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BACKGROUND: Neurodevelopmental abnormalities are prevalent in children with tetralogy of Fallot. Our aim was to investigate
the structural brain alterations of preschool-aged children with tetralogy of Fallot and its correlation with neurodevelopmental
outcome.
METHODS: T1-weighted structural images were obtained from 25 children with tetralogy of Fallot who had undergone
cardiopulmonary bypass surgery and from 24 normal controls. Cortical morphological indices including gray matter volume, cortical
thickness, sulcal depth, gyrification, and cortical surface complexity were compared between the two groups. Neurodevelopmental
assessments of the children with tetralogy of Fallot were performed with the Wechsler Preschool and Primary Scale of Intelligence.
RESULTS: Cortical morphological differences between groups were distributed throughout the right caudal middle frontal gyrus,
right fusiform gyrus, right lateral occipital gyrus, right precuneus, and left inferior parietal lobule. Among children with tetralogy of
Fallot, altered cortical structures were correlated with the visual spatial index, working memory index, and perioperative variables.
CONCLUSION: Our results suggested that abnormal cortical structure in preschool-aged children with tetralogy of Fallot may be
the persistent consequence of delayed cortical development in fetuses and cortical morphology can be used as an early potential
biomarker to capture regional brain abnormalities that are relevant to neurodevelopmental outcomes.
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IMPACT:

● Altered cortical structures in preschool-aged children with ToF were correlated with both neurodevelopmental outcomes and
clinical risk factors.

● Cortical morphology can be used as an effective tool to evaluate neuroanatomical changes and detect underlying neural
mechanisms in ToF patients.

● Abnormal cortical structure may be the continuous consequence of delayed fetal brain development in children with ToF.

INTRODUCTION
Congenital heart disease (CHD) is the most common congenital
malformation in children.1 With improvements in surgical
techniques and perioperative care, the long-term survival rate of
children with CHD has been significantly increased.2 Previous
studies have demonstrated neurodevelopmental deficits in
children with CHD, including impaired executive function,
memory, language, and social interaction, which reduce the
quality of life and impose financial pressures on families and
society.2 Tetralogy of Fallot (ToF) is the most common cyanotic
cardiac defect and is characterized by pulmonary artery stenosis,
aortic straddling, right ventricular hypertrophy, and ventricular
septal defect.3 Knowledge of neurodevelopmental deficits in
survivors with ToF is of great significance for optimizing the long-
term treatment of patients.
Many magnetic resonance imaging (MRI) studies have found that

children with CHD have a high prevalence of brain abnormalities.

Delayed cortical development, impaired microstructural integrity,
abnormal cerebral perfusion, and metabolism in CHD populations
have been reported.4–7 Other functional MRI studies have observed
connectivity disorders involving multiple brain regions in this
population.8 Studies have provided evidence that brain abnorm-
alities are associated with unfavorable neurodevelopmental out-
comes in children with CHD. Andropoulos et al. found that
preoperative brain injuries (white matter injury, infarction, and
hemorrhage) were associated with impaired motor and language
function in early infancy.9,10 Furthermore, studies have demon-
strated that brain volume in infants and adolescents with CHD
correlates with impaired cognition, motor function, and language
development.11–13 In addition, diffusion tensor imaging studies
have revealed that delayed maturation of white matter micro-
structure in CHD adolescents poses risks for impairments in
working memory, attention, and learning.14,15 The preschool period
is the critical period of brain and intelligence development in
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children. However, studies on the brain cortical characteristics and
neurodevelopmental status of preschool-aged children with ToF
remain rare.
The analysis of cortical morphology is an important method of

observing brain diseases, such as schizophrenia, Alzheimer’s
disease, and attention-deficit hyperactivity disorder.16–18 Surface-
based morphometry (SBM) and voxel-based morphometry (VBM)
based on T1-weighted high-resolution structure images can
provide a comprehensive assessment of cortical structures, such
as gray matter volume, cortical thickness, sulcal depth, gyrification,
and cortical surface complexity. Since previous studies have found
delayed cortical development in fetuses with CHD,19–21 we
hypothesized that cortical structure abnormalities may still exist
in preschool-aged children with ToF and are relevant to
neurocognitive outcomes. In order to test this hypothesis, we
aimed to evaluate the cortical structural changes in preschool-
aged children with ToF using SBM and VBM and its
correlations with both neurodevelopmental outcomes and clinical
risk factors.

