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Brain and heart development occurs simultaneously in the fetus with congenital heart disease. Early
morphogenetic programs in each organ share common genetic pathways. Brain development occurs
across a more protracted time-course with striking brain growth and activity-dependent formation
and refinement of connections in the third trimester. This development is associated with increased
metabolic activity and the brain is dependent upon the heart for oxygen and nutrient delivery.
Congenital heart disease leads to derangements of fetal blood flow that result in impaired brain growth
and development that can be measured with advanced magnetic resonance imaging. Delayed
development results in a unique vulnerability to cerebral white matter injury in newborns with
congenital heart disease. Delayed brain development and acquired white matter injury may underlay
mild but pervasive neurodevelopmental impairment commonly observed in children following
neonatal congenital heart surgery.
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1. Introduction
Despite established mechanisms that preserve brain oxygen and nutrient delivery, newborns
with certain forms of congenital heart disease are born with smaller head circumferences
possibly indicating impaired brain growth [1]. Somatic and brain growth patterns vary by type
of congenital heart disease. Newborns with hypoplastic left heart syndrome (HLHS) are smaller
in all dimensions, but head volume is disproportionately decreased. In a recent study, ascending
aortic diameter predicted the degree of microcephaly in newborns with HLHS [2]. Hypoplasia
or atresia of the ascending aorta limits antegrade cerebral blood flow and thus brain blood flow
must arise from the ductus arteriosus in a retrograde fashion across the aortic isthmus. In
comparison, infants with isolated aortic coarctation have a greater head circumference relative
to birth weight, as flow to the head and neck vessels is unobstructed while blood flow in the
descending aorta may be compromised. The relationship between amount of antegrade flow
in the ascending aorta and brain growth fails to describe why newborns with d-transposition
of the great arteries (d-TGA) have smaller head circumferences with a normal birth weight. d-
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TGA growth patterns suggest that blood flow alone does not completely describe the
connection between heart and brain development.
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Brain and heart development intersect at many levels. Early brain and heart organogenesis
occur simultaneously in the human fetus and invoke similar developmental programs including
stem and progenitor cell proliferation, cell fate commitment, migration, left/right and dorsal/
ventral patterning [3–5]. At later stages, after completion of gross morphological development
in both organs, brain development continues with a dramatic increase in brain size (Fig. 1) due
to elaboration of neuronal microstructure (e.g. dendrites, axons and synapses) and the onset of
myelination. The formation and refinement of connections in the brain requires neuronal
activity, leading to an increase in brain metabolism with dependence upon heart function for
oxygen and substrate delivery.

