these studies have 
provided a predictive measure of neurodevelopmental out-
come after surgery and underscore the need for genotyping 
and risk stratification for those undergoing surgery carrying 
the APOE ε2 allele.

Since the human genome was first sequenced in 2003, 
there have been tremendous advances in human genetic stud-
ies. We can now readily identify small genetic variations as-
sociated with particular diseases throughout the genome on 
a case-by-case basis. These advances have spurred ongoing 
genome-wide association studies aimed to identify genet-
ic variations that indicate the potential risk of developing a 
disease. Recently, 2 studies identified de novo mutations in 
CHD patients enrolled in the Pediatric Cardiac Genomics 
Consortium.92,93

Exome sequence analysis of parent–offspring trios re-
vealed de novo point mutations in hundreds of genes contrib-
uting to ≈10% of complex CHD; of particular interest were the 
mutations in histone-modifying genes which can affect many 
genes involved in development.92 Eight of the mutated genes 
in CHD have known roles in production, removal, or reading 
of methylation of histone H3 lysine 4 (H3K4me); H3K4me is 

Figure 3. Risk factors (A) associated 
with neurodevelopmental outcomes 
in CHD during progressive epochs of 
brain development (B). Adapted from 
Morton et al59 with permission of the 
publisher. Copyright © 2015, Elsevier. 
Authorization for this adaptation has 
been obtained both from the owner of the 
copyright in the original work and from 
the owner of copyright in the translation 
or adaptation.
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important for the activation of key genes involved in develop-
ment. In addition, 2 mutations were identified in a gene that 
regulates H3K27 methylation, which is known for inactivating 
gene transcription.92

Using exome sequencing, a recent study identified new 
(de novo) genetic mutations in patients with CHD with neu-
rodevelopmental disabilities.93 Genomic DNA was sequenced 
from blood collected from >1200 CHD patients from 10 cen-
ters located in the United States and United Kingdom. De novo 
mutations were identified and compared between those with 
CHD, those with CHD and a coexisting neurological disabil-
ity, those with CHD and an extracardiac congenital anomaly, 
or both. In addition to identifying genes known to be asso-
ciated with CHD, several protein-damaging mutations were 
identified, including mutations in genes involved in mRNA 
splicing, chromatin modification, transcriptional regulation, 
anatomic structure morphogenesis, cardiovascular system de-
velopment, and neurodevelopmental abnormalities. One such 
gene, RBFOX2, encodes a RNA-binding protein essential for 
epithelial to mesenchymal cell transitions. Disruption of these 
transitions is thought to result in HLHS. These findings indi-
cate that protein-damaging de novo gene mutations are strong 
predictors of neurodevelopmental anomalies in CHD and 
highlight the use of clinical genotyping to identify those who 
may have neurodevelopmental deficits later in life. A key find-
ing in this study was that CHD patients who had neurodevel-
opmental disabilities were enriched for mutations in particular 
genes expressed in both heart and brain; hence, these shared 
genetic contributions for CHD and neurodevelopmental dis-
abilities point to a common genetic cause in that the same 
genes that cause CHD may also cause the brain anomalies 
in these patients. Follow-up studies with animal models will 
be essential in determining how genetic alterations identified 
in CHD patients with neurodevelopmental abnormalities af-
fect the molecular and cellular programs underlying heart and 
brain development.

Preoperative Factors

Disturbance of Fetal Cerebral Blood Flow
Normal fetal brain development requires maternal and pla-
cental circulation in order for the heart to preferentially direct 
highly oxygenated blood along with substrates to the brain. 
In addition, intrinsic autoregulatory mechanisms are in place 
to adjust CVR to increase cerebral oxygen delivery during fe-
tal brain development. In many cases of complex CHD, these 
beneficial systems regulating cerebral blood flow are altered 
in utero and persist after birth.94,95 In utero hemodynamics in 
CHD have been assessed as early as midgestation with ce-
rebral and umbilical artery Doppler ultrasound.38 The cere-
broplacental resistance ratio—a metric of vascular resistance 
and the distribution of blood flow—was significantly lower 
(cerebroplacental resistance ratio<1) in fetuses with CHD, 
especially in those with HLHS. A reduction in the cerebral/
umbilical resistance index was also seen in CHD fetuses. 
Alterations in fetal CVR have been shown to be associated 
with neurodevelopmental outcomes in CHD. Reduced fetal 
CVR was initially shown to be associated with lower cogni-
tive scores at 18 months of age in a small cohort of mixed 

complex CHD.96 However, 2 studies with larger and more ho-
mogeneous populations of univentricular fetuses demonstrat-
ed that decreased CVR, determined by the middle cerebral 
artery pulsatility index, is associated with higher neurode-
velopmental scores at 14 months of age determined by the 
Psychomotor Development Index.40,97 Together, these clinical 
studies indicate that hemodynamics should be carefully moni-
tored during fetal development and that optimizing cerebral 
oxygen delivery may improve neurodevelopmental outcomes 
in specific CHDs.

Three recent studies have shed light on cerebral perfu-
sion and oxygen consumption in fetuses and neonates with 
CHD. Fetal hemodynamics and brain size were measured in 
30 CHD fetuses in late gestation.98 This group demonstrated 
that reduced fetal cerebral oxygen delivery and consumption 
is associated with smaller brain volumes in CHD. In addition, 
fetal brain size correlated with ascending aortic oxygen satu-
ration and cerebral oxygen consumption. Using a combination 
of MRI and diffuse optical and correlation spectroscopies, 
Jain et al99 demonstrated reduced values in cerebral blood 
flow and oxygen metabolism measurements in CHD neonates 
compared with reported values in normal neonates. An arte-
rial spin labeling MRI study performed by Nagaraj et al100 
showed a significant reduction in global cerebral blood flow 
in newborns with complex CHD; these findings are similar to 
those previous study with a small cohort of term infants with 
CHD.94 In addition, this group identified specific brain regions 
with less mean cerebral blood flow in cyanotic compared with 
acyanotic CHD: occipital WM, basal ganglia, and thalami. 
Future studies aimed at improving fetal cerebral oxygenation 
in CHD, perhaps via maternal oxygen therapies, may foster 
healthy brain development, reduce brain injuries, and yield 
improved neurodevelopmental outcomes.

Perioperative Factors

Cardiopulmonary Bypass
Compared with other neurodevelopmental diseases, CHD 
requires major surgical procedures to correct the cardiac 
anomaly. These surgical procedures, such as CPB, introduce 
many critical factors that can impose a broad range of specific 
pathologies to the developing brain; such factors include, but 
are not limited to, dynamic changes in temperature, hemodi-
lution, oxygenation, nonpulsatile blood flow, and low-flow 
perfusion or circulatory arrest under deep hypothermia (near 
15oC). Therefore, early clinical trials and laboratory research 
studies, including our own, were focused on newly acquired 
brain damage during or after CPB and corrective and pal-
liative CHD surgeries. Successful clinical trials have greatly 
improved our understanding of brain injuries acquired from 
surgical procedures and have resulted in implementation of 
different strategies to mitigate surgery-induced brain injuries.

In the 1980s to 1990s, infants with d-transposition of the 
great arteries undergoing open heart surgery with DHCA 
displayed larger brain perturbations shortly after surgery 
when compared with those who underwent low-flow ce-
rebral perfusion.101 Follow-up studies reported that infants 
assigned to the DHCA strategy were at a higher risk of neu-
rological abnormalities at 1 and 4 years of age102,103; poorer 
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outcomes were associated with longer durations of DHCA. 
Neurodevelopmental outcomes were later assessed at 8 years 
of age, and it was determined that a DHCA duration time of 
>41 minutes resulted in worse neurodevelopmental outcomes 
and that the relationship is nonlinear.104 At 16 years of age, the 
effects of DHCA on neurological scores were modest; how-
ever, both treatment groups typically performed lower than 
the normative population.5 These studies indicate that infants 
undergoing CHD surgery are at risk of neurodevelopmental 
problems and should be continuously monitored to determine 
the need for early intervention and individual education plans 
during school age years.

Another clinical trial addressed the effects of blood gas 
management—α-stat versus pH-stat—strategies implement-
ed on a heterogeneous cohort of infants with CHD during 
DHCA.105 This study found that the pH-stat strategy was as-
sociated with better brain recovery time along with a reduc-
tion in postoperative morbidity; however, neither strategy was 
shown to have an impact of neurodevelopmental outcomes 
assessed by formal testing. Hematocrit levels during CPB are 
also of great importance. A series of clinical trials found that 
hemodilution to hematocrit levels <24% during neonatal CHD 
surgery are associated with worse Psychomotor Development 
Index scores at 1 year of age.106–108 The successful trials de-
scribed above have greatly improved CPB management 
worldwide to minimize brain injury acquired during surgery 
in infants with CHD.

Neurodevelopmental outcomes in CHD have also been 
assessed in clinical trials comparing perioperative glycemic 
control and perfusion strategies. A recent clinical trial report-
ed that tight glycemic control in infants who underwent CPB 
surgery was shown to have no impact on neurodevelopmen-
tal outcomes at 1 year of age compared with standard care.109 
In addition, tight glycemic control did not significantly alter 
mortality or infection rates nor length of hospital stay; how-
ever, infection rates were significantly reduced in infants older 
than 60 days of age compared with those in the standard care 
group.110,111

Infants with SV anatomy who underwent the Norwood 
operation with either regional cerebral perfusion or DHCA 
were found to have no significant differences in mental or 
psychomotor development scores during their 1-year follow-
up.112 Neonates undergoing CPB for aortic arch repair with 
either antegrade cerebral perfusion or DHCA had similar 
cognitive and motor outcomes around 2 years of age.113 MRI 
was performed preoperatively and 1 week after surgery and 
revealed no significant differences in perioperative cerebral 
injury between perfusion strategies; however, focal infarctions 
within the basal ganglia or thalamus occurred exclusively in 
neonates who underwent CPB with antegrade cerebral perfu-
sion.113 Preoperative brain injury was identified in half of the 
patients, and new WM injury was evident in over 60% post-
operatively (72% of DHCA and 50% of antegrade cerebral 
perfusion).113 In addition, lower postoperative mean arterial 
Pco

2
 values were associated with newly acquired WM injury 

regardless of perfusion strategy.113

Results from recent clinical outcome studies demon-
strate that with the use of modern, improved CPB strategies, 

patient-related factors are better predictors of neurodevelop-
mental disabilities than intraoperative factors such as dura-
tion of DHCA or shunt type at 1, 3, and 16 years of age.114–116 
Patient-related risk factors identified at 14 months of age after 
cardiac surgery include lower weight at birth, male sex, and 
extracardiac anomalies.6 Importantly, adjustments made for 
these factors led to improved psychomotor and mental devel-
opmental scores by a modest degree over time. Clinical stud-
ies have also demonstrated that newly acquired postoperative 
brain injury is commonly found in the immature brain with 
CHD.10,57 Therefore, new approaches need to be developed to 
protect underdeveloped brains that are uniquely susceptible to 
peri- and postoperative brain insults.

Environmental factors introduced during CPB that can be 
harmful to the brain still include the inflammatory response, 
reoxygenation, reperfusion, and rapid changes in body tem-
perature. Future studies in animal models aimed at deter-
mining the cellular response to such factors during and after 
surgery will be invaluable in understanding peri- and postop-
erative brain injury and subsequent neurodevelopmental se-
quelae. Understanding the molecular and cellular responses to 
cardiac surgery in a highly vulnerable, underdeveloped brain 
will aid in further refinement of CPB strategies/management 
in pediatric cardiac surgery and will likely result in improved 
neurodevelopmental outcomes.

