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Background: This study aimed to assess cortical gray mat-
ter growth and maturation in neonates with congenital heart 
disease (CHD).
Methods: Thirty-one (near) term neonates with severe CHD 
(8 univentricular heart malformation (UVH), 21 d-transposition 
of great arteries (d-TGA) and 2 aortic coarctation) underwent 
cerebral MRI before (postnatal-day 7) and after (postnatal-day 
24) surgery. Eighteen controls with similar gestational age had 
one MRI (postnatal-day 23). Cortical gray matter volume (CGM), 
inner cortical surface (iCS), and median cortical thickness were 
extracted as measures of volumetric growth, and gyrification 
index (GI) as measure of maturation.
results: Over a median of 18 d, CGM increased by 21%, 
iCS by 17%, thickness and GI both by 9%. Decreased postop-
erative CGM and iCS were seen for CHD compared to controls 
(P values < 0.01), however with similar thickness and GI. UVH 
showed lower postoperative iCS, thickness (P values < 0.05) 
and GI (P value < 0.01) than d-TGA and controls. Infants requir-
ing preoperative balloon-atrioseptostomy (BAS, 61%) had 
reduced postoperative CGM, iCS, and GI (P values < 0.05).
conclusion: Infants with severe CHD show reduced cor-
tical volumes compared to controls with gyrification being 
delayed in UVH, but not in d-TGA. Infants requiring BAS show 
higher risk of impaired cortical volume and gyrification.

Brain lesions are a common finding in infants with severe 
congenital heart disease (CHD) affecting up to 50% (1). 

This serious morbidity is associated with long-term neu-
rodevelopmental sequelae, and as they grow older, many 
CHD patients show motor- and cognitive delays (2), as well 
as impairments in the domains of learning and behavior (3). 
Hypotension and hypoxemia before cardiopulmonary bypass 
surgery (CPB) are substantial problems in CHD, leading 
to reduced oxygen delivery to the brain (1,4). This seems to 

increase the vulnerability of the brain to the subsequent open-
heart surgery requiring CPB (1).

The importance of brain imaging in CHD infants is becom-
ing more widely accepted and magnetic resonance imaging 
(MRI) has proven to be a useful and accessible tool to detect 
and evaluate brain injury. Alterations in brain development 
in CHD patients have been described preoperatively (5), and 
even in utero (6,7), with also new cerebral lesions found after 
the surgical procedure (8). But even in the absence of obvious 
abnormal MRI findings on qualitative assessment, quantitative 
measurements may find more subtle alterations. The negative 
effects of white matter abnormalities on neurodevelopment 
have been noticed in several studies (9,10), but white mat-
ter developmental delays or alterations are known to disturb 
growth and neuronal maturation of the cortical gray matter 
as well (11,12). The volumetric growth and complex gyrifica-
tion of the cortex mainly takes place in the third trimester of 
pregnancy (13), and impacts cognition, motor, and behavioral 
functioning (14). Longitudinal, quantitative data on cortical 
gray matter pre- and postsurgery in neonates with CHD is still 
sparse, and additional knowledge might help in the prediction 
of long-term neurodevelopment.

The aim of this study was to assess the development of cor-
tical gray matter in neonates undergoing cardiopulmonary 
bypass surgery for severe congenital heart disease, before and 
after surgery, in comparison to healthy term born controls at 
corresponding postoperative age. We hypothesized that corti-
cal growth and maturation—presented as volume expansion 
and gyrification—between both assessments would be pres-
ent, with a reduction of these parameters when compared to 
healthy neonates assessed at corresponding postoperative age. 
The second aim was to evaluate possible clinical risk factors 
influencing cortical development in this patient group, includ-
ing birth characteristics, type and severity of CHD, timing and 
procedure of surgery, and postoperative course.
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RESULTS
Patients
Table 1 shows the baseline characteristics of the study popu-
lation. Thirty-one patients (68% dextro-transposition of the 
great arteries (d-TGA), 26% univentricular heart malforma-
tion (UVH), 7% coarctation of the aorta (CoA) were included 
with a mean gestational age of 39.6 wk and 74% male. Table 2 
shows the perioperative details. Good quality brain segmenta-
tions were obtained preoperatively in 26 infants at a median 
postnatal age of 7 d (postmenstrual age (PMA) 40+5 wk) and 
postoperatively in 23 infants at median postnatal age of 24 d 
(PMA 43+1 wk). Eighteen healthy controls underwent MRI at 
a median postnatal age of 23 d (PMA 42+6 wk). For five infants 
preoperatively and eight infants postoperatively segmentations 
or MR images were of too poor quality for cortex assessment. 
No significant differences in baseline characteristics were seen 
between infants with and without available cortex assessment.