2. Shared genetic pathways in early brain and heart development
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Similar morphogenetic events in brain and heart development engage many of the same genes
including: sonic hedgehog (progenitor proliferation), notch, jagged, Nkx2.5 (cell fate
commitment), fibroblast growth factor-8, nodal, lefty1 (left/right asymmetry), transforming
growth factor beta, and retinoic acid (ventral patterning). It has long been recognized that many
forms of syndromic congenital heart disease (e.g. Down’s, DiGeorge, Noonan, and Williams–
Beuren) include neurodevelopmental impairment. However, the involvement of shared genetic
pathways in heart and brain development suggests that subtle neurodevelopmental
abnormalities may occur in non-syndromic congenital heart disease.
Formation of the human heart occurs during the first postconceptual days to weeks, with
formation of the first and second heart fields by day 15 and rhythmic contractions of a primitive
tube beginning by embryonic day 21. Rightward looping, outflow tract formation and septation
result in a morphologically mature heart formed by day 50, or gestational week 7 (GW7)
(reviewed in Srivastava, 2006 [3]). The majority of cardiac tissue forms from lateral plate
mesoderm in response to signals emanating from adjacent endoderm. Neural crest tissue,
derived from ectoderm, contributes to both the brain and heart.
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Brain tissue arises entirely from ectoderm. In the brain, the primitive neural tube forms slightly
later, by GW5, than the cardiac crescent. Radial glia, the neural stem cells, are identifiable at
this time [6]. Dorsal ventral patterning (sonic hedgehog), establishes distinct domains
throughout the neuraxis, while rostral caudal patterning subdivides the developing forebrain.
Formation of the cerebral cortex occurs from GW7 through GW18 with proliferation of neurons
in the ventricular and subventricular zones surrounding the cerebral ventricles [7]. While the
heart is morphologically mature by GW7, brain development extends over a much longer time
period, with distinct morphologic events (e.g. cell proliferation, migration, axon pathfinding
and target selection) occurring in the first two trimesters, [8] followed by a prolonged period
of activity-dependent refinement of connections that occurs in the third trimester and into
postnatal life. Excitatory projection neurons migrate radially into specific neocortical layers,
while inhibitory interneurons migrate tangentially from the ganglionic eminence. A mature
six-layered cortex does not appear until GW26 [9]. Following corticogenesis, central nervous
system neurons must form connections through axon outgrowth, pathfinding, target selection
and innervation. Formation of connections between thalamus and cortex requires a transient
population of early born neurons, referred to as subplate neurons because of their location as
a discrete layer below the cortical plate (reviewed in McQuillen [10]). In the human fetus,
thalamocortical pathfinding takes place between the histological emergence of the subplate at
the end of the first trimester [11] and the appearance of cholinesterase positive fibers in the
subplate at GW17–20 [12]. Thalamocortical fibers accumulate during a ‘waiting period’ from
GW17 [11,12] through GW22–26 [12,13] before innervating the cortical plate.
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3. Activity-dependent brain development
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Gross morphologic events of brain development are completed by the end of the second
trimester. The third trimester involves a period of dramatic brain growth and refinement of
connections that is dependent upon endogenous, spontaneous neuronal activity arising at
multiple levels [14]. In the visual system, this endogenous activity takes the form of
spontaneous waves of neuronal activation that sweep across and tile the retina and are
transmitted to thalamus and cortex. Patterned activity sculpts developing neural circuits into
mature, precise patterns [15]. Ocular dominance columns in the visual system are a
representative example of such a patterned circuit. Ocular dominance columns represent nonoverlapping eye-specific innervation to primary visual cortex and form the basis of binocular
vision. In higher primates, ocular dominance columns have fully formed by birth before onset
of visually driven activity [16,17]. While all major brain structures have formed by the 2nd
trimester, during the third trimester cortical development continues with development of
secondary and tertiary gyri (Fig. 1) [8].

4. White matter maturation
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At a cellular level, this brain growth involves the elaboration of dendritic arbors and formation
of neuronal connections. Myelination of neuronal axons also begins during this period, with a
characteristic caudal to cranial pattern [18]. By the end of the third trimester, myelination
extends to the posterior limb of the internal capsule and involves the motor fibers of the
pyramidal tract. In neocortex, myelination begins in the optic radiations and occipital white
matter soon after birth [19]. Oligodendrocytes (OL) are glial cells responsible for laying down
myelin on neuronal axons. The maturation of the OL lineage has been characterized in detail
and consists of four primary stages; OL progenitor, pre OL, immature OL and mature OL. Each
stage is uniquely identified by monoclonal antibodies to marker proteins expressed during
differentiation. Pre-myelinating OL precursor cells, characterized by expression of OL1, OL4,
Olig 2 and Sox 10, are present in their largest concentration in the periventricular white matter
from about 23 weeks of gestational age to 34 weeks [20]. These pre-myelinating OL are very
sensitive to oxidative stress injury which, in the presence of perturbations in cerebral blood
flow, are the key ingredient to the formation of periventricular white matter injury in the form
of periventricular leukomalacia (PVL) [21]. This maturation dependent vulnerability is
supported by the observation that the white matter of a 7-day-old rat was more resilient to
hypoxia-ischemia than a 2-day-old [22]. Experimentally, the maturation of pre-myelinating
OL can be arrested in-vivo during this vulnerable stage by the use of hypoxic conditions such
as might exist in utero for fetuses with severe CHD [23].