Anesthesia
The potential deleterious effects of anesthesia exposure on the 
developing brain have recently come into focus.117 Palliative 
or corrective surgeries performed early in life are typically not 
optional, and infants born with complex CHD often require 
major surgery before their sixth month of life. Neuroimaging 
studies have identified the risk of newly acquired brain inju-
ries after cardiac surgery, and anesthesia may be a contributing 
factor to such brain injuries. Although the effects of exposure 
to small amounts of anesthesia on early brain development re-
main controversial,118 certain surgical procedures for complex 
CHD require an extensive quantity of anesthetics for several 
hours or even days—if required during the recovery period.

A recent clinical study demonstrated a strong link between 
anesthetic exposure and neurodevelopmental outcomes: pa-
tients with HLHS who underwent a higher cumulative expo-
sure to volatile anesthetics had lower full-scale and verbal IQ 
scores at 4 to 5 years of age.119 Another study identified an 
association between high levels of volatile anesthetics during 
complex neonatal cardiac surgery and worse neurodevelop-
mental outcomes at 1 year of age.120 Although it may not be 
possible to control for every variable, future prospective and 
retrospective clinical trials are necessary to elucidate the ef-
fects of each anesthetic agent on brain development and sub-
sequent neurological outcomes.119,121

A majority of the evidence that suggests repeated or chron-
ic exposure to general anesthetics can result in permanent 
brain damage comes from several animal studies across many 
different species. For example, rhesus monkeys undergoing a 
5-hour exposure to isoflurane at 6 days of life displayed a 13-
fold increase in neuronal cell death, particularly in the cerebral 
cortex; in addition, oligodendrocytes engaged in myelination 
were also vulnerable to anesthetic exposure.122,123
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A recent study demonstrated ketamine-induced learning 
deficits in GCaMP (high-affinity Ca(2+) probe composed 
of a single GFP [green fluorescent protein]) mice.124 These 
mice express a calcium indicator (GCaMP) in cortical neu-
rons enabling live monitoring of neuronal activity in awake 
mice. Early postnatal mice received 3 doses of anesthesia (eg, 
ketamine), and neuronal activity was greatly decreased in the 
motor cortex during the recovery period. At 1 and 2 months 
of age, animals that had received anesthesia performed sig-
nificantly worse on motor learning tasks. These deleterious ef-
fects were mitigated by administration of a drug that increases 
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid) receptor activity during the postanesthesia recovery pe-
riod; the AMPA receptor binds glutamate and is important in 
neuronal communication. Future translational studies defin-
ing the cellular/molecular mechanisms underlying the adverse 
effects of anesthetic agents on early brain development will 
be extremely useful in developing pharmacological treatment 
strategies for neonatal cardiac surgery.

Postoperative Factors

Low Cardiac Output and Length of Hospital Stay
Of the multiple postoperative factors associated with wors-
ened neurodevelopmental outcomes, the impact of low car-
diac output has been well studied. Postoperative brain injury 
correlates with low blood pressure and low cardiac output 
early during the recovery period. Low mean blood pressure 
is associated with newly acquired WM injury during the first 
postoperative day.8 Within 2 weeks after surgery, diastolic 
hypotension was associated with PVL in neonates who un-
derwent CPB.55 In addition, low postoperative cerebral ox-
imetry for a prolonged period (>3 hours) is associated with 
a high incidence of newly acquired or worsened focal isch-
emic lesions in infants who underwent the Norwood proce-
dure.125 In a small cohort of children born with HLHS who 
underwent neonatal cardiac surgery, neurodevelopmental 
abnormalities were associated with reduced systemic venous 
oxygen saturation postoperatively.29 Postoperative low car-
diac output after heart surgery for CHD in infancy has also 
been shown to be associated with a worse quality of life at 4 
years of age.126 Low cardiac output is often associated with a 
more complicated postoperative course, and prolonged hos-
pital stay and postoperative mechanical ventilation are inde-
pendent risk factors related to adverse neurodevelopmental 
outcomes.

Longer stays in intensive care units have been associated 
with (1) lower psychomotor and mental scores, (2) gross and 
fine motor delays, and (3) lower full-scale and verbal IQs in 
children who underwent corrective or palliative surgery for 
CHD.127–129 Increased hospital stay is necessary to stabilize 
hemodynamics and often involves lengthy exposure to seda-
tives which may also further impact neurodevelopment.130 A 
recent study assessed operative and postoperative factors as-
sociated with poor neurodevelopmental outcomes at 13 months 
of age after cardiac surgery in infancy.131 Both a longer opera-
tive support time and postoperative length of stay were associ-
ated with adverse neurological outcomes.131 Altogether, these 
observations suggest a cumulative impact of intraoperative 

factors predisposing the brain to newly acquired postoperative 
injuries.

Protracted hospital stay also exacerbates maternal and 
family stress and can result in an unhealthy parental–child re-
lationship after hospital discharge because the family experi-
ences challenges accommodating their child’s medical needs 
and neurodevelopmental deficits; in addition, maternal angst 
has a negative impact on child behavior which in turn increas-
es maternal stress.130

Socioeconomic Status
SES, which encompasses parental income, education and 
care, and environmental stimuli, is highly predictive of lan-
guage processing and executive function abilities throughout 
an individual’s lifespan.132 Children and adolescents raised in 
a low SES household develop a spectrum of neurodevelop-
mental deficits which positively correlate with the duration of 
the imposed hardships. In addition, pregnant women with a 
low SES are more likely to be stressed and malnourished and 
have a higher risk of perturbed fetal growth and premature 
delivery.133 Clinical studies have documented an association 
between lower SES and worse short- and long-term neurode-
velopmental outcomes after corrective surgery for CHD.5,114,134 
It is well known that SES is associated with neurological out-
comes in CHD. Social class is typically adjusted for in statisti-
cal analyses.

Although several modifiable and unmodifiable risk factors 
associated with worse neurodevelopmental outcomes in CHD 
have been identified, almost nothing is known about their di-
rect impact on individual cell populations which are critical 
for brain growth and function. To understand the cellular and 
molecular response to these risk factors, it is essential to de-
velop and use suitable animal models.

Animal Models in CHD
Several animal models have been developed to understand 
the cause of structural cardiac anomalies seen in CHD. These 
models vary in cost, amenability to genetic and molecular 
tools, and translational use. To date, animal models of CHD 
have primarily focused on determining the genetic, environ-
mental, and perioperative factors underlying abnormal heart 
development and function. Because little attention has been 
given to how these congenital cardiac anomalies impact brain 
development and neurological outcome, we will mainly focus 
our discussion on such models.

Zebrafish and mouse models of CHD have provided sub-
stantial insights into the genetic programs involved in heart 
development.135 Although zebrafish have a 2-chambered heart 
which is not ideal for studying many cases of CHD, CHD 
associated with heterotaxy, which is often seen in complex 
CHD, can be easily assayed. The zebrafish is a powerful 
model organism for several reasons: (1) transparent embryos 
develop quickly ex utero facilitating longitudinal live im-
aging with microscopy throughout heart development, (2) 
inexpensive and large numbers of subjects, and (3) ease of 
high-throughput screening paired with sophisticated genetic 
approaches. Zebrafish as a model of brain development have 
rapidly increased in popularity over the past 2 decades and 
are now being used in a wide variety of studies modeling 
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cognitive disorders, emotional and behavioral motivation, 
myelination, regeneration, autism, and neuropharmacological 
screening.136–139

Recently, it was shown that the deletion of a specific gene 
(DNAH6), which was recovered from CHD patients with het-
erotaxy, results in heterotaxy and ciliary dysfunction in ze-
brafish; zebrafish without this gene also developed abnormal 
cardiac looping.140 Primary cilia are important for normal brain 
development.141 Studies such as this will facilitate our under-
standing of the interactions between genes associated with ab-
normal heart development and neurodevelopmental disorders. 
The effects of alterations of specific conserved genes on heart 
and brain development in zebrafish can be quickly determined 
and translated to mammalian models such as mice, which is 
an essential next step because of notable dissimilarities be-
tween zebrafish and humans, including structural anatomy as 
well as brain and heart circulation.

A large-scale recessive forward genetic screen was recent-
ly conducted on mouse fetuses to recover mutations causing 
CHD.142 More than 87 000 chemically mutagenized mouse 
fetuses were scanned with ultrasound, and over 200 CHD 
mouse models were recovered. Of the 61 mutated genes iden-
tified, more than half were cilia related; in addition, identified 
pathways showed overlap with candidate genes recovered in 
CHD patients. Interestingly, several of the recovered genes 
have known roles in key neural development processes; axon 
pathfinding was the top pathway identified in gene enrichment 
analysis. Hence, alterations in genes involved in both heart 
and brain development are a likely cause of CHD and neuro-
developmental abnormalities.

Mice possess a 4-chambered heart, and mouse genetic mod-
els of CHD have identified many genes critical for normal heart 
development.59 This strategy, however, often results in severe 
disturbances of vital organs and embryonic lethality. Because 
WM development occurs postnatally in rodents,143,144 a majority 
of the CHD genetic mouse models are not suitable for studying 
the structural/functional effects of congenital cardiac anomalies 
on brain development. To understand how alterations in fetal 
and perinatal blood flow affect normal brain development, a 
genetic animal model of CHD with embryonic/postnatal vi-
ability will be instrumental; however, models of complex CHD 
will preclude long-term postnatal survival because of technical 
challenges in palliative surgery on such small mammals. On the 
other hand, many essential stages of cortical development occur 
before birth in mice; therefore, future studies in such genetic 
models in which embryonic lethality occurs closer to term birth 
should be considered in this context.

Although rodent models of CHD have several advantages 
and offer the promise of determining effects of preoperative 
factors, such as altered cerebral blood flow, they are not an ide-
al model for studying operative factors associated with neuro-
developmental outcomes in CHD because of their small size. 
In addition, there are several structural and cellular dissimi-
larities between the rodent and human brain. Large animals, 
including ovine and swine, share similar brain developmental 
profiles to humans and are large enough to undergo surgical 
strategies routinely used in infants with CHD145–150; hence, 
these animal models are suitable for determining preoperative 

and perioperative factors underlying neurodevelopmental ab-
normalities commonly seen in CHD. However, these animal 
models are expensive and require a skilled team of surgeons 
to perform complicated surgery and special postoperative care 
and housing.

The fetal sheep bilateral carotid artery occlusion model 
involves in utero cerebral hypoperfusion and has been used to 
induce cerebral ischemia.151,152 Bilateral carotid artery occlu-
sion, paired with anastomoses of the vertebral arteries, midg-
estation has been demonstrated to result in perturbances in 
postnatal cortical growth.152 Lambs that underwent this pro-
cedure displayed reduced cortical volume, similar neuronal 
cell densities, an increase in total number of neurons, and re-
duced neuronal dendritic arborization and synapse formation 
in the cortex which correlated with microstructural alterations 
observed by DTI.152 In addition, another study demonstrated 
arrested preoligodendrocyte—oligodendrocytes at a stage be-
tween OPC and differentiated oligodendrocyte—maturation 
and reduced numbers of preoligodendrocytes which strongly 
correlated with their MRI findings of WM injury in an ovine 
model of cerebral ischemia.151 These fetal/preoperative find-
ings are of great importance because they recapitulate cer-
tain brain injuries seen by neuroimaging in CHD patients and 
provide information on the cellular response to such insults.

