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Abstract
Infants with congenital heart disease (CHD) have altered brain development. We characterized
cortical folding, a critical part of brain development, in CHD infants and demonstrated an overall
decrease in cortical surface area and cortical folding with regional alterations in the right lateral
sulcus and left orbitofrontal region, cingulate region, and central sulcus. These abnormalities were
present prior to surgery.
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Infants with congenital heart disease (CHD) requiring surgery in early infancy are at
increased risk for impaired neurodevelopment. Magnetic resonance imaging (MRI) has
demonstrated alterations in brain development and growth in this population [1, 2]. Recent
advances in MRI techniques have improved characterization of brain development in the
newborn and may provide insights into potential mechanisms of adverse neurological
outcomes. One such technique is surface-based analysis, which depicts cortical folding and
sulcation, a vital part of brain development. Measures of cortical growth appear to be
predictive of neurocognitive outcome in later childhood [3], and preliminary data in a small
number of infants with CHD revealed less curvedness and concavity within the operculum,
with subtle differences existing between infants with hypoplastic left heart syndrome and
transposition of the great arteries [4]. Surface-based analysis of the fetus has also suggested
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delayed cortical development across multiple regions of the brain in infants with hypoplastic
left heart syndrome [5]. The aim of this study was to quantify global brain cortical folding
and regional sulcal depth differences in infants with CHD prior to surgery. The hypothesis
was that infants with CHD would exhibit reduced cortical folding compared with healthy,
term-born infants.

Methods
Fifteen term infants with CHD requiring surgery in early infancy who were part of a larger
prospective cohort from Starship Children’s Hospital in Auckland, NZ were included in the
analysis. Control infants included twelve healthy term-born infants from Washington
University in St. Louis. Informed consent was obtained from all parents, and the study was
approved by the local ethics committees at both hospitals.

MRI scans were performed as previously described [6]. The T2-weighted image acquisitions
were used in this analysis. For infants with CHD, coronal (2-mm slice thickness) and
transverse (3-mm slice thickness) T2-weighted images were acquired. The coronal and
transverse T2-weighted images were co-registered, averaged, and resampled to 1-mm
isotropic spatial resolution. The control data were acquired at 1-mm isotropic resolution.
Post-processing was the same for both the CHD and control population, allowing for
comparison between the groups. Post-processing analysis was undertaken as described by
Hill et al [7]. The images were aligned along the anterior and posterior commissures and
cropped into left and right hemispheres. A semi-automated algorithm, LIGASE, was applied
and segmentations were manually edited using CARET software (http://brainvis.wustl.edu)
[8] to generate three-dimensional cortical mid-thickness surface reconstructions. Cortical
surface area (CSA) was calculated from the cortical mid-thickness surface. A cerebral hull
surface was then generated that runs along the margins of the gyri and does not dip into the
sulci. The gyrification index (GI), the ratio of the cortical mid-thickness surface area to the
cerebral hull surface area, was calculated for each hemisphere. Surfaces were registered to
the PALS-term 12 version 2 atlas by using the “Core Six” landmarks: the central sulcus, the
Sylvian fissure, the anterior portion of the superior temporal gyrus, the calcarine sulcus, and
the dorsal and ventral portions of the medial wall, as previously described [7, 9]. All image
processing was reviewed by a single rater (DA).

Statistical Analyses
Statistical analysis was conducted using SPSS version 19.0. Baseline characteristics were
compared using a two-sample t-test for continuous variables and a Fisher’s exact test for
comparing the proportion of males in each group. MRI measures of CSA and GI were
analyzed using a two-sample t-test. Although there was not a difference in head
circumference between the groups, brain size may be affected by head size and therefore,
head circumference was controlled for in all analyses. An analysis of covariance was
performed to control for head circumference. CSA and GI were the dependent variables,
group (CHD vs. control) was a fixed factor, and head circumference was a covariate. Alpha
of <0.05 was used as the level of significance for this portion of the analysis. Sulcal depth
maps were computed for each hemisphere, where depth is the Euclidean distance between
each vertex on the cortical mid-thickness surface and the nearest vertex on the cerebral hull
surface [9]. Then a t-test was performed using methods similar to Hill et al [7], except that
we used a two-sample t-test, rather than a paired t-test. Alpha of <0.025 per hemisphere was
used as the level for significance for multiple comparisons correction.
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Results
Fifteen infants with CHD were included in this study. Five infants had transposition of the
great arteries, four had right-sided lesions requiring a Blalock-Taussig shunt, five had
hypoplastic left heart syndrome requiring a Norwood procedure, and one infant had
transposition of the great arteries with tricuspid atresia and interrupted aortic arch and
underwent a Norwood procedure. Baseline characteristics between control and CHD infants
were similar (Table). The CHD infants had a MRI an average of 5 days (range 2–9 days)
after birth.