NIH-PA Author Manuscript

5. The effects of congenital heart disease on fetal brain oxygen delivery and
growth
Fetal blood flow is unique in a number of respects that have distinct impact on cerebral blood
flow. In the fetus, gas exchange occurs in the placenta with oxygenated blood returning through
the umbilical vein and ductus venosus to the portal vein, inferior vena cava and right atrium
and deoxygenated blood returning to the placenta via the umbilical artery (Fig. 2A). Prior to
birth, blood flow to the lungs is very low due to elevated pulmonary vascular resistance and
relatively low lung volumes. Two connections exist between the systemic and pulmonary
circulations: the foramen ovale connecting the right and left atria and the ductus arteriosus
between the pulmonary trunk and descending aorta. Umbilical venous blood is preferentially
directed through the ductus venosus into the left lobe of the liver. As a consequence the oxygen
saturation is higher in the left hepatic veins as they join the inferior vena cava (IVC) resulting
in streams of blood with different saturations. The higher saturated stream containing blood
from the ductus venosus is preferentially directed across the foramen ovale to the left atrium
Prog Pediatr Cardiol. Author manuscript; available in PMC 2011 August 1.
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(Fig. 2A). This blood mixes with the limited amount of pulmonary venous blood returning
from the lungs, resulting in a saturation in the fetal left ventricle of ~65%. Blood ejected by
the right ventricle consists of venous blood from the superior vena cava as well as the relatively
desaturated streams from the inferior vena cava and coronary sinus. The resulting saturation
in the fetal right ventricle is ~55%.
In two common forms of congenital heart disease, d-TGA and HLHS, alterations in fetal blood
flow may lead to decreased brain oxygen delivery. In d-TGA, the aorta arises from the right
ventricle and thus receives the relatively desaturated blood from the superior vena cava and
lower saturation stream of blood in the inferior vena cava (Fig. 2). The higher saturated stream
from the left hepatic veins is directed normally across the foramen ovale to the morphologic
left ventricle. The left ventricle however is connected to the pulmonary trunk and this higher
saturated blood (~65%) is delivered to the lungs and lower body (Fig. 2B). In HLHS, the fetal
circulation is characterized by increased left atrial pressure, resulting in reversal of flow across
the foramen ovale (Fig. 2C). Left ventricular filling is impaired and there is either no ventricular
output or stroke volume is diminished with reduced or absent flow into the ascending aorta.
All venous return mixes in the right ventricle and is ejected into the pulmonary trunk and ductus
arteriosus (Fig. 2C). Although the resulting saturation is not as low as with d-TGA, a number
of factors may restrict flow to the cerebral circulation. In many cases, flow to the head and
neck vessels only occurs by retrograde flow into the transverse aorta (Fig. 2C).
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6. Fetal ultrasound assessment of cerebral physiology
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Blood flow to the fetal brain is estimated to be almost one quarter of the combined ventricular
output in the third trimester [24]. Preferential blood flow to the brain is preserved through
autoregulatory mechanisms during pathological states, such as placental insufficiency. This
‘brain sparing’ phenomenon results in relative preservation of head growth, despite somatic
growth restriction [25–27]. Clinically, this fetal autoregulatory response can be assessed using
Doppler ultrasound by insonating the middle cerebral artery (MCA) and measuring the
pulsatility, or resistance indices (PI or RI, respectively) [28]. MCA PI is calculated using the
equation: peak systolic–diastolic/mean, values being derived from the MCA waveform as
shown in Fig. 3A [28]. Using these measures, an increased diastolic flow from decreased
vascular resistance will result in a lower MCA PI. Typically, MCA PI decreases with increasing
gestational age, presumed to be a result of increase cerebral metabolic demand or decreasing
fetal PaO2 [25,29,30]. Although a lower MCA PI or RI is reflective of decreased
cerebrovascular resistance, the cerebroplacental ratio (CPR), a ratio of MCA to umbilical artery
PI, is a better predictor of adverse perinatal outcome and poor growth [31]. A CPR ratio<1 is
reflective of redistribution of blood flow towards the brain [28]. Alterations in cerebral blood
flow (CBF) have been described in pregnancies complicated by intrauterine growth restriction
(IUGR) [25,32] and in fetuses with complex congenital heart disease [33–35]. In fetuses with
CHD, MCA PI waveforms demonstrate an increase in diastolic flow for hypoxemic fetuses
(including d-TGA) compared to normal fetuses as shown in Fig. 3b [28,34,35]. Likewise,
HLHS fetuses are also more likely to have a decrease in middle cerebral artery (MCA)
pulsatility index [34,35], a decrease MCA RI and lower CPR ratio often being <1 compared
to normal fetuses [33,36] Fig. 4. These MCA PI changes are presumed to be a result of limited
or no antegrade aortic blood flow with dependency on retrograde flow from the ductus
arteriosus to provide cerebral blood flow. In addition, HLHS fetuses also have impaired RV
performance and lower cardiac output compounding the limitations in regulatory capacity and
potentially influencing MCA PI [37]. These limitations may explain why after in utero aortic
valvuloplasty fetuses showed no significant improvement in MCA PI or CPR ratio [36].
These alterations in cardiac output observed in utero may significantly influence cerebral blood
flow (CBF) and may lead to altered ability to regulate CBF during the transitional period and
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following surgery [38]. Although there is a compensatory “brain sparing” response in utero,
there is likely a threshold that once reached results in altered brain growth and development.
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7. Fetal brain MRI
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8. Transitional circulation