Swine have served as a standard model system for open 
heart surgery for many years but have only recently been used 
as a model for brain development. In addition to their docility 
making them easy to manage, swine are metabolically similar 
to humans and display a similar area-dependent WM matu-
ration profile with their human counterpart.145 Environmental 
events during CPB include the inflammatory response, re-
oxygenation, and rapid changes in temperature. We recently 
assessed the intraoperative effects on WM injury in neonatal 
piglets undergoing CPB during early stages of brain develop-
ment.145 Piglets that underwent CPB surgery had significantly 
worse neurological outcomes. Immature oligodendrocytes 
(eg, preoligodendrocytes) were particularly vulnerable to 
ischemia–reperfusion and reoxygenation injury during the 
CPB procedure (Figure 4A through 4E).145 OPCs have the ca-
pacity to replace lost oligodendrocytes and displayed remark-
able resilience to CPB; however, delayed myelination and an 
arrest of oligodendrocyte maturation were seen 1 month after 
CPB (Figure 4F, 4G, 4J, and 4K). In addition, evidence of 
inflammation was seen as there was a significant increase in 
the number of microglia within the WM shortly after CPB 
(Figure 4H and 4L).153 Maintaining high levels of oxygen and 
reducing inflammation were found to be protective of WM 
injury145; importantly, these perioperative factors are easily 
modifiable. Future studies in which the compound effects of 
open heart surgery alone and paired with previous cerebral hy-
poxic exposure should be undertaken in swine to better assess 
the impact of pre- and perioperative brain injury seen in CHD.

A series of rodent studies using a brain slice model were 
recently published and document the impact of in utero hy-
poxia and CPB on WM.154,155 During the developmental equiv-
alent of the third trimester through term birth in humans, mice 
were reared in a hypoxic environment with a foster mother. 
A perfusion system was developed to culture brain slices in 
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cerebrospinal fluid with and without oxygen–glucose de-
privation (OGD) to simulate cardiac arrest during CPB. As 
seen in the swine CPB model, OPCs were resistant, whereas 
preoligodendrocytes were vulnerable to OGD in brains from 
mice raised in normal conditions. However, hypoxic expo-
sure before OGD resulted in a temperature-specific shift in 

WM injury; mature oligodendrocytes and OPCs, as opposed 
to preoligodendrocytes, were most vulnerable to OGD.154 
Interestingly, a reduction in temperature was specifically pro-
tective of OPCs, suggesting that deep hypothermia during 
bypass surgery may be beneficial for certain cell populations 
in the oligodendrocyte lineage.154 A recent follow-up study 

Figure 4. A, Three-dimensional (3D) reconstruction of the corpus callosum of a neonatal piglet defined by tractography with 
diffusion tensor imaging (DTI). Immunostains illuminating the oligodendrocyte (OL) lineage 3 d (B–E) and 4 wk (F and J) after severe 
cardiopulmonary bypass (CPB). Three days after severe CPB, oligodendrocyte precursor cells (OPCs; Mash1+ [B], PDGFRα+ [C]) and 
mature OLs (CC1+ [E]) display resilience to the surgical insult, whereas pre-OLs (O4+) are susceptible to programmed cell death (Casp3+ 
[D]) in the corpus callosum (CC)—a white matter (WM) tract connecting the left and right hemisphere of the brain. Severe CPB results in 
fewer mature OLs (F and J) and less myelin basic protein (MBP; G and K) in the CC, 1 month after surgery. Severe CPB also results in an 
increase in the number of microglia (Iba1+) in the CC (H and L), 3 days after surgery. G and M, Astrocytic response in a mouse brain slice 
model of CPB. Three hours after oxygen–glucose deprivation (OGD) at 15°C, WM astrocytes (GFAP-GFP+) in the CC display a distinct 
change in morphology (M compared with I). Scale bars, 50 µm (B–M). Adapted from Morton et al59 with permission of the publisher. 
Copyright © 2015, Elsevier. Authorization for this adaptation has been obtained both from the owner of the copyright in the original work 
and from the owner of copyright in the translation or adaptation.
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using this model system demonstrated an astrocyte response 
to OGD in mice reared under normoxic conditions (Figure 4I 
and 4M). In addition, lack of an astrocyte response was seen in 
WM in brains that underwent previous hypoxic exposure, sug-
gesting that preoperative cerebral hypoxia may dampen the 
neuroprotective potential of astrocytes in CPB.156

The relationship between OPCs and vasculature during 
brain development has recently been addressed. With live 
imaging microscopy, OPCs were shown to migrate along 
blood vessels in mice during normal embryonic cortical de-
velopment; in addition, the researchers demonstrated that 
OPCs have a similar association with blood vessels during 
their migration to the cortex in human brains during the 14th 
week of gestation.157 The authors propose that the interac-
tion between OPCs and vascular endothelium allows for the 
signaling required to coordinate and guide OPC migration 
to their appropriate cortical destinations. In addition, it was 
recently demonstrated in mice that OPCs are critical in co-
ordinating blood vessel growth in the developing WM via 
hypoxia-inducible factor signaling.158 Endogenous hypoxia-
inducible factor signaling in OPCs promoted angiogenesis 
while preventing OPC differentiation before myelination. In 
the presence of oxygen provided by newly formed blood ves-
sels in the WM, hypoxia-inducible factor activity is inhibited 
and promoted oligodendrocyte maturation and myelination. 
Membrane expansion during the process of myelination is a 
metabolically taxing process, and direct access to vital sourc-
es of oxygen and substrates delivered by blood vessels seems 
to be essential. Because complex CHD often alters cerebral 
blood supply, it will be important to determine the integrity of 
the vasculature and the interactions between blood vessels and 
OPCs during brain development.

Rodent studies modeling diffuse WM brain injury in 
premature birth have identified cellular and molecular 
mechanisms underlying lineage-specific vulnerabilities of oli-
godendrocytes and their regenerative response after chronic 
neonatal hypoxia. The subventricular zone and WM itself rep-
resent 2 major sources of OPCs with regenerative potential. 
Oligodendrocyte death, delayed oligodendrocyte maturation, 
and transient hypomyelination in the subcortical WM were 
seen within 2 weeks in mice after chronic neonatal hypoxic 
exposure.159 In addition, an endogenous regenerative response 
was seen as OPCs persistently generated new oligodendro-
cytes for ≤1 month after hypoxic exposure which ultimately 
resulted in restoration of myelin proteins.160 These studies 
also identified alterations in OPC cell cycle proteins in the 
WM after hypoxia and in postmortem analyses of the cor-
pus callosum of human infants dying from hypoxic/ischemic 
encephalopathy.159 Many mitogenic proteins involved in the 
OPC regenerative response, such as epidermal growth factor 
and apotransferrin, can be genetically altered or stimulated 
pharmacologically to potentiate OPC survival, proliferation, 
and maturation to promote recovery of WM injury.

One promising approach that can easily be implemented 
in the hospital/clinical setting is intranasal drug administra-
tion. Repeated intranasal delivery of heparin-binding epider-
mal growth factor immediately after hypoxic exposure led to 
reduced oligodendrocyte death, enhanced oligodendrocyte 

genesis, and improved behavioral recovery in mice.160 
Intranasal administration of human apotransferrin before hy-
poxia–ischemia resulted in less WM injury and an increase in 
OPC survival and proliferation within the corpus callosum and 
subventricular zone in mice.161 Together, these studies provide 
insights into the dynamic cellular and molecular mechanisms 
involved in WM injury and recovery imposed by chronic hy-
poxic exposure and hypoxia–ischemia and offer therapeutic 
avenues which should be explored in models of CHD-induced 
WM injury.

Technical and ethical limitations have restricted our abili-
ties to determine the cellular and molecular mechanisms gov-
erning altered brain maturation and neurological sequelae in 
CHD. Because of the high prevalence of cortical and WM 
dysmaturation seen in complex CHD, it is essential to develop 
animal models that recapitulate the neurological outcomes 
and the structural alterations of the developing brain to iden-
tify cell-specific vulnerabilities and regenerative potential 
in response to CHD-induced brain pathologies. The bidirec-
tionality between clinical and animal studies will be fruitful 
in testing novel treatment strategies to protect the immature 
developing brain and improve neurological outcomes in the 
growing CHD population.

Ongoing Clinical Trials and Recent Advances 
in Technology

Several clinical trials have identified modifiable intra- and 
perioperative risk factors associated with neurodevelopmental 
outcomes in CHD. These findings have led to refined surgi-
cal strategies resulting in decreased morbidity and mortality. 
However, few studies have assessed potential pharmacological 
interventions. Recent results were documented from a clini-
cal trial testing the neuroprotective effects of erythropoietin 
in neonatal cardiac surgery.162 Although the doses of eryth-
ropoietin administered were found to be safe, there were no 
significant improvements in neurodevelopmental outcomes, 
including cognitive, language, and motor skills at 1 year of 
life.162 However, this study was on a small cohort of patients 
and will require a larger sample size to determine the impact 
of erythropoietin on neurodevelopmental outcomes in CHD 
after neonatal corrective surgery.

Three interventional clinical trials—pre-, peri-, and post-
operative—were recently launched and may result in improved 
neurodevelopmental outcomes. An interventional clinical trial 
has been initiated to test the potential neuroprotective effects 
of maternal progesterone therapy during fetal development 
(https://clinicaltrials.gov/ct2/show/NCT02133573). A phase 
I drug safety study has been initiated to determine the safety 
of the anesthetic agent dexmedetomidine during CPB (https://
clinicaltrials.gov/ct2/show/NCT01915277). An interventional 
clinical pilot study was recently launched aimed at improving 
executive dysfunction in adolescents born with cyanotic CHD 
and surviving corrective surgery within the first year of life 
(https://clinicaltrials.gov/ct2/show/NCT02759263).

Innovative approaches developed by surgeons and cardi-
ologists along with devoted patients and families have led to 
a significant reduction in surgical mortality of complex CHD 
cases. It is important to consider the difficulty in acquiring 
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large homogeneous sample sizes and controlling for individual 
patient variables when conducting a clinical trial. Therefore, 
even if results do not reach significance, trends toward im-
provements should be noted. These trends can be greatly infor-
mative and may merit further investigation in animal models 
where it is feasible to control for confounding variables.

Recent advances in stem cell technology have opened 
new opportunities to model human brain development in vi-
tro on an individual basis. Cerebral organoids are 3-dimen-
sional brain structures that can be generated from inducible 
pluripotent stem cells to understand brain development and 
disease. Cerebral organoids have been shown to display key 
features of human cortical development; in addition, this ap-
proach has been used to grow microcephalic brains in vitro 
from inducible pluripotent stem cells derived from human 
patients with microcephaly.163 This powerful technique can 
be used to understand altered cortical development in CHD 
in a high-throughput manner by generating and studying 
organoids from fetuses or neonates; it is important to note 
that this in vitro approach is highly amenable to several ge-
netic and molecular techniques that are not feasible in living 
humans.164–166

Future Prospects
Owing to advances in surgical strategies and hospital care, 
adults currently represent the majority of the CHD popula-
tion, and there is evidence of a shift from neurodevelopmen-
tal delays to cognitive decline or dementia later in adult life. 
Clinical and research studies have identified many risk factors 
associated with worse neurodevelopmental outcomes in CHD; 
however, direct links between single-specific factors and 
neurological deficits remain to be established. This is partly 
because of the technical and ethical limitations imposed on 
human studies and the lack of animal models that completely 
recapitulate the neurodevelopmental outcomes in CHD.