METHODS
Participants
In this study, 31 ToF children who had undergone open-heart surgery
requiring cardiopulmonary bypass (CPB) and 25 normal controls with
comparable sex, education, and age were recruited in our hospital. The
inclusion criteria for children with ToF were as follows: (1) age from 3 to 6
years; (2) no congenital disease or metabolic disease except ToF with
pulmonary stenosis; (3) no central nervous system disease, such as tumor
or trauma; (4) no history of mental illness or psychiatric medication; (5)
cardiopulmonary bypass surgeries were performed before 3 years of age;
and (6) right-handedness. Normal controls were recruited in these ways: (1)
outpatients with transient fever (they are healthy after follow-up); (2)
children who underwent regular physical examinations at the child health
care clinic; and (3) volunteers from the society. The inclusion criteria for
normal controls were as follows: (1) no congenital disease or metabolic
disease; (2) no history of mental illness or psychiatric medication; (3) no
central nervous system disease; (4) no history of surgery; and (5) right-
handedness. The exclusion criteria were as follows: (1) contraindicated for
MRI examination and (2) refusal to participate in this study. Informed
consent was obtained from the legal guardian of the children, and the
protocol was approved by the Institutional Ethics Committee of Children’s
Hospital of Nanjing Medical University.
In this study, 4 ToF children who did not meet the inclusion criteria were

excluded. Another 2 ToF children and 1 control were excluded because of
poor MRI image quality. Thus, the cortical structures of 25 ToF children and
24 controls were analyzed.

Clinical data
At the study visit, ToF participants underwent measurement of height and
weight. The educational background of each participant and the economic
status and educational background of the parents were obtained through
a questionnaire. Clinical data relevant for this study were extracted from
the medical records of ToF participants, including McGoon index, age at
intervention, time of surgery, CPB time, aortic cross-clamp (ACC) time,
length of stay in the intensive care unit (ICU), length of hospital stay and
duration of ventilation.

Neurodevelopmental assessment
The Chinese version of the Wechsler Preschool and Primary Scale of
Intelligence—fourth edition (WPPSI-IV) was used to assess the neurode-
velopmental outcome, which can test the verbal comprehension index, the
visual spatial index, the working memory index, and the full-scale
intelligence quotient (an IQ score with an expected mean of 100). The
verbal comprehension index reflects language processing, including
comprehension, reasoning, and expression. The visual spatial index
assesses nonverbal skills to analyze and organize visual patterns. The
working memory index shows the ability to temporarily store, manipulate
and process information.
In this study, 20 ToF children completed the neurodevelopmental

assessment, while normal controls lacked.

MR imaging
All participants underwent brain MRI scanning on a clinical 3.0 Tesla MRI
system (Ingenia 3.0, Philips Healthcare, Best, the Netherlands) using a 16-
channel head coil in the radiology department of our hospital. Before
scanning, all participants were asked to keep awake for 8 h. MRI scanning was
performed at night during natural sleep or with chloral hydrate sedation (1
ml/kg) with parental consent. Earplugs and foam were used to decrease the
noise of scanning and head motion, respectively. Three-dimensional T1-
weighted high-resolution structural images were obtained using the following
parameters: echo time (TE)= 3.5ms, repetition time (TR)= 7.9ms, field of
view (FOV)= 200 × 200 × 200mm, slice thickness 1mm, and acquisition time
= 4min 24 s. Conventional axial T2-weighted images were acquired to
exclude brain lesions using the following parameters: TE= 110ms, TR= 4000
ms, FOV= 200 × 200 × 119mm, slice thickness 5mm, and acquisition time=
1min 28 s. Then, two experienced pediatric neuroradiologists blinded to the
details of each participant’s medical history reviewed the images. If there was
a difference of opinion, a consensus was reached through discussion.

Image analysis
Cortical morphology was evaluated by SBM analysis based on Statistical
Parametric Mapping (SPM12) and the Computational Anatomy Toolbox
(CAT12) on the MATLAB 8.2 platform (R2013b). First, the original DICOM
data were converted into 3D NIfTI format. Next, the converted images were
segmented into gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) and normalized. Then, the normalized images were used for the
evaluation of cortical thickness and reconstruction of the central surface.
Subsequently, cortical surface complexity, gyrification, and sulcal depth
were calculated. Finally, the cortical thickness data were smoothed using a
15.0 mm full-width-at-half-maximum (FWHM) Gaussian kernel, whereas
sulcal depth, gyrification, and cortical surface complexity data were
smoothed using a 20.0 mm FWHM Gaussian kernel.

Table 1. Individual and clinical characteristics.