Cortical Growth and Maturation
For 18 infants, brain segmentations at both time points were 
available. All cortical parameters increased significantly from 
pre- to postoperative MRI (P values < 0.001 for cortical gray 
matter (CGM) (+21%), inner cortical surface (iCS) (+17%), 
and gyrification index (GI) (+9%), P value < 0.01 for thick-
ness (+9%)), as shown in Figure 1 (first and fourth plot). 
Unmyelinated white matter (UWM) also increased between 
both time points (P value < 0.05), but with a lower rate (+5%). 
Infants with preoperative mild-moderate white matter injury 
(17%) showed lower relative (P value = 0.033, r = 0.503) and 
absolute (P value = 0.019, r = 0.547) increase of gyrification 
index over this period. The d-TGA group (82%) showed 
higher, but nonsignificant, absolute, and relative growth rates 
of all measured cortical parameters than the UVH group.

Postoperative Cortical Morphology Compared to Healthy 
Controls
For the infants with severe CHD, reductions in postopera-
tive CGM volumes (−14%) compared to controls were found. 
Additionally, decreased iCS (−12%) was seen for CHD. However, 
median cortical thickness and GI were similar (P values 0.19 and 
0.53, respectively). This is also shown in Figure 1 (fourth and 
seventh plot). No significant left–right differences in cortical 
parameters could be found at any time point.

Perinatal Risk Factors
Table 3 shows the correlations between clinical risk factors 
and cortical parameters with correction for PMA. Infants with 
d-TGA showed significantly higher iCS at the postoperative 
scan than infants with UVH (+8%), as well as larger cortical 
thickness (+11%) and GI (+5%). This can also be found in 
Figure 1 (preoperatively in second and third plot; postopera-
tively in fifth and sixth plot). As the CoA group was too small 
for analysis (two cases), only the d-TGA and UVH groups 
were compared with respect to cortical parameters. Lower 
birth weight was significantly associated with lower pre- and 
postoperative cortical volumetric parameters and borderline 

with lower gyrification index. Gestational age was only related 
to CGM at both time points. All significant relations persisted 
after correction for sex.

Postnatal Risk Factors
BAS was required in 62% of the d-TGA, 63% of the UVH, 
and 50% (one of two cases) of the CoA group. Smaller CGM 
volume (−8%), iCS (−5%), and GI (−4%) on the postopera-
tive scan were seen for infants undergoing BAS compared to 
infants who did not require this intervention, as also shown 
in Table 3. Infants with preoperative BAS showed significantly 
lower preoperative mean O2 saturation than those without 
(84 vs. 90%, P value = 0.002). Again, all correlations persisted 
after correction for sex. Infants with severe preoperative brain 
injury (white matter injury and/or ischemic stroke, 12%) 
showed comparable cortical parameters as their peers without 
brain injury. No associations of peri- and postoperative risk 
factors with cortical parameters were found.

DISCUSSION
This study describes pre- and postoperative cortical gray mat-
ter volumetric growth and maturation in neonates with CHD 
undergoing cardiopulmonary bypass surgery. A significant 
increase of cortical volume and gyrification over time could 
be found, but postoperative cortical volume was reduced when 
compared to healthy term born controls. However, gyrifi-
cation indices were not impaired—a sign of normal cortical 
maturation. In addition, a lower birth weight, a univentricular 
heart malformation, and preoperative requirement of balloon 
atrioseptostomy were risk factors of smaller cortical volume 
and impaired maturation after surgery. Lower gestational age 
was a risk factor for lower CGM volume, but not for cortical 
maturation.