It is important to note that clinical trials often include a 
heterogeneous cohort with various types of congenital car-
diac anomalies. The Boston Circulatory Arrest trial is a stel-
lar example of a well-designed study, with a homogenous 
CHD population and nearly 3 decades of neurodevelopmental 
follow-up assessments. It will be interesting to see the neu-
rodevelopmental status of these patients as they age. Future 
prospective clinical studies should make efforts to enroll pa-
tients with the same type of CHD and include careful, lon-
gitudinal surveillance of neurodevelopmental sequelae as 
performed in the SV reconstruction trial.

Several genetic studies in zebrafish and rodents have iden-
tified genes involved in structural congenital cardiac anoma-
lies but have not thoroughly assessed these effects on brain 
development and function. Because there are hundreds of 
known genes associated with CHD, it will be essential to gen-
erate conditional genetic mouse models in which certain genes 
are removed in specific cell types at defined ages. Ideally, such 
studies would also incorporate tools and metrics used in the 
clinic, such as MRI/DTI and neurological evaluation, to vali-
date the neuropathological brain signatures and neurocogni-
tive impairments documented in CHD patients.

Animals such as pigs and sheep are amenable to the sur-
gical procedures used on human neonates and infants with 

CHD; in addition, their brains share many anatomic similari-
ties with humans, such as WM developmental profile and a 
gyrencephalic cortex. Because of metabolic and physiological 
similarities they can also serve as valuable intermediaries to 
pharmacological treatments before potential phase I clinical 
trials. In addition, recent advances in genetics offer new tools, 
such as CRISPR/Cas9, capable of modifying genes in large 
animals.

Integrative approaches involving genetics, cell biology, 
and molecular biology to model brain development in CHD 
will unarguably play a key role in defining the underlying 
causes of brain dysmaturation and optimal windows for treat-
ment to improve neurodevelopmental outcomes in CHD. 
Ultimately, a strong synergy between researchers and clini-
cians will enhance the bidirectional nature of animal and hu-
man studies and facilitate developing translational platforms/
programs to improve neurological outcomes in children with 
CHD.

Sources of Funding
This work was supported by the US National Institutes of Health 
(R01HL104173 and R01HL128546 to R.A. Jonas), the Baier Cardiac 
Research Fund to R.A. Jonas, a grant from the Children’s Heart 
Foundation to N. Ishibashi, and the Foglia and Hills families.

Acknowledgments
We thank Mary Donofrio, MD, for her contributions and suggestions 
on fetal cerebral Doppler.

Disclosures
None.

References
 1. Gilboa SM, Salemi JL, Nembhard WN, Fixler DE, Correa A. Mortality 

resulting from congenital heart disease among children and adults in 
the United States, 1999 to 2006. Circulation. 2010;122:2254–2263. doi: 
10.1161/CIRCULATIONAHA.110.947002.

 2. Moller JH, Taubert KA, Allen HD, Clark EB, Lauer RM. Cardiovascular 
health and disease in children: current status. A Special Writing Group 
from the Task Force on Children and Youth, American Heart Association. 
Circulation. 1994;89:923–930.

 3. Marelli AJ, Ionescu-Ittu R, Mackie AS, Guo L, Dendukuri N, Kaouache 
M. Lifetime prevalence of congenital heart disease in the general popu-
lation from 2000 to 2010. Circulation. 2014;130:749–756. doi: 10.1161/
CIRCULATIONAHA.113.008396.

 4. Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor 
JW, Mussatto KA, Uzark K, Goldberg CS, Johnson WH Jr, Li J, Smith 
SE, Bellinger DC, Mahle WT; American Heart Association Congenital 
Heart Defects Committee, Council on Cardiovascular Disease in the 
Young, Council on Cardiovascular Nursing, and Stroke Council. 
Neurodevelopmental outcomes in children with congenital heart disease: 
evaluation and management: a scientific statement from the American 
Heart Association. Circulation. 2012;126:1143–1172. doi: 10.1161/
CIR.0b013e318265ee8a.

 5. Bellinger DC, Wypij D, Rivkin MJ, DeMaso DR, Robertson RL Jr, 
Dunbar-Masterson C, Rappaport LA, Wernovsky G, Jonas RA, Newburger 
JW. Adolescents with d-transposition of the great arteries corrected with 
the arterial switch procedure: neuropsychological assessment and struc-
tural brain imaging. Circulation. 2011;124:1361–1369. doi: 10.1161/
CIRCULATIONAHA.111.026963.

 6. Gaynor JW, Stopp C, Wypij D, et al; International Cardiac Collaborative 
on Neurodevelopment (ICCON) Investigators. Neurodevelopmental out-
comes after cardiac surgery in infancy. Pediatrics. 2015;135:816–825. doi: 
10.1542/peds.2014-3825.

 7. Wernovsky G. Current insights regarding neurological and developmen-
tal abnormalities in children and young adults with complex congenital 

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Morton et al  Brain Maturation and Congenital Heart Disease  973

cardiac disease. Cardiol Young. 2006;16(suppl 1):92–104. doi: 10.1017/
S1047951105002398.

 8. Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N, Karl 
T, Azakie A, Ferriero DM, Barkovich AJ, Vigneron DB. Abnormal brain 
development in newborns with congenital heart disease. N Engl J Med. 
2007;357:1928–1938. doi: 10.1056/NEJMoa067393.

 9. Licht DJ, Shera DM, Clancy RR, Wernovsky G, Montenegro LM, 
Nicolson SC, Zimmerman RA, Spray TL, Gaynor JW, Vossough A. Brain 
maturation is delayed in infants with complex congenital heart defects. 
J Thorac Cardiovasc Surg. 2009;137:529–536; discussion 536. doi: 
10.1016/j.jtcvs.2008.10.025.

 10. Andropoulos DB, Hunter JV, Nelson DP, Stayer SA, Stark AR, McKenzie 
ED, Heinle JS, Graves DE, Fraser CD Jr. Brain immaturity is associated 
with brain injury before and after neonatal cardiac surgery with high-flow 
bypass and cerebral oxygenation monitoring. J Thorac Cardiovasc Surg. 
2010;139:543–556.

 11. McQuillen PS, Miller SP. Congenital heart disease and brain 
development. Ann N Y Acad Sci. 2010;1184:68–86. doi: 
10.1111/j.1749-6632.2009.05116.x.

 12. Stiles J, Jernigan TL. The basics of brain development. Neuropsychol Rev. 
2010;20:327–348. doi: 10.1007/s11065-010-9148-4.

 13. Knickmeyer RC, Gouttard S, Kang C, Evans D, Wilber K, Smith JK, 
Hamer RM, Lin W, Gerig G, Gilmore JH. A structural MRI study of hu-
man brain development from birth to 2 years. J Neurosci. 2008;28:12176–
12182. doi: 10.1523/JNEUROSCI.3479-08.2008.

 14. Dubois J, Dehaene-Lambertz, G. Fetal and postnatal development 
of the cortex: MRI and genetics. In: Toga AW, ed. Brain Mapping: An 
Encyclopedic Reference. Waltham, MA: Academic Press (Elsevier); 
2015:11–19.

 15. Clouchoux C, du Plessis AJ, Bouyssi-Kobar M, Tworetzky W, McElhinney 
DB, Brown DW, Gholipour A, Kudelski D, Warfield SK, McCarter RJ, 
Robertson RL Jr, Evans AC, Newburger JW, Limperopoulos C. Delayed 
cortical development in fetuses with complex congenital heart disease. 
Cereb Cortex. 2013;23:2932–2943. doi: 10.1093/cercor/bhs281.

 16. Budday S, Steinmann P, Kuhl E. Physical biology of human brain develop-
ment. Front Cell Neurosci. 2015;9:257. doi: 10.3389/fncel.2015.00257.

 17. Guillery RW. Is postnatal neocortical maturation hierarchical? Trends 
Neurosci. 2005;28:512–517. doi: 10.1016/j.tins.2005.08.006.

 18. Qiu A, Mori S, Miller MI. Diffusion tensor imaging for understanding 
brain development in early life. Annu Rev Psychol. 2015;66:853–876. doi: 
10.1146/annurev-psych-010814-015340.

 19. Gallo V, Deneen B. Glial development: the crossroads of regenera-
tion and repair in the CNS. Neuron. 2014;83:283–308. doi: 10.1016/j.
neuron.2014.06.010.

 20. Nave KA, Werner HB. Myelination of the nervous system: mechanisms 
and functions. Annu Rev Cell Dev Biol. 2014;30:503–533. doi: 10.1146/
annurev-cellbio-100913-013101.

 21. Glauser TA, Rorke LB, Weinberg PM, Clancy RR. Congenital brain 
anomalies associated with the hypoplastic left heart syndrome. Pediatrics. 
1990;85:984–990.

 22. Glauser TA, Rorke LB, Weinberg PM, Clancy RR. Acquired neuro-
pathologic lesions associated with the hypoplastic left heart syndrome. 
Pediatrics. 1990;85:991–1000.

 23. Kinney HC, Panigrahy A, Newburger JW, Jonas RA, Sleeper LA. 
Hypoxic-ischemic brain injury in infants with congenital heart disease 
dying after cardiac surgery. Acta Neuropathol. 2005;110:563–578. doi: 
10.1007/s00401-005-1077-6.

 24. Kurth CD, Steven JL, Montenegro LM, Watzman HM, Gaynor JW, Spray 
TL, Nicolson SC. Cerebral oxygen saturation before congenital heart sur-
gery. Ann Thorac Surg. 2001;72:187–192.

 25. Sakamoto T, Hatsuoka S, Stock UA, Duebener LF, Lidov HG, Holmes 
GL, Sperling JS, Munakata M, Laussen PC, Jonas RA. Prediction of 
safe duration of hypothermic circulatory arrest by near-infrared spec-
troscopy. J Thorac Cardiovasc Surg. 2001;122:339–350. doi: 10.1067/
mtc.2001.115242.

 26. Hagino I, Anttila V, Zurakowski D, Duebener LF, Lidov HG, Jonas RA. 
Tissue oxygenation index is a useful monitor of histologic and neurologic 
outcome after cardiopulmonary bypass in piglets. J Thorac Cardiovasc 
Surg. 2005;130:384–392. doi: 10.1016/j.jtcvs.2005.02.058.

 27. Kussman BD, Wypij D, Laussen PC, Soul JS, Bellinger DC, DiNardo JA, 
Robertson R, Pigula FA, Jonas RA, Newburger JW. Relationship of in-
traoperative cerebral oxygen saturation to neurodevelopmental outcome 
and brain magnetic resonance imaging at 1 year of age in infants under-
going biventricular repair. Circulation. 2010;122:245–254. doi: 10.1161/
CIRCULATIONAHA.109.902338.

 28. Hansen JH, Rotermann I, Logoteta J, Jung O, Dütschke P, Scheewe J, 
Kramer HH. Neurodevelopmental outcome in hypoplastic left heart 
syndrome: impact of perioperative cerebral tissue oxygenation of the 
Norwood procedure. J Thorac Cardiovasc Surg. 2016;151:1358–1366. 
doi: 10.1016/j.jtcvs.2016.02.035.

 29. Hoffman GM, Mussatto KA, Brosig CL, Ghanayem NS, Musa N, 
Fedderly RT, Jaquiss RD, Tweddell JS. Systemic venous oxygen satura-
tion after the Norwood procedure and childhood neurodevelopmental out-
come. J Thorac Cardiovasc Surg. 2005;130:1094–1100. doi: 10.1016/j.
jtcvs.2005.06.029.

 30. Phelps HM, Mahle WT, Kim D, Simsic JM, Kirshbom PM, Kanter KR, 
Maher KO. Postoperative cerebral oxygenation in hypoplastic left heart 
syndrome after the Norwood procedure. Ann Thorac Surg. 2009;87:1490–
1494. doi: 10.1016/j.athoracsur.2009.01.071.