Variables; m ± sd,
n (%), median (range)

ToF (n= 25) Control (n= 24) p value

Age at MRI, years 4.1 ± 1.1 4.3 ± 0.8 0.32

Male 13 (52%) 16 (67%) 0.296

Preschool education 11 (44%) 16 (67%) 0.111

BMI 16 ± 2

Family annual
income, CNY

89,440 ±
78,377

Parental
education, years

11.16 ± 3.16

McGoon index (n= 23) 1.75 ± 0.29 — —

Age of surgery, months
(n= 23)

13.1 ± 9.0 — —

Time of surgery, min
(n= 23)

185
(135–360)

— —

CPB time, min (n= 23) 75 (57–140) — —

ACC time, min (n= 23) 56 (19.2–118) — —

ICU stay, days (n= 23) 5 (3–12) — —

Hospital stay, days
(n= 23)

26 (17–54)

Duration of ventilation,
days (n= 23)

1 (1–6)

Verbal comprehension
index (n= 20)

92 ± 15 — —

Visual spatial index
(n= 20)

97 ± 13 — —

Working memory
index (n= 20)

94 ± 11 — —

Full-scale intelligence
quotient (n= 20)

93 ± 12 — —

CPB cardiopulmonary bypass, ACC aortic cross-clamp, ICU intensive care
unit, BMI body mass index.
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VBM analysis was performed to measure gray matter volume using the
VBM8 toolbox in SPM8 on the MATLAB 8.2 platform. Each structural image
was segmented into GM, WM, and CSF and subsequently normalized to
the Montreal Neurological Institute (MNI) space template using the
diffeomorphic anatomical registration through exponentiated lie algebra
approach. An example of a segmented image is presented in Supplemen-
tary Fig. 1. The normalized images were then smoothed (FWHM= 8mm)
for statistical analysis.

Statistical analysis
SPSS 25.0 software was used to analyze the differences in demographic
data and clinical data between the two groups. Continuous variables were
analyzed by unpaired two-sample t test and are shown as the mean ±
standard deviation (m ± sd) or median and range, whereas categorical
variables were analyzed by the chi-square test and are expressed as
numbers and percentages. The differences in cortical structures between

the two groups were compared using unpaired two-sample t tests
adjusting for age at MRI and sex and corrected for multiple comparisons
using family-wise error (FWE) at the cluster level. Pearson correlation
analysis and multiple linear regression analysis were used to investigate
the associations between cortical structure changes and both clinical
variables and neurodevelopmental outcomes by using SPSS 25.0. p < 0.05
was considered to be statistically significant.

RESULTS
Individual and clinical characteristics
There was no significant difference in age, sex, and education
between the ToF children and controls. The major comprehensive
scores of WPPSI were <100 in the ToF children. The characteristics
of the participants are presented in Table 1.

Thickness

Cortical Surface complexity

0.1 0.01 0.001 0.0001

p-value

Gyrification

Sulcal depth

0.1 0.01 0.001 0.0001

p-value

0.1 0.01 0.001 0.0001

p-value

0.1 0.01 0.001 0.0001 1e-05 1e-08

p-value

a b

c d

Fig. 1 Cortical morphological differences between ToF children and controls. Increased thickness in the right precuneus (a) and gyrification
in the left inferior parietal lobule (b), decreased cortical surface complexity in the right caudal middle frontal gyrus (c), sulcal depth in the right
fusiform gyrus (d), and sulcal depth in the right lateral occipital gyrus (d) were observed in ToF group (p < 0.05, FWE corrected).

Table 2. Results of SBM analysis (Desikan–Killiany atlas).

Cortical morphological indices Brain regions ToF (m ± sd) Control (m ± sd) t p (corrected)

Cortical thickness Precuneus (R) 3.12 ± 0.13 3.02 ± 0.11 2.959 0.00007

Cortical surface complexity Caudal middle frontal (R) 2.95 ± 0.18 3.11 ± 0.14 −3.596 0.00001

Sulcal depth Fusiform (R) 3.08 ± 0.17 3.18 ± 0.16 −1.996 0.00004

Sulcal depth Lateral occipital (R) 1.92 ± 0.08 2.00 ± 0.20 −1.960 0.00004

Gyrification Inferior parietal (L) 28.03 ± 1.17 27.31 ± 0.81 2.520 0.00003

R right, L left.
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Cortical structure changes
Compared with the control group, the ToF group exhibited
decreased cortical surface complexity in the right caudal middle
frontal gyrus and decreased sulcal depth in the right fusiform
gyrus and right lateral occipital gyrus; furthermore, cortical
thickness in the right precuneus and gyrification index in the left
inferior parietal lobule were increased in the ToF group relative to
the control group (p < 0.05, FWE corrected) (Fig. 1 and Table 2).
GM volume in the left medial frontal gyrus was larger in the ToF
group than in the control group (p < 0.05, FWE corrected; Fig. 2
and Table 3). Furthermore, we extensively analyzed relative
volumes normalized by total intracranial volume (TIV) and found

no significant differences in GM/TIV, WM/TIV, CSF/TIV, GM/WM,
and GM/(GM+WM) between the two groups (Table 4).

