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Abstract

Neurodevelopmental abnormalities are the most common noncardiac complications in patients with congenital heart
disease (CHD). Prenatal brain abnormalities may be due to reduced oxygenation, genetic factors, or less commonly,
teratogens. Understanding the contribution of these factors is essential to improve outcomes. Because primary sulcal
patterns are prenatally determined and under strong genetic control, we hypothesized that they are influenced by genetic
variants in CHD. In this study, we reveal significant alterations in sulcal patterns among subjects with single ventricle CHD
(n =115, 14.7 £ 2.9 years [mean + standard deviation]) compared with controls (n =45, 15.5 £+ 2.4 years) using a graph-based
pattern-analysis technique. Among patients with CHD, the left hemisphere demonstrated decreased sulcal pattern
similarity to controls in the left temporal and parietal lobes, as well as the bilateral frontal lobes. Temporal and parietal
lobes demonstrated an abnormally asymmetric left-right pattern of sulcal basin area in CHD subjects. Sulcal pattern
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similarity to control was positively correlated with working memory, processing speed, and executive function. Exome
analysis identified damaging de novo variants only in CHD subjects with more atypical sulcal patterns. Together, these
findings suggest that sulcal pattern analysis may be useful in characterizing genetically influenced, atypical early brain
development and neurodevelopmental risk in subjects with CHD.
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Introduction

Congenital heart disease (CHD) is the most common birth defect
and is associated with neurodevelopmental disability and struc-
tural brain abnormalities (Limperopoulos et al. 2010; Bellinger
et al. 2011; Wernovsky 2012). There are many potential causes
of this association. Prenatal hemodynamic alterations could
result in abnormal brain structure in CHD (McQuillen et al.
2010; Khalil et al. 2016). For example, subjects with hypoplastic
left heart syndrome, who have the most severe cardiovascu-
lar compromise including decreased cerebral oxygenation and
perfusion in utero, have been shown to have abnormal brain
structural development and high rates of neurodevelopmental
delay (Goldberg et al. 2000; Sethi et al. 2013; Gaynor et al. 2014;
Bellinger et al. 2015). Postnatal hypoxia, acidosis, and hypoper-
fusion could also contribute to abnormalities in brain structure,
growth, and neurodevelopment (Mebius et al. 2017). Moreover,
since much of heart and brain development occurs simultane-
ously and involves shared molecular pathways, genetic variants
that cause CHD could affect neuronal development, patterning,
and resiliency (Ising and Holsboer 2006; Fitzgerald et al. 2015;
Homsy et al. 2015; Jin et al. 2017; Mebius et al. 2017) and lead
to altered development of brain structures under strong genetic
control.

Studies using magnetic resonance imaging (MRI) have
improved our understanding of the effects of CHD on brain
development, both in the prenatal and neonatal periods
(Bellinger et al. 2015). In fact, fetal MRI studies have revealed
delayed gyrification and atypical sulcal patterns, which
preceded differences in gray/white matter volume in the second
and third trimesters, emphasizing the potential role of genetic
factors that act in utero (Limperopoulos et al. 2010; Clouchoux et
al. 2013; Masoller et al. 2016; Ortinau et al. 2018). Recent studies
have identified abnormal functional neuronal connectivity and
reorganization of structural network topology in newborns with
CHD in the pre-operative periods (De Asis-Cruz et al. 2018;
Schmithorst et al. 2018), further supporting the likelihood that
altered brain development begins in utero. Additional neonatal
MRI studies have also reported findings consistent with altered
in utero brain development such as alterations in white matter
microstructure, reduced whole-brain volume, reduced cortical
folding, and abnormal brain maturation in CHD (Mahle et al.
2002; Miller et al. 2007; Licht et al. 2009; Ortinau et al. 2012, 2013;
Beca et al. 2013; Rollins et al. 2017; Karmacharya et al. 2018;
Schmithorst et al. 2018).

Analysis of primary sulcal pits (the deepest local points
of sulci) and folding patterns can provide important insight
into structural brain development (Im and Grant 2018).
Primary cortical sulci are those that develop prior to the
third trimester and arise during rapid neuronal growth (Chi
et al. 1977; Garel et al. 2001; Kostovi¢ and Vasung 2009;
White et al. 2010). These primary cortical sulcal folds are
under strong spatial-temporal genetic control and show
little change with age during postnatal cortex development
(Garel et al. 2001; Rakic 2004; Kostovi¢ and Vasung 2009;

Hill et al. 2010; Meng et al. 2014; Rash and Rakic 2014; Sun
and Hevner 2014; de Juan Romero et al. 2015; Cachia et al.
2016). The global pattern of positioning, arrangement, number,
and size of sulcal pits and folds as well as their intersulcal
relationships are thought to relate to optimal organization and
arrangement of cortical functional areas and their white matter
connections (Van Essen 1997; Klyachko and Stevens 2003; Rakic
2004; Fischl et al. 2008; Im et al. 2010; Im et al. 2011a; Sun and
Hevner 2014). We have developed a novel comprehensive and
quantitative analysis technique to characterize sulcal folding
patterns using a graph structure with sulcal pits and catchment
basins as nodes (Im et al. 2011b). It considers not only geometric
features of sulcal folds themselves (position, depth, and size
of sulcal pits and basins) but also their intersulcal geometric
and topological relationships, emphasizing the interrelated
arrangement and patterning of sulcal folds. Application of this
technique has proven effective for characterizing genetically
influenced cortical development in several of our previous
studies (Im et al. 2011b; Im et al. 2013, 2016, 2017; Im and
Grant 2018; Tarui et al. 2018). For example, similarity of sulcal
patterns was significantly higher in identical twin pairs than in
unrelated pairs, supporting a strong genetic influence on the
global sulcal pattern (Im et al. 2011b). In addition, a recently
published analysis of fetal brain MRIs revealed early-emerging
atypical sulcal patterns in fetuses with CHD (Ortinau et al. 2018).
The early emergence of atypical sulcal patterns in CHD suggests
that genetic variants associated with both cardiac and brain
development may be playing a role in altered brain development
(McQuillen et al. 2010; Homsy et al. 2015; Khalil et al. 2016).
However, we do not know if these atypical gyral folding patterns
observed in fetal life and infancy persist into adolescence or are
associated with neuropsychological outcomes.