 31. Hoffman GM, Brosig CL, Mussatto KA, Tweddell JS, Ghanayem NS. 
Perioperative cerebral oxygen saturation in neonates with hypoplastic left 
heart syndrome and childhood neurodevelopmental outcome. J Thorac 
Cardiovasc Surg. 2013;146:1153–1164. doi: 10.1016/j.jtcvs.2012.12.060.

 32. Hirsch JC, Jacobs ML, Andropoulos D, Austin EH, Jacobs JP, Licht DJ, 
Pigula F, Tweddell JS, Gaynor JW. Protecting the infant brain during car-
diac surgery: a systematic review. Ann Thorac Surg. 2012;94:1365–1373; 
discussion 1373. doi: 10.1016/j.athoracsur.2012.05.135.

 33. Hoffman GM, Brosig CL, Bear LM, Tweddell JS, Mussatto KA. Effect of 
intercurrent operation and cerebral oxygenation on developmental trajec-
tory in congenital heart disease. Ann Thorac Surg. 2016;101:708–716. doi: 
10.1016/j.athoracsur.2015.08.059.

 34. Marino BS. New concepts in predicting, evaluating, and managing neuro-
developmental outcomes in children with congenital heart disease. Curr 
Opin Pediatr. 2013;25:574–584. doi: 10.1097/MOP.0b013e328365342e.

 35. Naim MY, Gaynor JW, Chen J, Nicolson SC, Fuller S, Spray TL, Dlugos 
DJ, Clancy RR, Costa LV, Licht DJ, Xiao R, Meldrum H, Abend NS. 
Subclinical seizures identified by postoperative electroencephalograph-
ic monitoring are common after neonatal cardiac surgery. J Thorac 
Cardiovasc Surg. 2015;150:169–178; discussion 178. doi: 10.1016/j.
jtcvs.2015.03.045.

 36. Gaynor JW, Jarvik GP, Bernbaum J, Gerdes M, Wernovsky G, Burnham 
NB, D'Agostino JA, Zackai E, McDonald-McGinn DM, Nicolson SC, 
Spray TL, Clancy RR. The relationship of postoperative electrographic 
seizures to neurodevelopmental outcome at 1 year of age after neonatal 
and infant cardiac surgery. J Thorac Cardiov Surg. 2006;131:181–189.

 37. Gaynor JW, Jarvik GP, Gerdes M, Kim DS, Rajagopalan R, Bernbaum J, 
Wernovsky G, Nicolson SC, Spray TL, Clancy RR. Postoperative electro-
encephalographic seizures are associated with deficits in executive func-
tion and social behaviors at 4 years of age following cardiac surgery in 
infancy. J Thorac Cardiovasc Surg. 2013;146:132–137. doi: 10.1016/j.
jtcvs.2013.04.002.

 38. Donofrio MT, Bremer YA, Schieken RM, Gennings C, Morton LD, Eidem 
BW, Cetta F, Falkensammer CB, Huhta JC, Kleinman CS. Autoregulation of 
cerebral blood flow in fetuses with congenital heart disease: the brain sparing 
effect. Pediatr Cardiol. 2003;24:436–443. doi: 10.1007/s00246-002-0404-0.

 39. Kaltman JR, Di H, Tian Z, Rychik J. Impact of congenital heart disease 
on cerebrovascular blood flow dynamics in the fetus. Ultrasound Obstet 
Gynecol. 2005;25:32–36. doi: 10.1002/uog.1785.

 40. Williams IA, Fifer C, Jaeggi E, Levine JC, Michelfelder EC, Szwast 
AL. The association of fetal cerebrovascular resistance with early neu-
rodevelopment in single ventricle congenital heart disease. Am Heart J. 
2013;165:544.e1–550.e1. doi: 10.1016/j.ahj.2012.11.013.

 41. Rios DR, Welty SE, Gunn JK, Beca J, Minard CG, Goldsworthy M, 
Coleman L, Hunter JV, Andropoulos DB, Shekerdemian LS. Usefulness of 
routine head ultrasound scans before surgery for congenital heart disease. 
Pediatrics. 2013;131:e1765–e1770.

 42. Latal B, Kellenberger C, Dimitropoulos A, Hagmann C, Balmer C, Beck I, 
Bernet V. Can preoperative cranial ultrasound predict early neurodevelop-
mental outcome in infants with congenital heart disease? [published online 
ahead of print January 23, 2015]. Dev Med Child Neurol. doi: 10.1111/
dmcn.12701.

 43. Algra SO, Haas F, Poskitt KJ, Groenendaal F, Schouten AN, Jansen NJ, 
Azakie A, Gandhi S, Campbell A, Miller SP, McQuillen PS, de Vries LS. 
Minimizing the risk of preoperative brain injury in neonates with aortic 
arch obstruction. J Pediatr. 2014;165:1116.e3–1122.e3. doi: 10.1016/j.
jpeds.2014.08.066.

 44. Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW, Brown 
DW, Robertson RL Jr, Guizard N, McGrath E, Geva J, Annese D, Dunbar-
Masterson C, Trainor B, Laussen PC, du Plessis AJ. Brain volume and 
metabolism in fetuses with congenital heart disease: evaluation with 

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


974  Circulation Research  March 17, 2017

quantitative magnetic resonance imaging and spectroscopy. Circulation. 
2010;121:26–33. doi: 10.1161/CIRCULATIONAHA.109.865568.

 45. Kendall GS, Melbourne A, Johnson S, Price D, Bainbridge A, Gunny 
R, Huertas-Ceballos A, Cady EB, Ourselin S, Marlow N, Robertson NJ. 
White matter NAA/Cho and Cho/Cr ratios at MR spectroscopy are predic-
tive of motor outcome in preterm infants. Radiology. 2014;271:230–238. 
doi: 10.1148/radiol.13122679.

 46. Lefèvre J, Germanaud D, Dubois J, Rousseau F, de Macedo Santos I, 
Angleys H, Mangin JF, Hüppi PS, Girard N, De Guio F. Are develop-
mental trajectories of cortical folding comparable between cross-sectional 
datasets of fetuses and preterm newborns? Cereb Cortex. 2016;26:3023–
3035. doi: 10.1093/cercor/bhv123.

 47. Schellen C, Ernst S, Gruber GM, Mlczoch E, Weber M, Brugger PC, Ulm 
B, Langs G, Salzer-Muhar U, Prayer D, Kasprian G. Fetal MRI detects 
early alterations of brain development in Tetralogy of Fallot. Am J Obstet 
Gynecol. 2015;213:392.e1–392.e7. doi: 10.1016/j.ajog.2015.05.046.

 48. Masoller N, Sanz-CortéS M, Crispi F, Gómez O, Bennasar M, Egaña-
Ugrinovic G, Bargalló N, Martínez JM, Gratacós E. Mid-gestation brain 
Doppler and head biometry in fetuses with congenital heart disease pre-
dict abnormal brain development at birth. Ultrasound Obstet Gynecol. 
2016;47:65–73. doi: 10.1002/uog.14919.

 49. Matthiesen NB, Henriksen TB, Agergaard P, Gaynor JW, Bach CC, 
Hjortdal VE, Østergaard JR. Congenital Heart Defects and Indices 
of Placental and Fetal Growth in a Nationwide Study of 924 422 
liveborn infants. Circulation. 2016;134:1546–1556. doi: 10.1161/
CIRCULATIONAHA.116.021793.

 50. Andescavage NN, du Plessis A, Limperopoulos C. Advanced MR imaging 
of the placenta: exploring the in utero placenta-brain connection. Semin 
Perinatol. 2015;39:113–123. doi: 10.1053/j.semperi.2015.01.004.

 51. Andescavage N, Yarish A, Donofrio M, Bulas D, Evangelou I, Vezina G, 
McCarter R, duPlessis A, Limperopoulos C. 3-D volumetric MRI evalu-
ation of the placenta in fetuses with complex congenital heart disease. 
Placenta. 2015;36:1024–1030. doi: 10.1016/j.placenta.2015.06.013.

 52. Mahle WT, Tavani F, Zimmerman RA, Nicolson SC, Galli KK, Gaynor 
JW, Clancy RR, Montenegro LM, Spray TL, Chiavacci RM, Wernovsky 
G, Kurth CD. An MRI study of neurological injury before and after con-
genital heart surgery. Circulation. 2002;106:I109–I114.

 53. Shillingford AJ, Ittenbach RF, Marino BS, Rychik J, Clancy RR, Spray 
TL, Gaynor JW, Wernovsky G. Aortic morphometry and microcephaly in 
hypoplastic left heart syndrome. Cardiol Young. 2007;17:189–195. doi: 
10.1017/S1047951107000248.

 54. Hinton RB, Andelfinger G, Sekar P, Hinton AC, Gendron RL, Michelfelder 
EC, Robitaille Y, Benson DW. Prenatal head growth and white matter in-
jury in hypoplastic left heart syndrome. Pediatr Res. 2008;64:364–369. 
doi: 10.1203/PDR.0b013e3181827bf4.

 55. Galli KK, Zimmerman RA, Jarvik GP, Wernovsky G, Kuypers MK, 
Clancy RR, Montenegro LM, Mahle WT, Newman MF, Saunders AM, 
Nicolson SC, Spray TL, Gaynor JW, Galli KK. Periventricular leukomala-
cia is common after neonatal cardiac surgery. J Thorac Cardiovasc Surg. 
2004;127:692–704. doi: 10.1016/j.jtcvs.2003.09.053.

 56. Gaynor JW. Periventricular leukomalacia following neonatal and infant 
cardiac surgery. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu. 
2004;7:133–140.

 57. Beca J, Gunn JK, Coleman L, Hope A, Reed PW, Hunt RW, Finucane 
K, Brizard C, Dance B, Shekerdemian LS. New white matter brain in-
jury after infant heart surgery is associated with diagnostic group and the 
use of circulatory arrest. Circulation. 2013;127:971–979. doi: 10.1161/
CIRCULATIONAHA.112.001089.

 58. Latal B, Patel P, Liamlahi R, Knirsch W, O’Gorman Tuura R, von Rhein M. 
Hippocampal volume reduction is associated with intellectual functions in 
adolescents with congenital heart disease. Pediatr Res. 2016;80:531–537. 
doi: 10.1038/pr.2016.122.

 59. Morton PD, Ishibashi N, Jonas RA, Gallo V. Congenital cardiac anoma-
lies and white matter injury. Trends Neurosci. 2015;38:353–363. doi: 
10.1016/j.tins.2015.04.001.

 60. Rivkin MJ, Watson CG, Scoppettuolo LA, Wypij D, Vajapeyam S, 
Bellinger DC, DeMaso DR, Robertson RL Jr, Newburger JW. Adolescents 
with D-transposition of the great arteries repaired in early infancy dem-
onstrate reduced white matter microstructure associated with clinical 
risk factors. J Thorac Cardiovasc Surg. 2013;146:543.e1–549.e1. doi: 
10.1016/j.jtcvs.2012.12.006.

 61. Sethi V, Tabbutt S, Dimitropoulos A, Harris KC, Chau V, Poskitt K, 
Campbell A, Azakie A, Xu D, Barkovich AJ, Miller SP, McQuillen PS. 
Single-ventricle anatomy predicts delayed microstructural brain develop-
ment. Pediatr Res. 2013;73:661–667. doi: 10.1038/pr.2013.29.