This analysis extends the findings of previously published 
results on reduced postoperative brain volumes in this study 
cohort (15) and adds information on cortical growth and 
gyrification from pre- to postoperative MRI. Typical cortical 
development includes immense volumetric expansion in the 
third trimester of pregnancy, with gyrification starting around 
the 24th week of gestation in the central part of the brain and 
eventually developing into a brain folded similar to the adult 
brain around term (13,16). In line with these findings, this 
study showed a remarkable increase of cortical volume and 
maturation in the median 18 d between pre- and postoperative 
MRI in CHD patients. However, compared to healthy controls, 
the patient population showed postoperatively reduced CGM 
volumes, most likely due to antenatal and postnatal hypoxia 
and inflammation of the brain in combination with the inva-
sive surgery. This is in agreement with other studies showing 
smaller volumes already preoperatively (17) of the white mat-
ter, gray matter, and cerebellum—and sometimes even ante-
natally (18,19). CGM shows substantial higher increase over 
the period of surgery than UWM (21 vs. 5%), underlining the 
vulnerability of the cortex in this timeframe. CGM volume 
reduction seems to be mainly a result of reduced cortical sur-
face area and not of reduced cortical thickness, as the latter 
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was comparable with healthy controls. The developing brain 
is particularly vulnerable to disturbances of oxygen and nutri-
ent delivery (9) and due to the cardiac defect, blood supply of 
the brain can be impaired (20). Fetal studies in patients with 
CHD suggest hypo-perfusion of the brain already starting in 

the first or second trimester of pregnancy (18). Additionally, 
the required CPB surgery with long anesthesia also leads to 
suboptimal delivery of oxygen and other substrates during 
the procedure (1,4). Ischemia and inflammation to the brain 
influence developing preoligodendrocytes, which are the pre-
dominating cells in fetal white matter and known to play an 
important role in driving cortical development. Quick prolif-
eration and differentiation of these cells under hypoxia creates 
oligodendrocytes that fail to myelinate the developing axons, 
which might lead to abnormal cortical maturation (11). This 
is supported by the finding that the gyrification increase rate 
appears to be lower in infants suffering white matter injury. 
This is suggesting an impact of white matter alterations to cor-
tical maturation, which has been explored before in extremely 
preterm born infants (11,12).

Animal studies have shown significant effects of hypoxia 
(even when reversible) to cortical gyrification (21,22). Our 
population, however, did not show a delay in maturation of the 
cortex, expressed by gyrification index, compared to healthy 
infants. We did however find smaller cortical volumes and 
lower gyrification indices in patients with a UVH compared to 
d-TGA patients. Previous studies on patients with HLHS found 
lower gyrification indices and immature cortices in fetuses 

table 1. Baseline characteristics

Patients (n = 31) Controls (n = 18) P value

Male/female n (%) 23/8 (74/26) 9/9 (50/50) 0.106

Gestational age Median weeks (range) 39.29 (36.71–41.86) 39.71 (37.71–41.14) 0.567

Birth weight (n = 29) Median grams (range) 3,320 (2,560–4,270) 3,500 (2,910–4,470) 0.417

Head circumference at birth Median centimeters (range) 34 (32–36) 35.5 (33.0–37.5) 0.009

n < 3th percentile (%) 2 (6.5) 0 (0) 0.517

Cardiac abnormality d-TGA 21 (67.7) N/A N/A

  With ventricular septal defect 5 (16.5)

  With RVOT obstruction 2 (6.5)

UVH malformation 8 (25.8)

  Left ventricle dominance 6 (19.5)

  Right ventricle dominance 2 (6.5)

Aortic coarctation 2 (6.5)

Apgar score 5 min Median (range) 9 (2–10) N/A N/A

Age preoperative MRI Median days (range) 7 (1–12) N/A N/A

Median gestational age (range) 40.71 (37.86–42.86)