The idea that delayed postnatal brain development results from disordered fetal cerebral blood
flow suggests two predictions; 1) Delayed brain development should begin during fetal life;
2) Different forms of CHD should manifest different degrees of delayed development. Studies
using fetal brain ultrasound have suggested that decline in head growth begins after midgestation in fetuses with HLHS [39]. Definitive evidence for delayed fetal brain development
has recently been published for a cohort of fetuses with congenital heart disease [40]. In this
study, brain volumes and proton 1H-MRS were compared among 55 fetuses with CHD
compared with 50 normal fetuses between 25 and 37 gestational weeks. No differences were
found between controls and CHD fetuses during the second trimester. During the third
trimester, a progressive impairment of brain volumes was noted in fetuses with left-sided
obstructive lesions. Fetuses with aortic atresia and no antegrade blood flow in the aortic arch
had larger delays in the expected increase in NAA/Cho and greater impairment of growth in
brain volume. These observations confirm that impaired brain development begins during fetal
life due to impaired fetal cerebral blood flow, oxygen and substrate delivery and that
compensatory mechanisms (brain sparing effect) are overwhelmed (Fig. 4).
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The transition from fetal (placental) circulation to neonatal circulation is complex and requires
maintenance of CBF during a period of a precipitous decline in pulmonary vascular resistance
[41] along with an increase in systemic vascular resistance [42]. In neonates without congenital
heart defects, these changes are facilitated by the closure of the ductus arteriosus, with
consequent isolation of the pulmonary blood flow from systemic blood flow. In neonates with
complex CHD, closure of the ductus may be catastrophic as a result of inadequate pulmonary
or systemic blood flow and is prevented with intravenous administration of Prostaglandin E.
This maintenance of ductal patency by PGE potentially compromises CBF by perpetuating
shared blood flow between the pulmonary and systemic circulation particularly as the
pulmonary vascular resistance drops. Although some data is available on how CBF is regulated
during the transitional period in premature infants, little is known about the regulatory
capacities of term neonates or neonates with congenital heart disease. In healthy premature
infants, CBF gradually increases with time [43,44] with the greatest increase occurring in the
first few days of life [45]. In premature and term infants with gestational ages between 32 and
42 weeks, cerebral blood velocities increased with increasing gestational age [46]. Premature
and/or very low birth weight (VLBW) infants may have delayed development of this
autoregulatory system, increasing the risk of abnormal flow and oxygenation of the brain during
periods of hemodynamic instability. Premature infants have demonstrated a lower basal CBF
[47] along with a compromised ability to regulate blood flow in the face of hemodynamic
instability [48].
Delay in brain maturation may occur as a consequence of decreased oxygen and nutrient
delivery in utero. In neonates with complex CHD, the delayed maturation of the brain, in
conjunction with lower than expected postnatal CBF, may also lead to impaired autoregulation
increasing the risk for brain injury during the pre-operative, intraoperative and post-operative
period [49–51]. Regulation of blood flow during the transitional period is particularly
challenging for neonates with either d-TGA or HLHS. In d-TGA, cerebral autoregulation may
be limited by low arterial PaO2 (20–30 mm Hg range) particularly if there is an inadequate
mixing at the atrial level [41]. In HLHS, the right ventricle provides flow to the pulmonary and
systemic circulations with cerebral blood flow dependent on retrograde flow across the aortic
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isthmus from the ductus arteriosus. As pulmonary vascular resistance falls in the first hours of
life, there is a concomitant increase in pulmonary blood flow and physiological adaptations to
maintain systemic perfusion may be inadequate in the setting of a single ventricle, potentially
overwhelming the cerebral autoregulatory response. A delicate balance exists between
pulmonary, cerebral and systemic perfusion. High oxygen saturations in HLHS patients,
reflective of significant increases in pulmonary blood flow, may result in steal from the cerebral
and systemic circulation if the vascular autoregulatory system is unable to compensate or
overall cardiac output is limited. Prenatally, HLHS fetuses compensate by decreasing
resistance as reflected by Doppler evidence of increasing diastolic flow in the MCA [33–35].
Whether this regulatory capacity has a threshold capacity or whether the ability to regulate
CBF postnatally is influenced by the ability to regulate in utero remains to be answered. During
the transitional period, those fetuses with the most significant changes in MCA flow may also
be more susceptible to hemodynamic perturbations during transition. These patients may have
a decrease autoregulatory capacity resulting in inadequate cerebral perfusion with changes in
pulmonary vascular resistance and/or systemic blood pressure. Increasing understanding about
the physiological changes that occur during this period will lead to improvement in
management strategies to optimize CBF.