 62. Mulkey SB, Ou X, Ramakrishnaiah RH, Glasier CM, Swearingen 
CJ, Melguizo MS, Yap VL, Schmitz ML, Bhutta AT. White mat-
ter injury in newborns with congenital heart disease: a diffusion ten-
sor imaging study. Pediatr Neurol. 2014;51:377–383. doi: 10.1016/j.
pediatrneurol.2014.04.008.

 63. Paquette LB, Wisnowski JL, Ceschin R, Pruetz JD, Detterich JA, Del 
Castillo S, Nagasunder AC, Kim R, Painter MJ, Gilles FH, Nelson MD, 
Williams RG, Blüml S, Panigrahy A. Abnormal cerebral microstruc-
ture in premature neonates with congenital heart disease. AJNR Am J 
Neuroradiol. 2013;34:2026–2033. doi: 10.3174/ajnr.A3528.

 64. Paquette LB, Votava-Smith JK, Ceschin R, Nagasunder AC, Jackson HA, 
Blüml S, Wisnowski JL, Panigrahy A. Abnormal development of tha-
lamic microstructure in premature neonates with congenital heart disease. 
Pediatr Cardiol. 2015;36:960–969. doi: 10.1007/s00246-015-1106-8.

 65. Dimitropoulos A, McQuillen PS, Sethi V, Moosa A, Chau V, Xu D, Brant 
R, Azakie A, Campbell A, Barkovich AJ, Poskitt KJ, Miller SP. Brain in-
jury and development in newborns with critical congenital heart disease. 
Neurology. 2013;81:241–248. doi: 10.1212/WNL.0b013e31829bfdcf.

 66. Ortinau C, Beca J, Lambeth J, Ferdman B, Alexopoulos D, Shimony JS, 
Wallendorf M, Neil J, Inder T. Regional alterations in cerebral growth 
exist preoperatively in infants with congenital heart disease. J Thorac 
Cardiovasc Surg. 2012;143:1264–1270. doi: 10.1016/j.jtcvs.2011.10.039.

 67. Birca A, Vakorin VA, Porayette P, Madathil S, Chau V, Seed M, Doesburg 
SM, Blaser S, Nita DA, Sharma R, Duerden EG, Hickey EJ, Miller SP, 
Hahn CD. Interplay of brain structure and function in neonatal congeni-
tal heart disease. Ann Clin Transl Neurol. 2016;3:708–722. doi: 10.1002/
acn3.336.

 68. Panigrahy A, Schmithorst VJ, Wisnowski JL, Watson CG, Bellinger 
DC, Newburger JW, Rivkin MJ. Relationship of white matter network 
topology and cognitive outcome in adolescents with d-transposition of 
the great arteries. Neuroimage Clin. 2015;7:438–448. doi: 10.1016/j.
nicl.2015.01.013.

 69. Bargmann CI, Newsome WT. The Brain Research Through Advancing 
Innovative Neurotechnologies (BRAIN) initiative and neurology. JAMA 
Neurol. 2014;71:675–676. doi: 10.1001/jamaneurol.2014.411.

 70. Volpe JJ. The encephalopathy of prematurity–brain injury and impaired 
brain development inextricably intertwined. Semin Pediatr Neurol. 
2009;16:167–178. doi: 10.1016/j.spen.2009.09.005.

 71. Johnson S, Marlow N. Preterm birth and childhood psychiatric disorders. 
Pediatr Res. 2011;69:11R–18R. doi: 10.1203/PDR.0b013e318212faa0.

 72. Counsell SJ, Boardman JP. Differential brain growth in the infant born 
preterm: current knowledge and future developments from brain im-
aging. Semin Fetal Neonatal Med. 2005;10:403–410. doi: 10.1016/j.
siny.2005.05.003.

 73. Giménez M, Junqué C, Vendrell P, Narberhaus A, Bargalló N, Botet 
F, Mercader JM. Abnormal orbitofrontal development due to pre-
maturity. Neurology. 2006;67:1818–1822. doi: 10.1212/01.wnl. 
0000244485.51898.93.

 74. Peterson BS, Vohr B, Staib LH, Cannistraci CJ, Dolberg A, Schneider KC, 
Katz KH, Westerveld M, Sparrow S, Anderson AW, Duncan CC, Makuch 
RW, Gore JC, Ment LR. Regional brain volume abnormalities and long-
term cognitive outcome in preterm infants. JAMA. 2000;284:1939–1947.

 75. Volpe JJ. Cerebral white matter injury of the premature infant-more com-
mon than you think. Pediatrics. 2003;112:176–180.

 76. Volpe JJ. Brain injury in premature infants: a complex amalgam of de-
structive and developmental disturbances. Lancet Neurol. 2009;8:110–
124. doi: 10.1016/S1474-4422(08)70294-1.

 77. Penn AA, Gressens P, Fleiss B, Back SA, Gallo V. Controversies in 
preterm brain injury. Neurobiol Dis. 2016;92:90–101. doi: 10.1016/j.
nbd.2015.10.012.

 78. Mathur AM, Neil JJ, Inder TE. Understanding brain injury and neuro-
developmental disabilities in the preterm infant: the evolving role of ad-
vanced magnetic resonance imaging. Semin Perinatol. 2010;34:57–66. 
doi: 10.1053/j.semperi.2009.10.006.

 79. Chau V, Synnes A, Grunau RE, Poskitt KJ, Brant R, Miller SP. Abnormal 
brain maturation in preterm neonates associated with adverse devel-
opmental outcomes. Neurology. 2013;81:2082–2089. doi: 10.1212/01.
wnl.0000437298.43688.b9.

 80. Kwon SH, Vasung L, Ment LR, Huppi PS. The role of neuroimaging 
in predicting neurodevelopmental outcomes of preterm neonates. Clin 
Perinatol. 2014;41:257–283. doi: 10.1016/j.clp.2013.10.003.

 81. Laas E, Lelong N, Thieulin AC, Houyel L, Bonnet D, Ancel PY, Kayem 
G, Goffinet F, Khoshnood B; EPICARD Study Group. Preterm birth 
and congenital heart defects: a population-based study. Pediatrics. 
2012;130:e829–e837. doi: 10.1542/peds.2011-3279.

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Morton et al  Brain Maturation and Congenital Heart Disease  975

 82. Swenson AW, Dechert RE, Schumacher RE, Attar MA. The effect of late 
preterm birth on mortality of infants with major congenital heart defects. 
J Perinatol. 2012;32:51–54. doi: 10.1038/jp.2011.50.

 83. Pappas A, Shankaran S, Hansen NI, et al. Outcome of extremely preterm 
infants (<1,000 g) with congenital heart defects from the National Institute 
of Child Health and Human Development Neonatal Research Network. 
Pediatr Cardiol. 2012;33:1415–1426. doi: 10.1007/s00246-012-0375-8.

 84. Volpe JJ. Neonatal encephalitis and white matter injury: more than just 
inflammation? Ann Neurol. 2008;64:232–236. doi: 10.1002/ana.21466.

 85. Volpe JJ. Systemic inflammation, oligodendroglial maturation, and the 
encephalopathy of prematurity. Ann Neurol. 2011;70:525–529. doi: 
10.1002/ana.22533.

 86. Desai NK, Hamrick SE, Strickland MJ, Matthews E, McMaster L, Mahle 
WT. White matter injury and the inflammatory response following neo-
natal cardiac surgery. Pediatr Cardiol. 2015;36:942–949. doi: 10.1007/
s00246-015-1104-x.

 87. Mahle WT, Matthews E, Kanter KR, Kogon BE, Hamrick SE, Strickland 
MJ. Inflammatory response after neonatal cardiac surgery and its rela-
tionship to clinical outcomes. Ann Thorac Surg. 2014;97:950–956. doi: 
10.1016/j.athoracsur.2013.10.069.

 88. Gaynor JW, Gerdes M, Zackai EH, Bernbaum J, Wernovsky G, Clancy RR, 
Newman MF, Saunders AM, Heagerty PJ, D’Agostino JA, McDonald-
McGinn D, Nicolson SC, Spray TL, Jarvik GP. Apolipoprotein E geno-
type and neurodevelopmental sequelae of infant cardiac surgery. J Thorac 
Cardiovasc Surg. 2003;126:1736–1745. doi: 10.1016/S0022.

 89. Burnham N, Ittenbach RF, Stallings VA, Gerdes M, Zackai E, Bernbaum 
J, Clancy RR, Gaynor JW. Genetic factors are important determinants of 
impaired growth after infant cardiac surgery. J Thorac Cardiovasc Surg. 
2010;140:144–149. doi: 10.1016/j.jtcvs.2010.01.003.

 90. Gaynor JW, Nord AS, Wernovsky G, Bernbaum J, Solot CB, Burnham 
N, Zackai E, Heagerty PJ, Clancy RR, Nicolson SC, Jarvik GP, Gerdes 
M. Apolipoprotein E genotype modifies the risk of behavior problems 
after infant cardiac surgery. Pediatrics. 2009;124:241–250. doi: 10.1542/
peds.2008-2281.

 91. Gaynor JW, Kim DS, Arrington CB, et al. Validation of association of 
the apolipoprotein E ε2 allele with neurodevelopmental dysfunction af-
ter cardiac surgery in neonates and infants. J Thorac Cardiovasc Surg. 
2014;148:2560–2566. doi: 10.1016/j.jtcvs.2014.07.052.

 92. Zaidi S, Choi M, Wakimoto H, et al. De novo mutations in histone-mod-
ifying genes in congenital heart disease. Nature. 2013;498:220–223. doi: 
10.1038/nature12141.

 93. Homsy J, Zaidi S, Shen Y, et al. De novo mutations in congenital heart 
disease with neurodevelopmental and other congenital anomalies. 
Science. 2015;350:1262–1266. doi: 10.1126/science.aac9396.

 94. Licht DJ, Wang J, Silvestre DW, Nicolson SC, Montenegro LM, 
Wernovsky G, Tabbutt S, Durning SM, Shera DM, Gaynor JW, Spray TL, 
Clancy RR, Zimmerman RA, Detre JA. Preoperative cerebral blood flow 
is diminished in neonates with severe congenital heart defects. J Thorac 
Cardiovasc Surg. 2004;128:841–849. doi: 10.1016/j.jtcvs.2004.07.022.

 95. Saiki H, Sugimoto M, Kuwata S, Kurishima C, Iwamoto Y, Ishido 
H, Masutani S, Senzaki H. Novel mechanisms for cerebral blood 
flow regulation in patients with congenital heart disease. Am Heart J. 
2016;172:152–159. doi: 10.1016/j.ahj.2015.11.009.

 96. Williams IA, Tarullo AR, Grieve PG, Wilpers A, Vignola EF, Myers MM, Fifer 
WP. Fetal cerebrovascular resistance and neonatal EEG predict 18-month neu-
rodevelopmental outcome in infants with congenital heart disease. Ultrasound 
Obstet Gynecol. 2012;40:304–309. doi: 10.1002/uog.11144.

 97. Hahn E, Szwast A, Cnota J II, Levine JC, Fifer CG, Jaeggi E, Andrews 
H, Williams IA. Association between fetal growth, cerebral blood flow 
and neurodevelopmental outcome in univentricular fetuses. Ultrasound 
Obstet Gynecol. 2016;47:460–465. doi: 10.1002/uog.14881.

 98. Sun L, Macgowan CK, Sled JG, Yoo SJ, Manlhiot C, Porayette P, Grosse-
Wortmann L, Jaeggi E, McCrindle BW, Kingdom J, Hickey E, Miller S, 
Seed M. Reduced fetal cerebral oxygen consumption is associated with 
smaller brain size in fetuses with congenital heart disease. Circulation. 
2015;131:1313–1323. doi: 10.1161/CIRCULATIONAHA.114.013051.