Age postoperative MRI Median days (range) 24 (19–52) 23 (13–33) 0.087

Median gestational age (range) 43.14 (40.29–47.14) 42.86 (40.86–44.86) 0.178

Median postoperative days (range) 13 (3–32) N/A N/A

Time between MRI’s Median days (range) 18 (11–42) N/A N/A

Preoperative lesionsa Total n (%) 7 (23) N/A N/A

White matter injury 6 (20)

Isolated arterial stroke 3 (10)

New postoperative lesionsa n (%) 2 (7) N/A N/A

Baseline characteristics of patients and controls, with the last column showing the comparison between both groups (in P values). Significant P values (<0.05) have been marked bold.
N/A, not applicable; RVOT, right ventricular outflow tract; UVH, univentricular heart malformation.
aThese results can also be found in a previous publication (31).

table 2. Perioperative characteristics

Patients (n = 31)

Alprostadil n (%) 30 (97)

Mean O2 saturation 
(preoperatively)

Median (range) 86 (74–96)

Balloon atrioseptostomy n (%) 19 (61)

Age at surgery Median days (range) 12 (7–62)

Aortic cross clamp time Median minutes (range) 125 (90–182)

Extracorporeal circulation 
time

Median minutes (range) 201 (123–264)

Intensive care stay Median days (range) 7 (4–20)

Postoperative mechanical 
ventilation

Median days (range) 3 (1–13)

Hospital stay (N = 30) Median days (range) 31.5 (13–103)

Perioperative characteristics of the patient population.
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(23,24) and infants before heart surgery (25). Apparently, alter-
ations of cortical development are most prominent in patients 
with HLHS and not or less present in patients with d-TGA. We 
therefore interpret our findings of normal cortical maturation 
as associated to the less severe CHD diagnoses in our cohort 
consisting of d-TGA and UVH—opposed to HLHS only in the 
above-mentioned studies. We did not find significant growth 
rate differences between the patient subgroups. Previous stud-
ies, however, also suggest normal growth rates after surgery in 
infants with HLHS despite smaller preoperative brain volumes 
(26). As our control group was only scanned once, no compar-
ison in growth could be made between patients and controls.

We were able to identify several risk factors for altered cor-
tical volume and maturation, which can be objectified in the 
antenatal period and around birth. Independently from this 
physiological association, infants with lower weight and/or 

head circumference at birth had smaller UWM and CGM vol-
umes after birth, which is in agreement with other literature 
(17). It is of interest that birth weight was a better predictor for 
altered CGM volume after surgery than head circumference, 
although intrauterine growth restriction is known to reduce 
cortex’ development in preterms (27). Also the brain spar-
ing effect—lowering cerebral vascular resistance to maximize 
blood flow to the brain—is described in fetuses with congenital 
heart disease (20).

Furthermore, patients with a univentricular heart malfor-
mation showed reduced cortical volume and delayed gyri-
fication compared to infants with d-TGA. As stated above, 
biventricular heart defects seem to show less effect to the brain 
than univentricular heart defects—particularly HLHS (9). 
Retrograde aortic perfusion via the ductus arteriosus is already 
present in utero in infants with a hypoplastic left or right heart 

Figure 1. Overview of cortical parameters: The 4 graphs are representing cortical gray matter volume (a), inner cortical surface (b), cortical thickness 
(c), and gyrification index (d). Per graph boxplots for total congenital heart disease (CHD) population (n = 31) preoperative and postoperative are given, as 
also boxplots for the dextro-transposition of the great arteries subgroup (d-TGA, n = 21), the univentricular heart malformation subgroup (univentricular 
heart malformation (UVH), n = 8) and controls (n = 18), with mean ± 1 SD and range. Significant differences between total CHD population and controls, 
as also significant differences between d-TGA and UVH group are displayed (* < 0.05, ** < 0.01).
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resulting in lower cerebrovascular resistance (20,28). A recent 
study also showed lower cerebral blood flow in infants with a 
UVH compared to biventricular forms of CHD (29). Finally, 
the Norwood procedure performed in infants with HLHS is 
accompanied with more risks for the developing brain than 
other procedures (1).