Here, we compare the sulcal folding patterns of 115 subjects
with single-ventricle CHD with 45 healthy controls using MRI
studies performed at approximately 15 years of life. We use
our quantitative sulcal pattern analysis technique to investi-
gate whether atypical sulcal patterns previously identified in a
cohort of fetal subjects with CHD (Ortinau et al. 2018) were also
present in adolescents with CHD. Furthermore, for regions with
atypical sulcal patterns, we examined the clinical significance
by correlating with neuropsychological testing. To search for
a genetic influence on the altered sulcal patterns, damaging
de novo variants (DNVs) were analyzed for their relationship
to abnormal sulcal pattern using a subset of the CHD subjects
with exome sequencing available. We hypothesize that sulcal
pattern analysis will capture regional brain abnormalities that
are relevant to neurodevelopmental outcomes and correlate
with damaging DNVs in subjects with CHD.

Materials and Methods
Subjects

The study was approved by the Boston Children’s Hospital (BCH)
institutional review board, and we obtained informed consent of
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parent or guardian (for subjects aged < 18 years) or of subjects
(aged >18 years), as well as assent of study participants aged
<18 years. A separate informed consent was obtained from
parents of CHD subjects to obtain their DNA. We analyzed MRI
data from CHD subjects previously enrolled from 2010 to 2012
at BCH (Bellinger et al. 2015). Inclusion criteria were (1) age 10
to 19 years at the time of enrollment, (2) diagnosis of single-
ventricle physiology, and (3) history of Fontan procedure. Sub-
jects were excluded if they met any of the following criteria:
(1) disorders that would prevent successful completion of the
planned study testing (e.g., pacemaker, metal implants prevent-
ing MRI); (2) lack of reading fluency by primary caregiver in
English, which is the only language for which questionnaires
have been validated; (3) foreign residence; (4) cardiac transplan-
tation; and (5) cardiac surgery within 6 months of testing. We
also recruited healthy control subjects of a similar age from local
pediatric practices, from our institutional adolescent clinic, and
through posted notices. We applied exclusion criteria derived
from the National Institutes of Health’s MRI study of normal
brain development (Evans 2006).

MRI Acquisition

MRI was performed on 1 of 2 systems: a 3-T General Electric
system (General Electric Medical Systems) or, for subjects in
whom cardiovascular devices or coils had been implanted, a
1.5-T General Electric Twin-speed magnetic resonance scanner.
Subjects were scanned without sedation using a T1-weighted,
3D spoiled gradient recalled steady state sequence with the
following parameters: TR/TE=7 ms/2.8 ms, flip angle=28°,
acquisition matrix =256 x 256, FOV =256 mm, and slice thick-
ness=1 mm at 3 T; TR/TE =40s/4s, flip angle =20°, acquisition
matrix =256 x 192, FOV =240 mm, and slice thickness =1.5 mm
at 1.5 T. All images were inspected by a radiologist to assure data
quality and detect structural abnormalities (e.g., tumors, stroke).

Image Processing and Quantitative Sulcal Pattern
Analysis

The images were processed to extract cortical surfaces using
the FreeSurfer pipeline (Dale et al. 1999; Fischl et al. 1999; Fis-
chl 2012). Once the cortical models were reconstructed, they
were automatically parcellated into anatomical regions based
on lobar and gyral/sulcal structure (Fischl et al. 2004; Desikan et
al. 2006). We used the left and right whole hemispheres and lobar
regions of the white matter surface (gray/white matter bound-
ary) for sulcal pattern analysis in this study. The reconstruction
of the white matter surface from individual MRI data and its lobe
parcellation were visually inspected for each subject to ensure
accuracy.

The sulcal pattern was represented as a graph structure with
sulcal pits and their surrounding catchment basins as nodes.
Sulcal pits are defined as the deepest local point in a sulcal
catchment basin on the cortical surface. Sulcal pits and catch-
ment basins are substructures decomposed from one primary
sulcal segment (Lohmann and Von Cramon 2000; Im et al. 2010).
Sulcal depth maps on the white matter surface were generated
using the FreeSurfer, and sulcal pits and their surrounding sul-
cal catchment basins were automatically identified based on a
smoothed sulcal depth map using a watershed segmentation
algorithm (Im et al. 2010, 2013, 2016). If sulcal catchment basins
met, sulcal pits in those basins were connected with an edge.
This graph was designed to characterize the global pattern of

primary sulcal folds using deep sulcal pits. Sulcal pattern graphs
between different subjects were automatically compared usinga
spectral-based matching algorithm (Leordeanu and Hebert 2005;
Im et al. 2011b). The sulcal pattern comparison was performed
using geometric features of sulcal folds (3D position, depth, and
area of sulcal pits and basins), their intersulcal relationships,
and graph topology (the number of edges and the paths between
nodes) to highlight the interrelated arrangement and pattern-
ing of sulcal folds (Im et al. 2011b). The optimal match was
determined between two different sulcal graphs, and then their
similarity was computed for each hemisphere and lobar region,
which ranged from 0 to 1. After measuring the similarity with
all features combined (sulcal position, area, depth, and graph
topology), we further measured the similarity only using each
individual feature by setting all weights of the other features
to O to evaluate their relative importance on the sulcal pattern
similarity (Im et al. 2011b).