After controlling for head circumference, CHD infants had reduced CSA and GI compared
with control infants for both the left and right hemispheres (Table). Individual cortical mid-
thickness reconstructions are displayed in Figure 1. Regional sulcal depth analyses (Figure
2) demonstrated differences in the left hemisphere in the orbitofrontal region, superior
portion of the central sulcus, and the cingulate gyrus. CHD infants had less sulcation in the
orbitofrontal region, specifically within the olfactory sulcus. Regions in the dorsal prefrontal
sulcus and the superior temporal sulcus showed a trend towards differences, with the sulcus
for control infants deeper than CHD infants. For the right hemisphere, CHD infants
displayed less sulcation in the posterior ascending limb of the lateral sulcus. In contrast,
there were two regions that appeared deeper in CHD infants due to a simpler, broader
cortical surface - the cingulate gyrus and the superior portion of the central sulcus.

Of the 15 infants included in this study, seven (46%) had focal signal abnormalities in the
white matter. None of the infants had any other signal abnormalities. There was no
difference in CSA or GI between infants with or without focal signal abnormalities.

Discussion
This study demonstrates pre-operative alterations in global cerebral development in infants
with CHD, including reductions in total cortical surface area and gyration. Such global
reductions display regional variability, with greater alterations seen in the orbitofrontal
region, cingulate and central sulcus of the left hemisphere. Alterations in the right
hemisphere involve the posterior ascending limb of the lateral sulcus.

Pre-operative alterations in brain development in infants with CHD have been previously
demonstrated. Delay in neuronal and axonal development has been suggested in studies
employing diffusion tensor imaging and magnetic resonance spectroscopy [2]. Additionally,
smaller brain volumes and more immature measures of spectroscopy are present in the third
trimester of pregnancy [1]. Fetuses with hypoplastic left heart syndrome had delayed cortical
developmental in the superior frontal, postcentral, occipital, cingulate, calcarine, collateral,
superior temporal, and sylvian regions [5]. Assessment of cortical folding after birth but
before cardiac surgery has also suggested abnormalities of opercular folding and shape [4].
Our results - alterations in the orbitofrontal region, cingulate, central sulcus, and posterior
ascending limb of the lateral sulcus - support these previous studies and expand on them by
demonstrating more global alterations in cortical folding in a variety of cardiac lesions.
These alterations are present before cardiac surgery and have regional variability. Further,
they appear to be independent of “brain injury” as defined as signal abnormality on T1- and
T2-weighted images. A potential explanation for this finding is that these folding
abnormalities are caused by neuronal or axonal injury that could be associated with altered
cerebral perfusion related to the underlying cardiac defect that alters cortical folding but is
not visible as signal abnormality on MRI. Another potential explanation is that the folding
abnormalities are unrelated to hypoxic/ischemic injury but share a common etiology, such as
genetic, with CHD. These explanations are not mutually exclusive.
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Infants with CHD are at significant risk for impairments in cognition, language, behavior,
visuospatial, and motor function [10–12]. We demonstrated alterations within regions of the
brain that are associated with these functions. The orbitofrontal region plays a role in
behavior and emotion [13]; the cingulate cortex in behavior, emotion, memory, and
executive function [14]; and the central sulcus in movement and sensory perception. The
posterior ascending limb of the lateral sulcus potentially plays a role in tactile attention [15].
The alterations in the orbitofrontal region, cingulum, central sulcus, and lateral sulcus in
infants with CHD may provide biological insights associated with these later outcomes.
There was variation in how these regions differed from controls, with the CHD infants
demonstrating deeper, broader and more simplistic sulcal patterns in the central sulcus and
cingulate. The cingulate also demonstrated a more interrupted sulcal trajectory (see mean
surfaces for infants with CHD compared with controls, Figure 2). This will require further
characterization, but suggests that the deeper sulcal pattern in infants with CHD may
represent atypical rather than just delayed cortical development. Control infants have deeper
sulci in the orbitofrontal region and lateral sulcus, with trends in the dorsal prefrontal and
superior temporal regions. A deepening of these regions occurs with typical brain
development, thus more shallow sulci in these regions in infants with CHD may represent a
less mature cortical pattern, as has been documented by spectroscopy and diffusion methods
[2]. The superior temporal region is important in cognitive function and audiovisual
multisensory integration in language development [16] and thus may provide insight to
language impairments in these children. An increase in sample size, in addition to
longitudinal evaluation at later ages, may assist in confirming the extent of this difference
and whether it is transient or persists into childhood.