 99. Jain V, Buckley EM, Licht DJ, Lynch JM, Schwab PJ, Naim MY, Lavin 
NA, Nicolson SC, Montenegro LM, Yodh AG, Wehrli FW. Cerebral 
oxygen metabolism in neonates with congenital heart disease quantified 
by MRI and optics. J Cereb Blood Flow Metab. 2014;34:380–388. doi: 
10.1038/jcbfm.2013.214.

 100. Nagaraj UD, Evangelou IE, Donofrio MT, Vezina LG, McCarter R, du 
Plessis AJ, Limperopoulos C. Impaired global and regional cerebral per-
fusion in newborns with complex congenital heart disease. J Pediatr. 
2015;167:1018–1024. doi: 10.1016/j.jpeds.2015.08.004.

 101. Newburger JW, Jonas RA, Wernovsky G, et al. A comparison of the 
perioperative neurologic effects of hypothermic circulatory arrest versus 
low-flow cardiopulmonary bypass in infant heart surgery. N Engl J Med. 
1993;329:1057–1064. doi: 10.1056/NEJM199310073291501.

 102. Bellinger DC, Jonas RA, Rappaport LA, Wypij D, Wernovsky G, Kuban 
KC, Barnes PD, Holmes GL, Hickey PR, Strand RD. Developmental 
and neurologic status of children after heart surgery with hypothermic 
circulatory arrest or low-flow cardiopulmonary bypass. N Engl J Med. 
1995;332:549–555. doi: 10.1056/NEJM199503023320901.

 103. Bellinger DC, Wypij D, Kuban KC, Rappaport LA, Hickey PR, 
Wernovsky G, Jonas RA, Newburger JW. Developmental and neurologi-
cal status of children at 4 years of age after heart surgery with hypother-
mic circulatory arrest or low-flow cardiopulmonary bypass. Circulation. 
1999;100:526–532.

 104. Wypij D, Newburger JW, Rappaport LA, duPlessis AJ, Jonas RA, 
Wernovsky G, Lin M, Bellinger DC. The effect of duration of deep hy-
pothermic circulatory arrest in infant heart surgery on late neurodevelop-
ment: the Boston Circulatory Arrest Trial. J Thorac Cardiovasc Surg. 
2003;126:1397–1403. doi: 10.1016/S0022.

 105. du Plessis AJ, Jonas RA, Wypij D, et al. Perioperative effects of alpha-
stat versus pH-stat strategies for deep hypothermic cardiopulmonary 
bypass in infants. J Thorac Cardiovasc Surg. 1997;114:991–1000; dis-
cussion 1000. doi: 10.1016/S0022-5223(97)70013-8.

 106. Jonas RA, Wypij D, Roth SJ, et al. The influence of hemodilution on out-
come after hypothermic cardiopulmonary bypass: results of a random-
ized trial in infants. J Thorac Cardiovasc Surg. 2003;126:1765–1774. 
doi: 10.1016/j.jtcvs.2003.04.003.

 107. Newburger JW, Jonas RA, Soul J, et al. Randomized trial of hematocrit 
25% versus 35% during hypothermic cardiopulmonary bypass in infant 
heart surgery. J Thorac Cardiovasc Surg. 2008;135:347–354, 354.e1. 
doi: 10.1016/j.jtcvs.2007.01.051.

 108. Wypij D, Jonas RA, Bellinger DC, Del Nido PJ, Mayer JE Jr, Bacha EA, 
Forbess JM, Pigula F, Laussen PC, Newburger JW. The effect of hemato-
crit during hypothermic cardiopulmonary bypass in infant heart surgery: 
results from the combined Boston hematocrit trials. J Thorac Cardiovasc 
Surg. 2008;135:355–360. doi: 10.1016/j.jtcvs.2007.03.067.

 109. Sadhwani A, Asaro LA, Goldberg C, Ware J, Butcher J, Gaies M, Smith 
C, Alexander JL, Wypij D, Agus MS. Impact of tight glycemic control on 
neurodevelopmental outcomes at 1 year of age for children with congeni-
tal heart disease: a randomized controlled trial. J Pediatr. 2016;174:193.
e2–198.e2. doi: 10.1016/j.jpeds.2016.03.048.

 110. Agus MS, Steil GM, Wypij D, Costello JM, Laussen PC, Langer M, 
Alexander JL, Scoppettuolo LA, Pigula FA, Charpie JR, Ohye RG, Gaies 
MG; SPECS Study Investigators. Tight glycemic control versus standard 
care after pediatric cardiac surgery. N Engl J Med. 2012;367:1208–1219. 
doi: 10.1056/NEJMoa1206044.

 111. Agus MS, Asaro LA, Steil GM, Alexander JL, Silverman M, Wypij D, 
Gaies MG; SPECS Investigators. Tight glycemic control after pediatric 
cardiac surgery in high-risk patient populations: a secondary analysis 
of the safe pediatric euglycemia after cardiac surgery trial. Circulation. 
2014;129:2297–2304. doi: 10.1161/CIRCULATIONAHA.113.008124.

 112. Goldberg CS, Bove EL, Devaney EJ, Mollen E, Schwartz E, Tindall S, 
Nowak C, Charpie J, Brown MB, Kulik TJ, Ohye RG. A randomized clin-
ical trial of regional cerebral perfusion versus deep hypothermic circula-
tory arrest: outcomes for infants with functional single ventricle. J Thorac 
Cardiovasc Surg. 2007;133:880–887. doi: 10.1016/j.jtcvs.2006.11.029.

 113. Algra SO, Jansen NJ, van der Tweel I, Schouten AN, Groenendaal F, 
Toet M, van Oeveren W, van Haastert IC, Schoof PH, de Vries LS, Haas 
F. Neurological injury after neonatal cardiac surgery: a randomized, con-
trolled trial of 2 perfusion techniques. Circulation. 2014;129:224–233. 
doi: 10.1161/CIRCULATIONAHA.113.003312.

 114. Fuller S, Rajagopalan R, Jarvik GP, Gerdes M, Bernbaum J, Wernovsky 
G, Clancy RR, Solot C, Nicolson SC, Spray TL, Gaynor JW. J. Maxwell 
Chamberlain Memorial Paper for congenital heart surgery. Deep 
hypothermic circulatory arrest does not impair neurodevelopmen-
tal outcome in school-age children after infant cardiac surgery. Ann 
Thorac Surg. 2010;90:1985–1994; discussion 1994. doi: 10.1016/j.
athoracsur.2010.08.005.

 115. Tabbutt S, Gaynor JW, Newburger JW. Neurodevelopmental outcomes 
after congenital heart surgery and strategies for improvement. Curr Opin 
Cardiol. 2012;27:82–91. doi: 10.1097/HCO.0b013e328350197b.

 116. Goldberg CS, Lu M, Sleeper LA, et al; Pediatric Heart Network 
Investigators. Factors associated with neurodevelopment for children 
with single ventricle lesions. J Pediatr. 2014;165:490.e8–496.e8. doi: 
10.1016/j.jpeds.2014.05.019.

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


976  Circulation Research  March 17, 2017

 117. Servick K. Biomedical Research. Researchers struggle to gauge risks 
of childhood anesthesia. Science. 2014;346:1161–1162. doi: 10.1126/
science.346.6214.1161.

 118. Davidson AJ, Disma N, de Graaff JC, et al; GAS Consortium. 
Neurodevelopmental outcome at 2 years of age after general anaesthe-
sia and awake-regional anaesthesia in infancy (GAS): an international 
multicentre, randomised controlled trial. Lancet. 2016;387:239–250. doi: 
10.1016/S0140-6736(15)00608-X.

 119. Diaz LK, Gaynor JW, Koh SJ, Ittenbach RF, Gerdes M, Bernbaum JC, 
Zackai EH, Clancy RR, Rehman MA, Pennington JW, Burnham N, 
Spray TL, Nicolson SC. Increasing cumulative exposure to volatile an-
esthetic agents is associated with poorer neurodevelopmental outcomes 
in children with hypoplastic left heart syndrome. J Thorac Cardiovasc 
Surg. 2016;152:482–489. doi: 10.1016/j.jtcvs.2016.03.095.

 120. Andropoulos DB, Ahmad HB, Haq T, et al. The association between 
brain injury, perioperative anesthetic exposure, and 12-month neurode-
velopmental outcomes after neonatal cardiac surgery: a retrospective co-
hort study. Paediatr Anaesth. 2014;24:266–274. doi: 10.1111/pan.12350.

 121. Jonas RA. Does exposure to inhalational anesthesia early in life cause 
brain damage? J Thorac Cardiovasc Surg. 2016;152:490. doi: 10.1016/j.
jtcvs.2016.04.021.

 122. Brambrink AM, Evers AS, Avidan MS, Farber NB, Smith DJ, Zhang X, 
Dissen GA, Creeley CE, Olney JW. Isoflurane-induced neuroapoptosis in 
the neonatal rhesus macaque brain. Anesthesiology. 2010;112:834–841. 
doi: 10.1097/ALN.0b013e3181d049cd.

 123. Brambrink AM, Back SA, Riddle A, Gong X, Moravec MD, Dissen 
GA, Creeley CE, Dikranian KT, Olney JW. Isoflurane-induced apop-
tosis of oligodendrocytes in the neonatal primate brain. Ann Neurol. 
2012;72:525–535. doi: 10.1002/ana.23652.

 124. Huang L, Cichon J, Ninan I, Yang G. Post-anesthesia AMPA receptor 
potentiation prevents anesthesia-induced learning and synaptic deficits. 
Sci Transl Med. 2016;8:344ra85. doi: 10.1126/scitranslmed.aaf7151.

 125. Dent CL, Spaeth JP, Jones BV, Schwartz SM, Glauser TA, Hallinan B, Pearl 
JM, Khoury PR, Kurth CD. Brain magnetic resonance imaging abnormali-
ties after the Norwood procedure using regional cerebral perfusion. J Thorac 
Cardiovasc Surg. 2006;131:190–197. doi: 10.1016/j.jtcvs.2005.10.003.

 126. Garcia Guerra G, Robertson CM, Alton GY, Joffe AR, Dinu IA, Nicholas 
D, Ross DB, Rebeyka IM; Western Canadian Complex Pediatric 
Therapies Follow-up Group. Quality of life 4 years after complex heart 
surgery in infancy. J Thorac Cardiovasc Surg. 2013;145:482.e2–488.e2. 
doi: 10.1016/j.jtcvs.2012.03.050.

 127. Newburger JW, Sleeper LA, Bellinger DC, et al; Pediatric Heart Network 
Investigators. Early developmental outcome in children with hypoplas-
tic left heart syndrome and related anomalies: the single ventricle re-
construction trial. Circulation. 2012;125:2081–2091. doi: 10.1161/
CIRCULATIONAHA.111.064113.

 128. Limperopoulos C, Majnemer A, Shevell MI, Rohlicek C, Rosenblatt B, 
Tchervenkov C, Darwish HZ. Predictors of developmental disabilities 
after open heart surgery in young children with congenital heart defects. 
J Pediatr. 2002;141:51–58. doi: 10.1067/mpd.2002.125227.

 129. Newburger JW, Wypij D, Bellinger DC, du Plessis AJ, Kuban KC, 
Rappaport LA, Almirall D, Wessel DL, Jonas RA, Wernovsky G. Length 
of stay after infant heart surgery is related to cognitive outcome at age 8 
years. J Pediatr. 2003;143:67–73. doi: 10.1016/S0022-3476(03)00183-5.