Using the graph-based sulcal pattern comparison method,
sulcal pattern similarities of all possible pairs in control (n =45)
and CHD (n =115) groups (160 x 160 similarity matrix) were
automatically computed for the left and right hemispheres and
lobes. We first tested whether the similarity within the control
group was different when compared with the similarity between
control and CHD groups. For each control subject, a mean sim-
ilarity with the other 44 control subjects was measured. Each
CHD subject had a mean similarity with all 45 controls. Mean
similarities with the controls were then compared between CHD
and control groups. Since the data were acquired using either
3 T or 1.5 T, we additionally tested with control subjects if
the sulcal pattern similarity values were affected by the effects
of different scanners and magnets. Each control subject had
mean similarities with the control set from the same scanner
and with another control set from the different scanner. Mean
similarities from the same scanner were then compared with
the similarities from the different scanners.

Sulcal Pattern Analysis Using the Dataset of the
Human Connectome Project

Because the similarity with the other controls was measured
for each control within the same group, the similarity within
the control group might be biased by specific characteristics
of our sampling for normal controls. We additionally used a
separate large dataset of normal subjects as a reference for our
sulcal pattern comparison. The dataset of the Human Connec-
tome Project (HCP), which was released in November 2014, was
employed (humanconnectome.org) (Van Essen et al. 2012). We
selected and included 80 normal subjects with the youngest age
range (22-25 years) from the HCP dataset. Sulcal pattern simi-
larities between our control and CHD subjects (n =45 + 115) and
the 80 HCP normal subjects were calculated (160 x 80 similarity
matrix) for the left and right hemispheres and lobes, and mean
similarities with the 80 HCP subjects were measured for each
control and CHD subject, and compared between the two groups.

Sulcal Pattern Symmetry Analysis

For regions with unilateral significantly different sulcal pattern
similarity values, we further evaluated sulcal pattern symmetry
by measuring similarity between the left and right hemispheric
and lobar sulcal patterns in controls and CHD subjects. Cortical
surface in the left hemisphere was flipped to the right and
compared with the right hemisphere cortical surface. Lower


humanconnectome.org

Abnormal Sulcal Patterns in Congenital Heart Disease Morton etal. | 479

similarity between the left and right indicates asymmetric sul-
cal pattern between the hemispheres. Left-right sulcal pattern
symmetries were measured for all control and CHD subjects and
compared between the two groups.

Brain Volumes, Cortical Thickness, and Gyrification
Index

To determine if sulcal pattern similarity values were confounded
by brain volume or overall gyrification, we measured the vol-
umes of the gray matter and white matter, mean cortical thick-
ness, and gyrification index for the left and right hemispheres.
Gray and white matter volumes and cortical thickness were
measured using Freesurfer software. The gyrification index was
computed as the ratio of the whole cortical surface to their
outer convex hull surface area to measure the overall amount
of cortical folding (Zilles et al. 1988).

Neurodevelopmental Assessment

The subjects’ neurodevelopmental function was assessed using
tests of general intelligence, academic achievement, and exec-
utive functions as previously described (Bellinger et al. 2015).
The following describes the assessments administered as well
as their scoring system.

General Intelligence

The Wechsler Intelligence Scale for Children-Fourth Edition
(Psychological Corporation 2003) was administered to adoles-
cents < 17 years old, and the Wechsler Adult Intelligence Scale-
Fourth Edition (Baron 2004) to adolescents 17 to 19 years of age.
The end points considered were the 5 composite scores of Full-
Scale IQ, verbal comprehension, perceptual reasoning, working
memory, and processing speed (all with an expected mean of
100 and standard deviation (SD) of 15).

Academic Achievement

Each adolescent’s Reading and Mathematics Composite scores
(both with an expected mean of 100 and SD of 15) of the Wech-
sler Individual Achievement Test-Second Edition (Psychological
Corporation 2003) were calculated.

Executive Functions

An executive function summary score was calculated by
averaging an adolescent’s scores on 5 subtests of the Delis—
Kaplan Executive Function System (Delis et al. 2001): Verbal
Fluency (mean score on the letter and semantic fluency trials),
Design Fluency (primary combined measure), Sorting (combined
conditions score), Word Context (consecutively correct score),
and Tower (total achievement score). The expected mean score
is 10. Three informants (parent, teacher, self) completed the
Behavior Rating Inventory of Executive Function (Gioia et al.
2000; Guy et al. 2004). For each informant, the General Executive
Composite score was analyzed. The expected mean score is 50
(SD, 10), with a higher score indicating less optimal function.

Exome Sequencing

Whole exome sequencing data from 34 of the 115 CHD subjects
and their parents were previously reported, as well as 2 CHD
subjects without parental data (Jin et al. 2017). In brief, genomic
DNA was processed using the Nimblegen v.2 exome capture
reagent (Roche) or Nimblegen SeqxCap EZ MedExome Target

Enrichment Kit (Roche) followed by Illumina DNA sequencing.
Sequence reads were mapped to the reference genome (hgl9)
and processed using the Genome Analysis Toolkit (GATK) Best
Practices workflows. Single nucleotide variants and small indels
were called with GATK HaplotypeCaller and annotated using
ANNOVAR. The MetaSVM algorithm, annotated using dbNSFP
v2.9, was used to predict deleteriousness of missense mutations
using software defaults. De novo, rare transmitted loss of func-
tion (LOF) and rare homozygous genotypes were identified as
previously described (Jin et al. 2017). In brief, GATK pass variants
were further filtered for quality by requiring genotype quality
>20 and mapping quality >59. Rare variants were selected for
allele frequency <1E-05 in reference populations (1000 Genomes
and The Genome Aggregation Database).