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9. Magnetic resonance imaging identifies delayed brain development before
surgery in CHD
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Disordered fetal circulation places the brain at risk for disrupted growth and development
during the third trimester. High resolution and advanced magnetic resonance imaging (MRI)
techniques allow quantitative measurement of brain development. MR spectroscopic imaging
(MRSI) and diffusion tensor imaging (DTI) assess brain metabolism and microstructure
respectively. Proton MRSI can be used to measure N-acetylaspartate (NAA) [52]. NAA is
found predominantly in neurons (cell body and axon), so that decreases and increases in NAA
reflect neuronal metabolic integrity [52]. NAA increases consistently with development,
providing a brain metabolic ‘growth chart’ [53]. Diffusion tensor imaging (DTI) provides a
sensitive measure of regional brain microstructural development. DTI characterizes the threedimensional spatial movement or diffusion of water in each voxel of the MR image [54]. With
increasing brain maturation, brain water content diminishes and developing neuronal
microstructure and myelination increasingly restrict proton diffusion resulting in a consistent
decrease in average diffusivity (Dav) over time in gray and white matter regions [54]. Using
MRSI and DTI, brain metabolism and microstructure were compared between term newborns
with CHD prior to heart surgery and normal controls [51]. Relative to the normal control
newborns, newborns with CHD had 10% lower N-acetylaspartate/choline ratios and 4.5%
higher Dav. Comparing these data to values obtained from normal fetuses, [54] suggests that
term newborns with CHD have a delay in brain development of approximately one month,
equivalent to an infant born prematurely at 34–36 weeks.
This delay in brain development has been assessed at a macroscopic level. Using an
observational, semi-quantitative MRI metric developed and validated by Childs [55] termed
Total Maturation Score (TMS), Licht et al. evaluated brain maturation in 42 full-term (average
GA=38.9±1.1 weeks) infants born with CHD prior to surgery [50]. The TMS metric assesses
4 areas of brain development including 1) degree of myelination, 2) degree of cortical folding,
3) the radiographic presence or absence of germinal matrix in the anterior and posterior horns
of the lateral ventricles and 4) the presence and number of migrating bands of glial cells. The
study revealed symmetric delays in brain development across all four areas assessed, for an
average TMS appropriate for infants born at 35 weeks of gestation. Thus the finding of a delay
of 4 to 5 weeks in brain maturation is in strong agreement with the findings of Miller et al. who
demonstrated evidence of biochemical delay of a similar magnitude in the white matter of these
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same infants [51]. This finding is consistent across institutions and studies [49,56,57] and it is
also consistent with the experimental data.
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Reproducing the fetal environment for infants with CHD, Back et al. demonstrated that the
maturation of pre-myelinating OL could be artificially arrested in mice pups reared in a hypoxic
environment [23]. These hypoxic conditions gave rise to mice with ventriculomegaly and
hypomyelination. The hypomyelination occurred in regions of brain depleted of premyelinating OLs, but did not show evidence of axonal loss or inflammatory infiltrate. The
findings suggest that chronic hypoxia disrupted both the progress of OL differentiation and
consequently the progression of myelination, an effect that was prevented by caffeine
treatment. Importantly, despite excluding patients with perinatal distress or asphyxia, Licht et
al. found evidence of hypoxic–ischemic brain injury (PVL) in >20% (9/42) of infants with
severe CHD before surgery [50]. The areas of the affected white matter (Fig. 5) are homologous
to the periventricular areas rich in pre-myelinating OLs in a fetal ovine model for PVL [58].
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Thus, for infants with severe CHD, brain development is delayed both micro- and macrostructurally such that concentration of vulnerable pre-myelinating OL persists to term birth.
Failure of nutrient and oxygen delivery during late gestation, transition from fetal to neonatal
blood flow or post natal/pre-surgical care, results in white matter ischemia in the areas of brain
(periventricular white matter) where these pre-myelinating OL endure. Delayed brain
development may underlay the surprising preponderance of injury to periventricular white
matter in term newborns with congenital heart disease. Periventricular white matter injury, and
it’s most severe form periventricular leukomalacia, are most commonly observed in
prematurely born infants [59,60]. In support of this hypothesis, a low brain maturity score was
associated with a higher risk of acquired brain injury in newborns with congenital heart disease
[49]. Other risk factors for acquired brain injury include perioperative hypoxemia and
hypotension [57,61–64]. These perioperative insults may represent the proximate cause of
brain injury. However, individual susceptibility to these insults is influenced by the substrate
of delayed brain development. An exhaustive consideration of risk factors for acquired injury
is beyond the scope of this article.