The limitations of this study relate to sample size, heterogeneity of the cardiac lesions and
lack of follow-up data. It is possible that different types of lesions will affect brain
development in different ways. The purpose of this pilot study was to describe the findings
of a new analytic technique in a small group of infants. Another limitation is that our CHD
and control infants were from different geographical populations (New Zealand and United
States, respectively). Population-specific differences in sulcation have not been clearly
characterized but may contribute to the alterations that we have identified. Perinatal cortical
growth in preterm infants has been associated with subsequent cognitive outcome [3], but
the relationship of these alterations in cortical surface based measures to subsequent
outcomes in infants with CHD remains unknown.
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Figure 1.
Individual cortical mid-thickness surface reconstructions. Images represent individual
surfaces from CHD and control infants whose GI was closest to the mean GI for the group
(top two rows) and those who had the lowest GI in each group (bottom two rows).
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Figure 2.
Cortical mid-thickness surface reconstructions and sulcal depth variations. The first two
rows represent mean surface reconstructions for dorsal and lateral surfaces of CHD infants
(first row) and term control infants (second row). The third (CHD infants) and fourth
(control infants) rows represent the mean surface reconstructions for the ventral and medial
surfaces. T maps (bottom two rows) represent the differences between the mean surfaces.
Areas in yellow and red indicate regions where control infants were deeper; blue and green
indicate regions where infants with CHD were deeper (or controls had broader gyri). White
contours outline statistically significant differences between the two groups at p<0.025. The
black arrowhead identifies the orbitofrontal region, the white arrow identifies the cingulate

Ortinau et al. Page 7

J Pediatr. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gyrus, the black arrows identify the central sulcus, and the white arrowhead identifies the
superior ascending limb of the lateral sulcus. The T2-weighted image identifies the contours
of the lateral sulcus in the right hemisphere for CHD infants (red) and control infants (blue).
The CHD infants display reduced sulcation with a more open sulcus.
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Table 1

Baseline characteristics and cortical folding measures.

Controls (n=12) CHD (n=15) Unadjusted
p value

Adjusted
p value*

Baseline Characteristics

Gestational Age, wks: mean (SD) 39.4 (0.91) 39.1 (1.3) 0.43 -

Birth weight, kg: mean (SD) 3.50 (0.38) 3.33 (0.68) 0.45 -

Head circumference, cm: mean (SD) 34.2 (1.1) 34.8 (1.4) 0.17 -

Sex, male: n (%) 7 (58) 5 (33) 0.26 -

Ethnicity: 0.002 -

  Caucasion: n (%) 5 (42) 8 (53)

  African American: n (%) 7 (58) 0

  Maori: n (%) 0 5 (33)

  Other 0 2 (14)

MRI measures

Left CSA, cm2 mean (95% CI) 316 (301–330) 279 (266–292) 0.06 0.001

Right CSA, cm2 mean (95% CI) 322 (306–337) 287 (274–301) 0.10 0.002

Left GI: mean (95% CI) 2.06 (2.00–2.11) 1.88 (1.83–1.92) 0.001 <0.001

Right GI: mean (95% CI) 2.10 (2.03–2.16) 1.93 (1.88–1.99) 0.008 0.001

*
adjusted for head circumference at birth for CSA and GI using analysis of covariance. The mean (95% CI) values displayed in each MRI measure

represent the values for the adjusted model
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