Statistical Analysis

Distribution of age at MRI, concurrent family social class
(Hollingshead Four-Factor Index of Social Status), and sex
ratio between CHD and control groups were assessed using
independent two-sample t-tests and Fisher’s exact test. Magnet
strength employed in image acquisition did not significantly
correlate with sulcal pattern similarity values (P > 0.05). Sulcal
pattern similarities to controls from the same scanner were
compared with the similarities to other controls from the
different scanner using paired t-tests. Sulcal pattern similarities
and left-right symmetries between groups were compared
for the combined set of all features (sulcal position, area,
depth, and graph topology) using independent two-sample
t-tests. Multiple testing was accounted for by calculating a
false discovery rate (FDR) g-value (Benjamini and Hochberg
1995). If a statistically significant result between groups for the
combined set of all features was detected, we compared the
sulcal pattern similarities of individual features and locations
to evaluate the impact of each feature on similarity measures
using independent two-sample t-tests. Violin plots (showing
the probability density of the data at different values) were used
to visually compare sulcal pattern similarity by hemisphere
and lobar region. Z-scores for each CHD subject sulcal pattern
similarity measure were calculated by comparing the individual
measure to the other CHD subject group values.

Linear regression was used to assess the associations (per
SD increase in similarity) between neurodevelopmental out-
come measures and sulcal pattern similarity with our control
set as well as sulcal pattern similarity between left and right
hemispheres, both unadjusted and adjusted for family social
class, test type (Wechsler Intelligence Scale for Children [WISC]
vs. Wechsler Individual Achievement Test [WIAT]), age at MR],
sex, and field strength of MRI (3 T vs. 1.5 T). An additional
analysis was performed to further adjust for CHD surgical status
(Norwood vs. non-Norwood).

To determine if differences in sulcal pattern similarity values
between CHD and control subjects were confounded by brain
volume or overall gyrification, we examined whether there were
significant correlations between sulcal pattern measures and
gray and white matter volumes, cortical thickness, and gyrifi-
cation index using Pearson correlation coefficients.

Genes highly expressed in the brain or heart were defined by
rank expression percentile > 50 among genes expressed in the
E14.5 mouse embryo (Homsy et al. 2015). The overall enrichment
in DNVs was calculated by comparing the observed number of de
novo mutations across each functional class (synonymous, mis-
sense, deleterious missense, LOF) to the expected number under
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the null mutation model. One-sided t-tests were used to com-
pare the sulcal similarity values between CHD subjects with and
without rare LOF variants. Functional enrichment of genes with
LOF variants was assessed using ToppGene (Chen et al. 2009).

Results
Cohort

Our study includes 115 subjects with CHD (3 T/1.5 T: 48/67)
and 45 controls without CHD (3 T/1.5 T: 29/16). The age at time
of imaging was not significantly different between the CHD
and control groups (CHD [mean =+ SD]: 14.7 +2.9 years, control:
15.5+ 2.4 years; P =0.14), and both groups showed a similar sex
ratio (CHD [male/female]: 47/68, control: 19/26; P =0.88). The
CHD group had a significantly lower family social class (CHD:
48.7 +13.8, control: 54.1+8.9; P =0.004). Among the CHD group,
44 (38%) required the Norwood procedure.

Group Difference of Sulcal Pattern between CHD and
Control Subjects

Sulcal Pattern Comparisons Between Subjects
The sulcal pattern similarities to our local control cohort were
compared between CHD and control subjects using the com-
bined features of sulcal position, depth, area, and graph topol-
ogy (Supplementary Fig. 1). CHD subjects had several areas of
decreased pattern similarity compared with controls (Fig. 1),
including the whole left and whole right hemispheres (left:
P =0.003; right: P =0.01). Among the lobes of the left hemisphere,
all but the occipital lobe had decreased sulcal pattern similarity
in CHD. Significant differences in sulcal pattern similarity were
also observed in the left hemisphere for all lobes except the
occipital lobe at a significance threshold of P <0.05 (frontal:
P =0.03; temporal: P =0.007; parietal: P =0.03) (Fig. 1). In the right
hemisphere, CHD subjects had a significant decrease in the pat-
tern similarity compared with controls only in the frontal lobe
(P =0.02). After FDR correction of the P-values, all comparisons
remained significant at a q-value < 0.05 except for the decreased
sulcal pattern similarity in the left parietal and frontal lobes.
For the regions with significantly different patterns of the
combined features, the sulcal pattern similarities of individ-
ual features were also examined (Table 1). Sulcal position and
sulcal area patterns were significantly less similar to controls
for the left whole hemisphere and left parietal lobe (Table 1).
Sulcal position, depth, and area patterns were also significantly
different in the left frontal lobe. The CHD group had signifi-
cantly lower pattern similarity compared with controls in the
whole right hemisphere for sulcal depth and area, while having
decreased pattern similarity in the right frontal lobe for sulcal
area and graph topology (Table 1). However, after FDR correction,
there was only significantly decreased similarity for sulcal area
within the right frontal lobe, indicating the difference is due
to overall sulcal pattern rather than any specific component
feature.