Relationships between cortical structure and both clinical
variables and neurodevelopmental outcomes
In the ToF group, negative correlations were detected between
sulcal depth in the right lateral occipital gyrus and time of ACC
(r=−0.664, p= 0.001), time of CPB (r=−0.677, p= 0.001), and
ICU stay (r=−0.486, p= 0.022) (Fig. 3a–c). Sulcal depth in the
right fusiform gyrus was positively correlated with the visual
spatial index (r= 0.477, p= 0.039), and gyrification in the left
inferior parietal lobule was negatively correlated with the working
memory index in the ToF group (r=−0.481, p= 0.037) (Fig. 3d, e).
There were negative correlations between the visual spatial index
and both time of ACC (r=−0.523, p= 0.031) and time of CPB in
the ToF group (r=−0.560, p= 0.019) (Fig. 3f, g). Furthermore, the
ToF group showed a negative correlation between the working
memory index and time of CPB (r=−0.485, p= 0.048) (Fig. 3h). In
addition, WM volume was positively correlated with sulcal depth
in the right fusiform gyrus (r= 0.520, p= 0.009) and right lateral
occipital gyrus (r= 0.595, p= 0.002) in the ToF group. There was
no statistical significance in multiple linear regression analysis.
Details about all statistical results were presented in Supplemen-
tary Tables 1 and 2.

–32

–16

0 4 8 12

–12 –8 –4

–28 –24 –20

Fig. 2 Gray matter volume differences between ToF children and controls. Gray matter volume in the left medial frontal gyrus was larger in
the ToF group (p < 0.05, FWE corrected).

Table 4. Comparisons of brain volume.

ToF Control p

GM/WM 1.73 ± 0.18 1.64 ± 0.15 0.086

GM/TIV 0.55 ± 0.02 0.54 ± 0.02 0.123

WM/TIV 0.32 ± 0.02 0.33 ± 0.02 0.113

GM/(GM+WM) 0.63 ± 0.02 0.62 ± 0.02 0.09

GM gray matter, WM white matter, TIV total intracranial volume.

Table 3. Result of VBM analysis.

Cluster size Hemisphere Brain regions (AAL) MNI (x, y, z) t Voxel

2127 Left Frontal_Med_Orb −12, 57, −4.5 5.2232 537

AAL Anatomical Automatic Labeling Atlas, MNI Montreal Neurological Institute.
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DISCUSSION
This study comprehensively evaluated cortical morphology
changes in preschool-aged children with ToF based on structural
MRI techniques. We found abnormal cortical morphology in
cortical thickness, sulcal depth, gyrification, cortical surface
complexity and gray matter volume. In addition, relationships
between abnormal cortical structures and both poor neurodeve-
lopmental outcomes and clinical risk factors were found.
The sulcus is the structure that undergoes the most obvious

morphological change during cortex development. The develop-
ment of the sulcus can be used as a criterion for judging the
maturity of the brain.22 In this study, the reduced sulcal depth in
the right fusiform gyrus and right lateral occipital gyrus in the

children with ToF suggested a lack of brain maturity in ToF,
which supports the finding that delayed cortical development is
often seen in children with CHD.20,23 In addition, the lateral
occipital gyrus and fusiform gyrus are important parts of the
human visual pathway.24 The correlation between sulcal depth in
the fusiform gyrus and visual spatial ability in this study further
suggested visual pathway impairments in ToF children. A previous
study revealed visual spatial memory deficits in adolescents with
ToF, which is consistent with our study.25 Moreover, time of ACC,
time of CPB, and ICU stay were negatively correlated with sulcal
depth in the right lateral occipital gyrus and visual spatial ability in
the ToF group, which indicated that these clinical variables may be
risk factors for brain development and neurologic deficits, which