Infants requiring preoperative balloon atrioseptostomy 
had significantly smaller cortical gray matter volumes and 
lower gyrification indices at postoperative scan than patients 
who did not require this intervention. Infants in need of BAS 
show lower preoperative O2 saturation values, which is in 
line with literature describing higher levels of hypoxemia and 
hemodynamic instability in those infants. Infants requiring 
BAS usually are in a worse condition than their peers and 
seem to be of higher risk for hypoxia and ischemia associ-
ated brain injury (30). However, it remains unclear whether 
our finding of more severe alterations of cortical gray matter 
development is only an effect of worse hemodynamic condi-
tion associated with the need for BAS or whether there is 
also an effect of the BAS procedure itself. More brain altera-
tions in infants with BAS are also found in studies focusing 
on focal brain injury and white matter microstructure (1,4), 
although not confirmed in a previous study with this cohort 
(31). In our study, performance of BAS was equally prevalent 
in both d-TGA and UVH patients, which reduced the risk of 
confounding. The high incidence of BAS in this small UVH 
population might be by chance. However, other factors indi-
cating severity of illness (preoperative oxygen saturation, 
Apgar score, days of mechanical ventilation, and total dura-
tion of hospital stay) were not found to be related to cortical 
development. Preoperative saturation has been reported as 
a risk factor for qualitative white matter brain injury (1,31), 
but could not be found as a risk factor for growth and matu-
ration of the cortex in this study.

The first limitation of this study is the small (heterogenous) 
population leading to limited statistical strength. Second, only 
MR images of healthy controls at comparable postoperative 
PMA were obtained (as it was not considered ethical to per-
form two MRI scans in healthy neonates). Therefore, no com-
parison of cortical volumes and maturation before surgery or 
growth could be made, which would be of interest when exam-
ining the effect of surgery to the delay in cortex development. 
Third, the cortical measurements were acquired fully auto-
matically following manual segmentation. Limitations of this 
method, although of minor importance, can be found in a pre-
viously published article (32). This method requires sufficient 
quality of the MR images, which induced loss of data in this 
population (preoperatively five cases and postoperatively eight 
cases). However, selection bias does not seem to play a role, as 
baseline characteristics were found to be similar between both 
groups. Unfortunately, this method did not allow regional cor-
tical measurements in this cohort which would be of interest 
in future populations. Finally, the low incidence of brain injury 
in this patient group should be noted, which could be influ-
enced by the scanning protocol (1.5T, 2.5 mm slice thickness) 
and other contributors (31).

Infants with congenital heart disease show a significant 
increase of cortical volume and gyrification from the pre- to 
postoperative period, but cortical volume remains reduced 
after surgery when compared to healthy term born controls. 
Gyrification is delayed in neonates with UVH, but not in 
d-TGA. Lower birth weight and preoperative requirement 
of balloon atrioseptostomy are independent risk factors for 
impaired postoperative cortical volume and gyrification. 
Lower gestational age is a risk factor for smaller cortical 
volume but not for delay in maturation. The cortex plays an 
important role in cognitive, motor and behavioral function-
ing and delay in cortical development in infants with severe 

table 3. Association clinical and cortical parameters

Cortical 
parameter

Time point 
(pre or 

postoperative)

Perinatal risk factors Preoperative risk factors

Sex (male 
vs. female)

Gestational 
age

Birth 
weight

Head 
circumference 

at birth
d-TGA vs. 

UVH

Balloon 
atrioseptostomy  

(no vs. yes)
Apgar at 5 

min
O2 

saturation

Cortical gray 
matter (cm3)

Pre – 0.510** 0.539** 0.427* – – – –

Post 0.390* 0.500** 0.639**a – – 0.462* – –

Inner cortical 
surface (mm2)