Sulcal Pattern Comparison with HCP Controls

Reproducibility of the sulcal pattern analysis was studied using a
second cohort of control subjects from the HCP (n =80). As with
our local control cohort, significantly decreased sulcal pattern
similarity to the HCP group was observed for CHD subjects using
the combined features (Supplementary Fig. 2). CHD subjects had
decreased similarity of the sulcal pattern compared with the
controls for the left and right whole hemispheres (left: P =0.03;
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Figure 1. Violin plots showing the distribution of the sulcal pattern similarity
among the control group (n =45) and between CHD (n =115) and control groups
(*P <0.05, **FDR q < 0.05, F: frontal, H: hemisphere, L: left, O: occipital, P: parietal,
R: right, T: temporal).

right: P =0.05). Decreased sulcal pattern similarity was also
observed to be significant for left temporal (P =0.01) and parietal
(P =0.03) lobar regions but not right lobar regions. Decreased
sulcal pattern similarity in CHD subjects remained significant
for the left temporal lobe after FDR correction. Decreased sul-
cal pattern similarity was not observed in the frontal lobes
(Supplementary Fig. 2).

When analyzing individual features, the CHD group had
decreased similarity in left and right hemispheric sulcal
position, depth, and area patterns compared with the control
group (Supplementary Table 1). Sulcal area pattern was the
only significantly different measure in the parietal lobe, which
did not remain significant after FDR correction. No significant
differences were found in the temporal lobe in sulcal pattern
similarity with individual features.

Sulcal Pattern Left-Right Symmetry

Similarity between the sulcal pattern of the left and right hemi-
spheres was compared between individual CHD or control sub-
jects using the combined features. Hemispheric sulcal pattern
symmetry was significantly lower for individuals in the CHD
group compared with individuals in the control group (P =0.05;
Fig. 2). This did not remain significant after FDR correction. In
lobar analysis, lower sulcal pattern symmetry was found in the
temporal (P =0.02) and parietal (P =0.01) lobes in CHD subjects
compared with controls, both of which remained significant
after FDR correction.

Further analysis assessed similarity between the left and
right hemisphere in individual sulcal features (Table 2). Sulcal
area pattern was the only sulcal feature with significantly less
sulcal symmetry in CHD subjects, both for the overall hemi-
sphere as well as for the temporal and parietal lobes. Only sulcal
area pattern for the entire hemisphere remained significant
after FDR correction.

Neurodevelopmental Outcomes and Sulcal Analysis

Neuropsychological Testing and Sulcal Pattern Similarity

Neurodevelopmental outcomes were correlated with sulcal pat-
terns similarity values for the regions with significantly lower
values in CHD subjects (Fig. 1). CHD subjects generally had lower
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Location Sulcal pattern feature Control CHD versus control P value
Left hemisphere Position 0.7484 + 0.0103 0.7437 £ 0.0118 0.02*
Depth 0.7499 + 0.0069 0.7476 + 0.0066 0.05
Area 0.9423 + 0.0033 0.9404 + 0.0042 0.007*
Graph topology 0.8419 + 0.0102 0.8377 + 0.0149 0.08
Left frontal Position 0.7503 + 0.0088 0.7465 + 0.0113 0.04*
Depth 0.7554 + 0.0084 0.7519 + 0.0098 0.04*
Area 0.9468 + 0.0039 0.9445 + 0.0054 0.01*
Graph topology 0.8559 + 0.0126 0.8557 + 0.0158 0.94
Left temporal Position 0.7397 +0.0143 0.7361 + 0.0131 0.14
Depth 0.7369 =+ 0.0152 0.7312 4 0.0192 0.08
Area 0.9310 + 0.0075 0.9284 + 0.0088 0.08
Graph topology 0.8607 + 0.0181 0.8522 + 0.0285 0.07
Left parietal Position 0.7624 + 0.0101 0.7584 + 0.0109 0.03*
Depth 0.7012 + 0.0142 0.6988 + 0.0128 0.30
Area 0.9225 + 0.0080 0.9195 + 0.0086 0.04*
Graph topology 0.8370 + 0.0199 0.8334 + 0.0217 0.33
Right hemisphere Position 0.7489 + 0.0107 0.7450 + 0.0121 0.06
Depth 0.7508 =+ 0.0059 0.7485 =+ 0.0062 0.04*
Area 0.9433 + 0.0036 0.9415 + 0.0049 0.02*
Graph topology 0.8396 + 0.0096 0.8364 + 0.0154 0.20
Right frontal Position 0.7490 + 0.0119 0.7472 £ 0.0123 0.41
Depth 0.7519 =+ 0.0094 0.7500 =+ 0.0087 0.25
Area 0.9482 + 0.0045 0.9452 + 0.0059 0.002**
Graph topology 0.8597 + 0.0109 0.8527 +0.0214 0.04*

Data are presented as mean + SD, *P < 0.05, **FDR q < 0.05.

0.85

* %

0.80

e
3
3

‘4

i Control
CHD

@
o
o

L-R Sulcal Pattern Similarity

0.65

0.60

H F T P (6]

Figure 2. Violin plots showing the distribution of the left-right sulcal pattern
symmetry within the control group (n =45) and within the CHD group (n =115)
(*P <0.05, **FDR q <0.05, F: frontal, H: hemisphere, L: left, L-R: left versus right,
O: occipital, P: parietal, R: right, T: temporal).

neuropsychological test scores (Fig. 3a—e). Statistically signifi-
cant associations were observed between sulcal pattern similar-
ity and neuropsychological testing for all queried regions of the
left hemisphere and the right frontal lobe in unadjusted analy-
ses (Table 3; Supplementary Table 2). Associations between the
left frontal sulcal pattern similarity values with working mem-
ory and processing speed remained significant after adjusting
for family social class, test type, age at MRI, sex, and field
strength (Table 3, Supplementary Table 3), as well as after fur-

ther adjusting for whether or not the subject had a Norwood
procedure (Table 3, Supplementary Table 4). Left temporal sul-
cal pattern similarity persisted in association with executive
functioning (P =0.02) and right frontal sulcal pattern similarity
correlated with processing speed (P =0.02) after full adjustment.
All correlations remained significant after FDR correction in the
fully adjusted model. Within the control cohort, no neurode-
velopmental outcomes were significant correlated with sulcal
pattern similarity.