Fig. 3 Relationships between cortical structure and both clinical variables and neurodevelopmental outcomes. The top panel shows
relationships between cortical structure and clinical variables (a-c), the middle panel shows relationships between cortical structure and
neurodevelopmental outcomes (d, e), and the bottom panel shows relationships between clinical variables and neurodevelopmental
outcomes (f-h).
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may be the clue to improve postoperative neurodevelopment for
survivors of CHD. Based on previous findings that altered cortical
development may be secondary to white matter abnormalities in
CHD, we also found WM volume was positively associated with
sulcal depth in the right fusiform gyrus and right lateral occipital
gyrus in our study. The underlying neuroanatomic relationship
may be further confirmed by advanced diffusion MRI techniques
which have been used to study WM and cortical microstructure.
Cortical surface complexity, also known as fractal dimension,

can be used to characterize the architectural pattern of the cortex
and is a measure of the complexity of cortical folding described by
the gyrus.26 The middle frontal gyrus is a recognized secondary
language area that is related to language expression, such as
semantics, grammar, language fluency, and language working
memory, among other cognitive functions.27 The reduced cortical
surface complexity in the right middle frontal gyrus observed in
this study may indicate language impairment in children with ToF,
which supports the hypothesis that disorders of verbal expression
may be linked to the right middle frontal cortex dysfunction in
school-aged children with ToF.28 These results suggest that
clinicians should pay more attention to the language develop-
ment of ToF participants during long-term follow-up.
Interestingly, we also found increased cortical thickness in the

right precuneus, increased gyrification index in the left inferior
parietal lobule, and increased GM volume in the left medial frontal
gyrus in ToF children. Cortical thickness is used to assess
volumetric growth, and the gyrification index is used as a measure
of maturation.23 MRI studies of typical development suggest
cortical thickness, gyrification and volume increased in early
childhood.29 In addition, volume ratio is used to provide
information on brain maturation at brain scale,30 and has been
reported in fetuses and neonates with CHD.31,32 In this study,
there are no significant differences in brain volume ratios between
children with ToF and normal controls. Taken together, we
speculated that the discrepancy in cortical morphology in our
cohort may derive from disturbances in typical development.
Peyvandi et al. proposed that brain structure alterations may be
the result of the complex interaction between heart disease, brain
injury, and brain growth.33 Furthermore, we also found a negative
correlation between gyrification index in the inferior parietal
lobule and working memory index in the current study, which
may indicate worse working memory performance in children
with ToF. Since CPB time was negatively correlated with working
memory index, we speculated that a greater time of CPB may
increase the risk of adverse neurodevelopmental outcomes in
preschool-aged children with ToF.
In addition, we did not find any association between cortical

structure and neurodevelopmental outcomes in multiple linear
regression analysis, controlled for sex, age at MRI, time of ACC,
time of CPB, ICU stay, family annual income, and parental
education. Socioeconomic status, time of ACC, time of CPB, and
ICU stay are well-known risk factors of adverse neurodevelop-
mental outcome of children with CHD.34 In our study, these risk
factors seem to be stronger predictors of adverse neurodevelop-
mental outcome than altered cortical structure. Perhaps, larger
sample size may better determine the association between
cortical structure and neurodevelopmental outcomes in children
with ToF.
The present study has several limitations. First, the sample size

is intermediate. However, to the best of our knowledge, the
sample size is large relative to those of other brain structure
studies in children with CHD, with the participants representing a
homogeneous ToF population. In subsequent studies, we will
increase the sample size to improve the reliability of the results.
Second, cognitive assessment of healthy controls was lacking in
the present study. The parents of the healthy controls reported
that the intelligence of their children was normal, and they

refused to have their children undergo cognitive assessment.
Third, we used the adult template for normalization in image
analysis, which may impose biases and limitations and miss
important differences between populations. In a subsequent
study, we will further find the appropriate age-specific template
for neuroimaging analysis. Last, this study was a one-time follow-
up study. It is very important that both multimode brain MRI and
neurocognitive testing should be performed at different time
points before and after surgery to better understand the
morphologic changes and cognitive impairment processes in
participants with ToF.

CONCLUSIONS
In the current study, we find cortical structure alterations and their
correlations with both neurocognitive changes and clinical factors
in preschool-aged children with ToF, which suggests that cortical
morphology can be used as an effective tool for the research
setting to evaluate neuroanatomical changes and detect under-
lying neural mechanisms in ToF patients. Furthermore, an
abnormal cortical structure may be the continuous consequence
of delayed fetal brain development in children with ToF, which
suggests that longitudinal follow-up should be performed to
determine whether this brain abnormality continues into adoles-
cence and adulthood.
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