Pre – – 0.445* 0.539** – – – –

Post – –a 0.539**a –a 0.495* 0.509* – –

Thickness (mm) Pre – – – – – – – –

Post 0.465* – – – 0.494* – – –

Gyrification index Pre – – – – – – – –

Post 0.534** –a 0.416* – 0.581** 0.418* – –

White matter (cm3) Pre 0.427* – – 0.547** – – – –

Post 0.445*a – –a – – – – –

Influence of clinical characteristics (columns) on cortical parameters (rows), with correction for postmenstrual age at MRI. White matter volume was added for comparison. Pearson 
correlation coefficients are presented. - = no significant association.
*P value < 0.05. **P value < 0.01.
aShowed a significant association in the control group. No association between cortical parameters and perioperative risk factors were seen.
UVH, univentricular heart malformation.
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CHD might lead to alterations in these neurodevelopmen-
tal domains later in life. The clinical risk factors should be 
confirmed in a larger cohort with preoperative controls, and 
prove their functional relevance by investigating their asso-
ciation to (long-term) neurodevelopmental outcome.

METHODS
Study Design
This cohort is part of an ongoing prospective cohort study (Heart 
and Brain Research Group Zurich) on cerebral injury and neurode-
velopmental outcome in infants with CHD treated at the University 
Children’s Hospital in Zurich. Results on brain injury (31) and post-
operative brain volumes (15) have been published previously. The 
study has been approved by the Ethical Committee of the Canton 
Zurich and written parental informed consent was obtained.

Patients
Infants born between November 2009 and January 2012 with 
severe CHD requiring surgery under full-flow CPB were enrolled. 
Cardiac diagnoses included dextro-transposition of the great arteries 
(d-TGA), univentricular heart malformation (UVH, including hypo-
plastic left heart syndrome (HLHS)), and coarctation of the aorta 
(CoA). Excluded were those born with a gestation of less than 36 wk 
or with a genetic syndrome. Detailed information on the surgical pro-
cedure and management can be found in a previous article (31). In 
addition, between January 2011 and January 2012 healthy term born 
infants were prospectively recruited from the postnatal ward of the 
University Hospital Zürich for MRI of the brain. These control infants 
were not admitted to the neonatal unit, did not show cerebral injury 
on MRI and had normal neurodevelopmental outcomes at 1 y of age.

MR Imaging
All infants underwent an MRI of the brain before and after surgery. 
The healthy control infants were scanned once, at corresponding post-
operative postmenstrual age. MRI was performed on a 3.0T MR scan-
ner (SignaHDxt, GE Healthcare, Milwaukee, WI) using T2-weighted 
fast-spin-echo sequences in three planes (slice thickness = 2.5 mm, 
TR = 5,300 ms, TE = 102 ms). More information on scanning protocol 
and definition of brain injury can be found in a previous publication 
(31).

Cortical Morphologic Measurements
For all infants the axial T2-weighted images were manually segmented 
into UWM and CGM (15). Based on these segmentations, UWM and 
CGM volume (in cm3), inner cortical surface (iCS, in cm2), corti-
cal thickness (in mm), and GI were computed using the approach 
described in a recently published paper (32). The iCS is the surface 
of the border between UWM and CGM. The gyrification index was 
measured as the ratio between iCS and a smooth hull around the 
white matter (i.e., a simulation of a smooth cortex without any folds). 
The volumetric, surface and thickness measurements were used as 
quantitative considerations of cortical volume and cortical growth. 
Gyrification index was used to interpret the level of cortical matura-
tion (or cortical folding). All parameters together will be referred to 
as cortical parameters with cortical development considered as the 
combination of cortical growth and maturation.

Statistical Analysis
Statistical analysis was performed using IBM SPSS statistics  version 
21.0. An independent t-test was used to describe the differences in 
clinical characteristics and cortical parameters between patients and 
controls (with a χ2 test for sex), a paired t-test for comparison of pre- 
and postoperative cortical parameters. All cortical parameters were 
corrected for PMA at scan, as this effect was not subject of investi-
gation. Absolute growth (corrected for days between scans) was cal-
culated as a difference between pre- and postoperative scan, relative 
growth as a percentage of increase. Linear regression analysis was 
performed to examine separately the associations between the clini-
cal risk factors (as independent variables) and cortical parameters (as 
dependent variables). This analysis was repeated with correction for 
sex. As the sample size of this study was small and also the aim was 

to explore clinical risk factors, a multivariable regression analysis was 
not performed. A P value < 0.05 was considered significant.
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