Neuropsychological Testing and Sulcal Pattern Symmetry
Associations between left-right sulcal pattern symmetry and
neuropsychological test scores were examined for the tem-
poral and parietal regions, which had significantly decreased
symmetry in CHD subjects (Table 2). A significant association
was observed for lower parietal sulcal pattern symmetry and
lower perceptual reasoning scores, as well as for lower tem-
poral sulcal pattern symmetry and lower Full-Scale IQ, verbal
comprehension, processing speed, and executive functioning
in the unadjusted model (Supplementary Table 2). The associa-
tion between lower parietal sulcal pattern symmetry and lower
perceptual reasoning persisted after partial or full adjustment
for covariates (P =0.008 for partially adjusted and P =0.03 for
fully adjusted model; Fig. 3e, Table 3, Supplementary Tables 3-4).
Adjustment resulted in a stronger association of sulcal pattern
symmetry with lower perceptual reasoning (8 +SD: 2.80 +1.27
vs. 3.09+1.36; Table 3). All correlations remained significant
after FDR correction in the fully adjusted model but not for the
unadjusted or partially adjusted models. No neurodevelopmen-
tal outcomes were significantly correlated with sulcal pattern
symmetry for the control cohort.
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Table 2 Statistical comparisons of the left-right sulcal pattern symmetry within the control group (n =45) and within the CHD group (n =115)

for different feature sets

Location Sulcal pattern feature Control CHD P value
Hemisphere Position 0.7624 + 0.0159 0.7590 + 0.0151 0.22
Depth 0.7681 + 0.0164 0.7642 + 0.0156 0.17
Area 0.9475 + 0.0069 0.9439 + 0.0063 0.002**
Graph topology 0.8661 + 0.0135 0.8632 + 0.0170 0.30
Temporal Position 0.7618 + 0.0348 0.7514 + 0.0310 0.07
Depth 0.7590 + 0.0385 0.7470 + 0.0383 0.08
Area 0.9344 + 0.0161 0.9269 + 0.0186 0.02*
Graph topology 0.8708 + 0.0439 0.8622 + 0.0447 0.27
Parietal Position 0.7501 + 0.0337 0.7418 + 0.0336 0.16
Depth 0.7201 + 0.0356 0.7084 + 0.0374 0.07
Area 0.9227 + 0.0180 0.9132 + 0.0223 0.01*
Graph topology 0.8733 + 0.0314 0.8648 + 0.0332 0.14

Data are presented as mean =+ SD, *P <0.05, **FDR q < 0.05.

Relationship between Sulcal Pattern Measures and
Other MRI Measures

All brain regions with significantly decreased sulcal pattern
similarity among CHD subjects were studied for correlation
with other MRI measures. Gyrification index was negatively
correlated with parietal lobe sulcal pattern symmetry bilaterally
(correlation coefficient r =—0.29, P =0.002 on left; r =—-0.33,
P= 0.001 on right), which remained significant after FDR
correction of the P-value (Supplementary Table 5). However,
gyrification index did not decrease the correlation between
sulcal pattern measures and neurodevelopmental outcomes.
The other nominally significant associations were between
left hemispheric white volume and whole left hemispheric
sulcal pattern similarity, and between left hemispheric cortical
thickness and parietal lobe sulcal pattern symmetry but the FDR
g-value was > 0.05.

Genetic Variants in Subjects with Atypical Sulcal
Patterns

Previously published assessment of copy number variants
(CNVs) among 71 patients in the cohort was examined for
enrichment among patients having sulcal pattern similarity
below the average among CHD subjects the left frontal, right
frontal, and left parietal regions, as well as those having below
average left-right parietal asymmetry (Bellinger et al. 2015).
Presence of a CNV was not associated with below-average sulcal
pattern similarity (P =0.20-0.43 for all regions).

Thirty-four probands had trio (proband + parents) exome
sequencing results available, with 30 rare DNVs identified by
comparison with parental sequencing (Supplementary Data 1).
Twenty-four of the DNVs were synonymous or missense
variants not predicted to affect protein function. There were
LOF DNVs in AKAP12 and SRRM2, as well as missense DNVs
predicted to be damaging in KLF2, DSCAML1, COLGALT1, and
DGKA. Three of those genes, AKAP12, SRRM2, and COLGATLI, are
highly expressed in the developing heart and brain (HHB). Z-
scores for sulcal pattern similarity measures for individual CHD
subjects compared with the overall CHD cohort were reviewed
for the 6 subjects with damaging DNVs. The CHD subject with
the SRRM2 LOF DNV had markedly abnormal sulcal patterning,
with z-score <—1 for sulcal pattern similarity in the right and
left hemispheres overall, left frontal lobe, left temporal lobe, and

right and left occipital lobes. Subjects with COLGALT1 and DGKA
damaging missense DNVs had z-scores <—1 for two regions
(right and left temporal lobes; and left temporal and occipital
lobes, respectively). Compared with subjects without damaging
DNVs, the 5 subjects with damaging DNVs had a trend toward
decreased sulcal pattern similarity in the left temporal lobe
(mean 0.725 vs. 0.710, P =0.05) but not other regions. All 6 of
the damaging DNVs occurred in the 32 subjects with at least 1
left cortical lobar region with sulcal pattern similarity below the
mean value for the group using the local controls or HCP cohort
for comparison, and none were presentin the 2 subjects thathad
no left cortical areas of below-average sulcal pattern similarity.
In subjects with lower-than-average sulcal pattern symmetry
in at least 1 region, there was a 2.56-fold enrichment in DNVs
compared with expected number of damaging DNVs in genes
highly expressed in the developing heart based on cohort size
and sequencing areas (P =0.18). This suggests an enrichment
of DNVs in CHD subjects with lower symmetry in their sulcal
patterns. This enrichment was not present when grouped by the
presence of right regional similarity below average in any area
nor when grouped by left-right asymmetry in pattern similarity.