10. Summary
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Increasing data suggest that brain maturation and development is impaired in neonates with
complex congenital heart defects. The delays in development arise from failures in brain
oxygen and nutrient delivery unique to each form of congenital heart disease, with examples
of deficient content (d-TGA) [24] or abnormalities in blood flow (HLHS) [33,35]. Delayed
fetal brain maturation and development in utero appears to begin in the 3rd trimester of
gestation and is consistent with postnatal data demonstrating smaller head circumferences and
structurally immature brains in term gestation neonates with CHD compared to normal term
neonates. Underlying the gross structural immaturity of the brain are delays in cellular
maturation. The maturation of OL has been closely associated with an increased risk for
hypoxic and oxidative injury to the white matter, which is seen commonly in neonates with
CHD both before and after surgery. Evidence suggests that brain immaturity is the leading risk
factor for PVL in neonates with complex CHD both before and after surgery [49].
Understanding cerebral blood flow regulation during fetal development, transition to neonatal
circulation, pre-operative instrumentation and during post-operative recovery will be central
to neuroprotective studies in the future.
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Fig. 1.

Summary of brain growth and curvature across development. T1-weighted MRIs were selected
from fetuses (22, 26 weeks), premature infants (30, 34 weeks) and term newborns with and
without congenital heart disease (hypoplastic left heart disease, HLHS). White matter volumes
were reconstructed from manually segmented images. Curvature is represented in the color
scale from concave (blue-green) to convex (yellow-red) and demonstrates onset and
development of gyri and sulci. Brain volume and curvature are delayed in the term newborn
with HLHS.
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Fig. 2.
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Normal fetal circulation and changes with congenital heart disease course of blood flow in a
late gestation fetus with normal heart anatomy (A), d-transposition of the great arteries (B) and
hypoplastic left heart syndrome due to aortic atresia (C). Deoxygenated blood (blue-purple)
flows to the placenta through the umbilical artery (UA) where gas exchange takes place. Blood
with higher oxygen content (red) returns through the umbilical vein (UV) and ductus venosus
(DV) to the inferior vena cava (IVC). The more highly saturated blood forms a stream in the
IVC, which is preferentially directed across the foramen ovale into the left ventricle in the
normal fetus and with d-TGA. Estimated hemoglobin oxygen saturation in percent is shown
for each ventricle. Blood flow to the fetal lungs is limited by elevated pulmonary vascular
resistance. In the fetus with d-TGA, the aorta arises from the right ventricle such that the brain
receives less oxygenated blood, while the higher saturated blood is directed to the descending
aorta through the ductus arteriosus. In HLHS, reduced or absent left ventricular ejection results
in elevated left atrial pressure, limiting or reversing flow at the foramen and resulting in
complete mixing of desaturated and well saturated blood in the right atrium and ventricle.
Blood flow to the head and neck may occur in a retrograde fashion from the ductus arteriosus
across the aortic isthmus.
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Fig. 3.

A. Diagram for calculating pulsatility index (PI) and resistivity index (RI). B. Figure
demonstrating middle cerebral artery measurements in a normal fetus (A) and a fetus with
HLHS (B). Note the increase in the end-diastolic velocity. (Adapted from Ultrasonography in
Obstetrics and Gynecology 5th Ed. Elsevier press).
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Fig. 4.

Graphic representation of differences in relative fetal cerebrovascular resistance (X-axis)
measured by Doppler ultrasound for hypoplastic left heart syndrome (HLHS) and heart lesions
with right-sided or left-sided ventricle outflow track obstruction compared to normal.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Prog Pediatr Cardiol. Author manuscript; available in PMC 2011 August 1.

McQuillen et al.

Page 16

NIH-PA Author Manuscript

Fig. 5.

Typical distribution of periventricular leukomalacia (PVL) lesions. Far left frame — coronal
T1 MRI demonstrating PVL lesions (white arrows). Right images (axial, coronal and sagittal)
— manually traced periventricular white matter injury lesions (color areas; yellow — highest
probability, red — lower probability) from 9 pre-surgical patients with either HLHS or TGA.
The tracings are overlaid on a brain atlas composed of a composite of 42T2 volumetric brain
MRIs (33 with HLHS and 19 TGA).
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