 130. Wernovsky G, Licht DJ. Neurodevelopmental outcomes in children with 
congenital heart disease-what can we impact? Pediatr Crit Care Med. 
2016;17:S232–S242. doi: 10.1097/PCC.0000000000000800.

 131. International Cardiac Collaborative on Neurodevelopment (ICCON) 
Investigators. Impact of operative and postoperative factors on neuro-
developmental outcomes after cardiac operations. Ann Thorac Surg. 
2016;102:843–849. doi: 10.1016/j.athoracsur.2016.05.081.

 132. Hackman DA, Farah MJ, Meaney MJ. Socioeconomic status and the 
brain: mechanistic insights from human and animal research. Nat Rev 
Neurosci. 2010;11:651–659. doi: 10.1038/nrn2897.

 133. Spencer N, Bambang S, Logan S, Gill L. Socioeconomic status and birth 
weight: comparison of an area-based measure with the Registrar General’s 
social class. J Epidemiol Community Health. 1999;53:495–498.

 134. Bellinger DC, Wypij D, duPlessis AJ, Rappaport LA, Jonas RA, 
Wernovsky G, Newburger JW. Neurodevelopmental status at eight years 
in children with dextro-transposition of the great arteries: the Boston 
Circulatory Arrest Trial. J Thorac Cardiovasc Surg. 2003;126:1385–
1396. doi: 10.1016/S0022.

 135. Asnani A, Peterson RT. The zebrafish as a tool to identify novel therapies 
for human cardiovascular disease. Dis Model Mech. 2014;7:763–767. 
doi: 10.1242/dmm.016170.

 136. Perathoner S, Cordero-Maldonado ML, Crawford AD. Potential of ze-
brafish as a model for exploring the role of the amygdala in emotional 
memory and motivational behavior. J Neurosci Res. 2016;94:445–462. 
doi: 10.1002/jnr.23712.

 137. Ackerman SD, Monk KR. The scales and tales of myelination: using ze-
brafish and mouse to study myelinating glia. Brain Res. 2016;1641:79–
91. doi: 10.1016/j.brainres.2015.10.011.

 138. Wyatt C, Bartoszek EM, Yaksi E. Methods for studying the zebrafish 
brain: past, present and future. Eur J Neurosci. 2015;42:1746–1763. doi: 
10.1111/ejn.12932.

 139. Ghosh S, Hui SP. Regeneration of Zebrafish CNS: adult neurogenesis. 
Neural Plast. 2016;2016:5815439. doi: 10.1155/2016/5815439.

 140. Li Y, Yagi H, Onuoha EO, et al. DNAH6 and its interactions with 
PCD genes in heterotaxy and primary ciliary dyskinesia. PLoS Genet. 
2016;12:e1005821. doi: 10.1371/journal.pgen.1005821.

 141. Sarkisian MR, Guadiana SM. Influences of primary cilia on corti-
cal morphogenesis and neuronal subtype maturation. Neuroscientist. 
2015;21:136–151. doi: 10.1177/1073858414531074.

 142. Li Y, Klena NT, Gabriel GC, et al.Global genetic analysis in mice 
unveils central role for cilia in congenital heart disease. Nature. 
2015;521:520–524.

 143. Sturrock RR. Myelination of the mouse corpus callosum. Neuropathol 
Appl Neurobiol. 1980;6:415–420.

 144. Craig A, Ling Luo N, Beardsley DJ, Wingate-Pearse N, Walker DW, 
Hohimer AR, Back SA. Quantitative analysis of perinatal rodent oli-
godendrocyte lineage progression and its correlation with human. Exp 
Neurol. 2003;181:231–240.

 145. Ishibashi N, Scafidi J, Murata A, Korotcova L, Zurakowski D, Gallo V, 
Jonas RA. White matter protection in congenital heart surgery. Circulation. 
2012;125:859–871. doi: 10.1161/CIRCULATIONAHA.111.048215.

 146. Back SA, Rosenberg PA. Pathophysiology of glia in perinatal white mat-
ter injury. Glia. 2014;62:1790–1815. doi: 10.1002/glia.22658.

 147. Back SA, Riddle A, Dean J, Hohimer AR. The instrumented fetal sheep 
as a model of cerebral white matter injury in the premature infant. 
Neurotherapeutics. 2012;9:359–370. doi: 10.1007/s13311-012-0108-y.

 148. Gunn AJ, Bennet L. Fetal hypoxia insults and patterns of brain injury: 
insights from animal models. Clin Perinatol. 2009;36:579–593. doi: 
10.1016/j.clp.2009.06.007.

 149. Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early 
Hum Dev. 1979;3:79–83.

 150. Dickerson JW, Dobbing J. Prenatal and postnatal growth and develop-
ment of the central nervous system of the pig. Proc R Soc Lond B Biol 
Sci. 1967;166:384–395.

 151. Riddle A, Dean J, Buser JR, Gong X, Maire J, Chen K, Ahmad T, Cai 
V, Nguyen T, Kroenke CD, Hohimer AR, Back SA. Histopathological 
correlates of magnetic resonance imaging-defined chronic perinatal 
white matter injury. Ann Neurol. 2011;70:493–507. doi: 10.1002/
ana.22501.

 152. Dean JM, McClendon E, Hansen K, Azimi-Zonooz A, Chen K, Riddle 
A, Gong X, Sharifnia E, Hagen M, Ahmad T, Leigland LA, Hohimer AR, 
Kroenke CD, Back SA. Prenatal cerebral ischemia disrupts MRI-defined 
cortical microstructure through disturbances in neuronal arborization. Sci 
Transl Med. 2013;5:168ra7. doi: 10.1126/scitranslmed.3004669.

 153. Korotcova L, Kumar S, Agematsu K, Morton PD, Jonas RA, Ishibashi 
N. Prolonged white matter inflammation after cardiopulmonary bypass 
and circulatory arrest in a Juvenile Porcine Model. Ann Thorac Surg. 
2015;100:1030–1037. doi: 10.1016/j.athoracsur.2015.04.017.

 154. Agematsu K, Korotcova L, Scafidi J, Gallo V, Jonas RA, Ishibashi N. 
Effects of preoperative hypoxia on white matter injury associated with 
cardiopulmonary bypass in a rodent hypoxic and brain slice model. 
Pediatr Res. 2014;75:618–625. doi: 10.1038/pr.2014.9.

 155. Murata A, Agematsu K, Korotcova L, Gallo V, Jonas RA, Ishibashi 
N. Rodent brain slice model for the study of white matter injury. J 
Thorac Cardiovasc Surg. 2013;146:1526.e1–1533.e1. doi: 10.1016/j.
jtcvs.2013.02.071.

 156. Agematsu K, Korotcova L, Morton PD, Gallo V, Jonas RA, Ishibashi N. 
Hypoxia diminishes the protective function of white-matter astrocytes in 
the developing brain. J Thorac Cardiovasc Surg. 2016;151:265.e1–272.
e1. doi: 10.1016/j.jtcvs.2015.08.076.

 157. Tsai HH, Niu J, Munji R, Davalos D, Chang J, Zhang H, Tien AC, Kuo 
CJ, Chan JR, Daneman R, Fancy SP. Oligodendrocyte precursors mi-
grate along vasculature in the developing nervous system. Science. 
2016;351:379–384. doi: 10.1126/science.aad3839.

 158. Yuen TJ, Silbereis JC, Griveau A, Chang SM, Daneman R, Fancy SP, 
Zahed H, Maltepe E, Rowitch DH. Oligodendrocyte-encoded HIF 

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Morton et al  Brain Maturation and Congenital Heart Disease  977

function couples postnatal myelination and white matter angiogenesis. 
Cell. 2014;158:383–396. doi: 10.1016/j.cell.2014.04.052.

 159. Jablonska B, Scafidi J, Aguirre A, Vaccarino F, Nguyen V, Borok E, Horvath 
TL, Rowitch DH, Gallo V. Oligodendrocyte regeneration after neona-
tal hypoxia requires FoxO1-mediated p27Kip1 expression. J Neurosci. 
2012;32:14775–14793. doi: 10.1523/JNEUROSCI.2060-12.2012.

 160. Scafidi J, Hammond TR, Scafidi S, Ritter J, Jablonska B, Roncal M, 
Szigeti-Buck K, Coman D, Huang Y, McCarter RJ Jr, Hyder F, Horvath 
TL, Gallo V. Intranasal epidermal growth factor treatment rescues neona-
tal brain injury. Nature. 2014;506:230–234. doi: 10.1038/nature12880.

 161. Guardia Clausi M, Paez PM, Campagnoni AT, Pasquini LA, Pasquini JM. 
Intranasal administration of aTf protects and repairs the neonatal white 
matter after a cerebral hypoxic-ischemic event. Glia. 2012;60:1540–
1554. doi: 10.1002/glia.22374.

 162. Andropoulos DB, Brady K, Easley RB, Dickerson HA, Voigt RG, 
Shekerdemian LS, Meador MR, Eisenman CA, Hunter JV, Turcich M, 
Rivera C, McKenzie ED, Heinle JS, Fraser CD Jr. Erythropoietin neu-
roprotection in neonatal cardiac surgery: a phase I/II safety and efficacy 
trial. J Thorac Cardiovasc Surg. 2013;146:124–131.

 163. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles 
ME, Homfray T, Penninger JM, Jackson AP, Knoblich JA. Cerebral 
organoids model human brain development and microcephaly. Nature. 
2013;501:373–379. doi: 10.1038/nature12517.

 164. Tabebordbar M, Zhu K, Cheng JK, Chew WL, Widrick JJ, Yan WX, 
Maesner C, Wu EY, Xiao R, Ran FA, Cong L, Zhang F, Vandenberghe 
LH, Church GM, Wagers AJ. In vivo gene editing in dystrophic mouse 
muscle and muscle stem cells. Science. 2016;351:407–411. doi: 10.1126/
science.aad5177.

 165. Long C, Amoasii L, Mireault AA, McAnally JR, Li H, Sanchez-Ortiz E, 
Bhattacharyya S, Shelton JM, Bassel-Duby R, Olson EN. Postnatal ge-
nome editing partially restores dystrophin expression in a mouse model 
of muscular dystrophy. Science. 2016;351:400–403. doi: 10.1126/sci-
ence.aad5725.

 166. Nelson CE, Hakim CH, Ousterout DG, Thakore PI, Moreb EA, 
Castellanos Rivera RM, Madhavan S, Pan X, Ran FA, Yan WX, Asokan 
A, Zhang F, Duan D, Gersbach CA. In vivo genome editing improves 
muscle function in a mouse model of Duchenne muscular dystrophy. 
Science. 2016;351:403–407. doi: 10.1126/science.aad5143.

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Paul D. Morton, Nobuyuki Ishibashi and Richard A. Jonas
Brain Maturation

Neurodevelopmental Abnormalities and Congenital Heart Disease: Insights Into Altered

Print ISSN: 0009-7330. Online ISSN: 1524-4571 
Copyright © 2017 American Heart Association, Inc. All rights reserved.
is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation Research 

doi: 10.1161/CIRCRESAHA.116.309048
2017;120:960-977Circ Res. 

 http://circres.ahajournals.org/content/120/6/960
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

  
 http://circres.ahajournals.org//subscriptions/

is online at: Circulation Research  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer about this process is available in the

located, click Request Permissions in the middle column of the Web page under Services. Further information
Editorial Office. Once the online version of the published article for which permission is being requested is 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not theCirculation Researchin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by N
O

B
U

Y
U

K
I ISH

IB
A

SH
I on M

arch 16, 2017
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/content/120/6/960
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circres.ahajournals.org//subscriptions/
http://circres.ahajournals.org/