There were 130 rare DNV or inherited LOF variants identified
in the 36 CHD subjects with trio or nontrio exome sequencing
data available, of which 57 were in HHB genes (Supplementary
Data 2). CHD subjects with rare LOF variants in HHB genes
had trend toward lower sulcal pattern similarity in the left
hemisphere overall (mean 0.736 vs. 0.731, P =0.05) and the right
frontal lobe (mean 0.747 vs. 0.740, P =0.05) but not other regions.
Within the 129 unique genes with rare transmitted LOF variants
in the group with lower than average similarity compared with
HCP controls, there was no enrichment for biological function,
biological process, or cellular compartment when compared
with the overall list of genes with LOF variants in the larger
cohort.

Discussion

Here, we describe the first sulcal pattern analysis of adolescent
subjects with single-ventricle CHD and demonstrate important
correlations between sulcal pattern and neurodevelopmental
outcomes and variants in genes expressed during development.
In CHD subjects, the bilateral hemispheric sulcal patterns had
reduced similarity compared with control subjects. The left
hemisphere demonstrated more atypical sulcal patterns than
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Figure 3. Unadjusted association between neurodevelopmental outcomes and sulcal pattern similarity for the combined sample (n = 160) of control subjects (n =45;
open circles) and CHD subjects (n =115; black triangles). Unadjusted Pearson correlation coefficients and corresponding P values are shown. (a) Left temporal sulcal
pattern similarity and executive functioning; (b) left frontal sulcal pattern similarity and working memory; (c) left frontal sulcal pattern similarity and processing
speed,; (d) right frontal sulcal pattern similarity and processing speed; and (e) parietal sulcal pattern symmetry and perceptual reasoning (**FDR q < 0.05.).

the right, with the temporal and parietal lobes most consistently patterns in our CHD cohort, indicating that the differences in
affected. When evaluating individual sulcal features, sulcal area sulcal pattern seem to be driven by the composite measure of
was only major feature with significant differences in the sulcal sulcal pattern rather than any individual feature. Our novel
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Table 3 Association between neurodevelopmental outcomes and sulcal pattern measures of similarity or symmetry in the total sample (n = 160)

using 3 linear regression models (per SD increase in measure)

Adjusted model 2 Fully adjusted model 3

Association Measure SD * Unadjusted model 1
Executive function versus L 0.0163 0.5440.19 (0.004**)
temporal sulcal pattern similarity

Working memory versus L frontal 0.0086 3.18+1.28 (0.01**)
sulcal pattern similarity

Processing speed versus L frontal 0.0086 2.50+1.39 (0.07)
sulcal pattern similarity

Processing speed versus R frontal 0.0099 3.25+1.38 (0.02**)
sulcal pattern similarity

Perceptual reasoning versus L-R 0.0254 2.80+1.27 (0.03**)

parietal sulcal pattern symmetry

0.47 £0.18 (0.01%%) 0.48 £ 0.20 (0.02%%)

2.9341.27 (0.02%%) 3.26£1.35 (0.02%%)
3.0941.37 (0.03*) 3.38.£1.40 (0.02%%)
4.16 +1.37 (0.003**) 3.49 £ 1.43 (0.02%%)

3.2141.19 (0.008**) 3.09+1.36 (0.03*%)

Model 1 is unadjusted; model 2 includes adjustment for family social class, test type (WISC vs. WIAT), age at MR], sex, and field strength (3 T vs. 1.5 T); and model 3
was further adjusted for CHD surgical status (CHD Norwood vs. CHD non-Norwood vs. control). Data are presented as g +standard error (P value). L: left, L-R: left

versus right, R: right.

*SD refers to standard deviation of sulcal pattern similarity for the total sample, ** FDR q <0.05.

findings extend previous reports of leftward-biased early
abnormalities in sulcal folding in fetuses and infants with
CHD (Ortinau et al. 2013; Ortinau et al. 2018) to show that
similar differences exist in adolescents with CHD with relevant
neurodevelopmental and genetic associations.

Atypical Sulcal Patterns and Neurodevelopment in
Patients with CHD

Altered sulcal area patterns in CHD may result from variants
in developmentally expressed genes that cause early abnor-
malities in organization and arrangement of cortical functional
areas and their connectivity (McQuillen et al. 2010; Homsy et al.
2015; Khalil et al. 2016). Our recent study found atypical global
patterns in the earliest emerging sulci in CHD fetuses using the
same sulcal pattern comparison approach (Ortinau et al. 2018).
Our adolescent study suggests that the atypical sulcal pattern
we observed here may originate in fetal life and persist long
after birth.

Correlations have been previously demonstrated between
brain MRI measures and neurodevelopment in patients with
CHD. These correlations were not affected by other MRI mea-
sures such as volume, cortical thickness, or gyrification index.
Mathematical and visual-spatial skills, as well as executive
function, have been shown to correlate with reduced regional
white matter microstructure in 16-year-old subjects with d-
transposition of the great arteries, as measured by fractional
anisotropy (Rollins et al. 2014). Specifically, decreased white
matter microstructure anisotropy in the right frontal region was
correlated with poorer visual-spatial skills, and decreased left
parietal white matter microstructure was correlated with poorer
mathematical skills and increased inattention/hyperactivity.
Notably, these regions were also found to have the most
significant and consistent differences in sulcal pattern among
the subjects with single-ventricle physiology included in the
current study. The consistency of abnormal brain structure in
patients with transposition of the great arteries and hypoplastic
left heart syndrome argues that features common to both
cohorts, such as hypoxia and genetic factors, are likely to
contribute. As genetic background is known to influence
sulcal patterning, and most CHD genes are known to cause

several phenotypes, genetic variants are likely to impact sulcal
patterning among patients with CHD (Im et al. 2011b; Jin et al.
2017; Le Guen et al. 2018). However, larger studies are needed
to systematically determine if the genetic risks are different
between the two types of CHD.

It is interesting that among the CHD cohort, bilateral frontal
sulcal pattern similarity was correlated with processing speed,
while left frontal sulcal pattern alone correlated with working
memory. Processing speed has previously been associated
with white matter volume, but not with a specific brain
region (Magistro et al. 2015). Working memory has been
previously correlated with frontal lobe activity (Christodoulou
et al. 2001). Thus, sulcal pattern similarity may serve as a
sensitive and specific measure of neuroanatomical effects on
function.

High Asymmetry of Sulcal Patterns in CHD

Hemispheric asymmetries of cortical structure are common.
Left-right asymmetries in cortical folding pattern during normal
development have been identified in several regions such as
superior and inferior temporal, inferior frontal, and intraparietal
regions (Blanton et al. 2001; Ochiai et al. 2004). In particular,
the temporal lobe asymmetries arise during typical fetal brain
development (Kasprian et al. 2011; Habas et al. 2012). However,
among our CHD cohort, we observed increased sulcal pattern
asymmetry due to increased sulcal pattern disruption in the
left hemisphere, particularly the temporal and parietal lobes.
Our finding of sulcal pattern abnormalities primarily in the
left hemisphere may suggest amplification of the typical asym-
metric cortical development. Similar findings were reported
among fetuses and infants with CHD, where abnormalities of
sulcal folding depth and global pattern were also found in more
left-sided regions than right-sided regions (Ortinau et al. 2013;
Ortinau et al. 2018). Expanding sulcal analysis to other forms of
CHD with differing effects on fetal cerebral hemodynamics will
clarify the contribution of perfusion abnormalities to changes in
left hemispheric sulcal patterns. Further, as the molecular basis
for the development of structural left-right asymmetry of the
brain is poorly understood, studying subjects with CHD where
such asymmetries are perturbed could provide insight into the
molecular and physiologic mechanisms regulating asymmetric
brain development in humans.
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Association between Damaging Genetic Variants and Sulcal Patterns
in CHD

Many genetic factors are known to influence left-right pat-
terning during embryonic development, though specific
understanding of the genetic determinants of sulcal patterning
in humans remains incomplete (Levin 2005; Roussigné et al.
2012; Le Guen et al. 2018). Previous analysis of this cohort by
comparative genomic hybridization identified likely pathogenic
CNVs in just 7% of subjects (Bellinger et al. 2015). Only 6 CHD
subjects had damaging DNVs, but two affected genes that are
expressed in the fetal brain and/or heart (AKAP12, DSCAML1).
Dysregulation of genes co-expressed in the developing brain
and heart could directly or indirectly affect cerebral patterning,
blood flow, and metabolism leading to alterations in sulcal
patterns (Rajagopalan et al. 2011). However, larger studies
are needed to rigorously assess the correlation between rare,
damaging genetic variants and sulcal pattern abnormalities
in CHD.

Limitations of the current study include a single develop-
mental time point and genetic analysis available for only a
subset of subjects. With a larger sample size and increased
genetic characterization, we may be able to detect correlations
between genetic variants and degree or location of sulcal pat-
tern asymmetry. Testing over several points of development
would help disentangle prenatal from postnatal effects on sulcal
features. Strengths include a relatively homogeneous cohort
of subjects with CHD who were cared for at a single center
and all required a Fontan procedure early in life. However, they
are heterogeneous for operative course, degree of extracardiac
disease, and anesthetic exposure.

In conclusion, we have identified significant differences in
sulcal patterning among school-aged subjects with CHD who
had undergone a Fontan palliative procedure compared with
controls. The left hemisphere was more significantly affected,
consistent with observations in patients with d-transposition of
the great arteries, raising the possible role of genetic influences
on sulcal pattern formation as these two cohorts share both fetal
cerebral hypoxia and similar genetic risks. These differences in
sulcal pattern similarity are correlated with meaningful neu-
rodevelopmental outcomes including memory and executive
function. Finally, damaging DNVs were identified only among
CHD subjects with greater than average sulcal pattern abnor-
malities in at least one region. These findings, together with
our observation of similar sulcal pattern differences in fetuses
with CHD, suggest that sulcal pattern abnormalities develop in
fetal life and persist until adolescence with relevant associations
to neurodevelopmental outcomes. The association of abnormal
sulcal patterns with damaging DNVs suggest that such variants
influence in utero brain development. Future longitudinal stud-
ies or a larger cohort beginning in utero is needed to confirm
these findings. If confirmed, such measures of sulcal patterning
may serve as early markers of those at risk for neurodevelop-
mental complications and of success of interventions.
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Supplementary material is available at Cerebral Cortex online.
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