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Summary
STUDY AIMS: Our objective was to establish a multicentre
foetal-to-neonatal magnetic resonance (MR) neuroimag-
ing programme for neonates undergoing surgery for com-
plex congenital heart disease (CHD). We assessed struc-
tural and volumetric MRI findings at different timepoints in
various types of CHD and evaluated neurodevelopmental
outcomes at one year of age. Additionally, we analysed
the feasibility, challenges and limitations of implementing
this MR neuroimaging programme.

METHODS: In this prospective, multicentre observational
study, we examined brain development and growth in in-
fants with complex CHD requiring neonatal cardiac
surgery. Brain MRI was performed at multiple timepoints:
at the 32nd week of gestation, after birth (both before and
after stage I surgery), and before stage II surgery in sin-
gle-ventricle CHD. We analysed and compared cardiac di-
agnoses, treatment approaches, structural and volumetric
brain MRI findings and neurodevelopmental outcomes at
one year of age (assessed using the Bayley III scale) with
those of healthy controls.

RESULTS: Between April 2020 and September 2023, 81
patients and 15 healthy controls underwent at least one
MRI. Cardiac diagnoses were biventricular CHD (66.7%),
single-ventricle CHD (25.9%) and borderline left ventricle
CHD (7.4%). New structural cerebral lesions were found
before stage I or after stage I including white matter injury
in 3.8% and 8.7%, respectively, ischaemic cerebral lesions
in 11.5 and 11.6%, intraventricular haemorrhages in 7.7%
and 7.2%, and subdural haemorrhages in 33.6% and

26.1%. Total brain volume at 32.6 (interquartile range
[IQR]: 31.3–33.3) gestational weeks was 228.9 ml
(213.1–241.2) in biventricular CHD, 194.4 ml
(165.3–223.6) in single-ventricle CHD and 196.4 ml
(186.4–235.2) in normal healthy controls. After birth, at
6 days (3–16) of life total brain volume was 337.1 ml
(310.3–350.2) in biventricular CHD, 331.6 ml
(305.9–350.7) in single-ventricle CHD and 406.8 ml
(389.9–438.7) in normal healthy controls. After stage I,
at 26.5 days (18.3–40.8) total brain volume was 367.7
ml (341.8–385.5) in biventricular CHD, 353.6 ml
(338.2–375.7) in single-ventricle CHD and 514.1 ml
(482.9–554.6) at 116 days (94.5–118.5) in patients with
single-ventricle CHD. At 12.1 months of age, neurode-
velopmental performance determined by the Bayley III
scale (mean ± SD [standard deviation]) was lower for
patients with single-ventricle CHD (cognitive composite
score [CCS]: 92.9 ± 13.1; language composite score
[LCS]: 88.5 ± 12.0; motor composite score [MCS]: 85.6 ±
14.5) than in patients with biventricular CHD (CCS: 101.2
± 11.1; LCS: 95.7 ± 13.1; MCS: 87.6 ± 18.0) or in healthy
controls (CCS: 113.3 ± 5.6; LCS: 102.3 ± 7.9; MCS: 100.7
± 8.2). Feasibility for performing cerebral MRI was limited
due to maternal/patient safety reasons and further logisti-
cal infrastructural reasons.

CONCLUSIONS: Structural cerebral lesions were found
at various timepoints in both biventricular and single-ven-
tricle CHD during foetal-to-neonatal serial cerebral MRI.
Compared to healthy controls, total brain volume was re-
duced in patients with complex CHD, and neurodevelop-
mental outcomes at one year of age were mildly to moder-
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ately impaired. Several patient-related and infrastructural
challenges limit the feasibility of a routine magnetic reso-
nance neuroimaging programme, necessitating further ef-
forts to optimise its implementation into routine clinical
practice in the future.

Trial registration: ClinicalTrials.gov NCT04233775

Introduction

Neurodevelopmental outcomes in high-risk populations,
such as preterm infants [1–3] and neonates with complex
types of congenital heart disease, remain a major concern
[4, 5]. For the congenital heart disease population, multiple
factors contribute at various time points to impaired long-
term neurodevelopmental outcomes. During foetal life, ev-
idence suggests an increased risk of impaired brain growth
and development beginning in utero due to altered haemo-
dynamic physiology [6, 7], and due to an altered maternal-
foetal environment with placental dysfunction [8], besides
genetic factors and associated extracardiac comorbidities
[9]. After birth, this process is further exacerbated by the
need for early medical interventions, including neonatal
invasive procedures and cardiopulmonary bypass (CPB)
[10], which are followed by postoperative residual cardiac
haemodynamic lesions, low cardiac output syndrome,
long-term need for cardiac intensive care including in-
otropic support, extracorporeal membrane oxygenation
(ECMO), ventilation, sedation, infection and pain manage-
ment [11]. This often leads to long hospital stays with fur-
ther psychosocial side effects such as parental stress [12]
and disrupted parental-child relationship [13], which is of-
ten correlated with lower socioeconomic status [14].

Within this multifactorial aetiology of impaired neurode-
velopmental outcome in patients with complex congenital
heart disease, there is growing evidence that brain develop-
ment and brain growth are impaired, and that this process
starts during the second trimester of pregnancy. This is re-
lated to an altered cerebral perfusion leading to impaired
oxygen and nutritive supply to the growing brain [15] and
continues after birth [16]. Recently, it has been shown that
impaired foetal haemodynamics may affect early survival
after birth and lead to impaired neurodevelopmental out-
come [6]. Therefore, following brain development by se-
rial cerebral neuroimaging using MRI is an important di-
agnostic approach to better understand the potential impact
on neurodevelopmental outcome [17]. Furthermore, poten-
tial neuroprotective measures to overcome impaired brain
development as a modifiable factor influencing the neu-
rodevelopmental outcome may become an important future
direction [18].

In Switzerland, clinical neurodevelopmental outcome pro-
grammes exist, such as the Swiss Neonatal Network & Fol-
low-up Group (SwissNeoNet) for a high-risk population of
preterm infants, and have been recently established for the
congenital heart disease population, for example the Out-
come Registry for Children with Severe Congenital Heart
Disease (ORCHID) [19]. While the Swiss ORCHID sys-
tematically collects cardiac, surgical, intensive care and
neurodevelopmental follow-up data, a standardised longi-
tudinal neuroimaging programme for this high-risk popu-
lation has not yet been included [20].

Therefore, we aimed to systematically assess longitudinal
serial magnetic resonance for the high-risk congenital heart
disease patients, determining brain development and
growth beginning at the last trimester of foetal life, fol-
lowed by two neonatal perioperative timepoints, before
and after the first surgical procedure (stage I), up to a last
timepoint before stage II at 3 to 4 months of age (stage II
in case of staged palliation for single ventricle congenital
heart disease) (ClinicalTrials.gov NCT04233775).

This interim analysis aimed to evaluate the study feasi-
bility and first experiences during the establishment of a
multicentre magnetic resonance neuroimaging programme,
starting at foetal life until the first year of age, covering the
most critical period of brain development. We also report
on the feasibility and potential limitations of this magnet-
ic resonance neuroimaging programme and the results of
the interim analysis of cerebral MRI findings, quantitative
measurements and neurodevelopmental outcomes.

Materials and methods

Study setting

Here we report an interim analysis of a prospective multi-
centre observational study on altered cerebral growth and
development in infants with a complex type of congenital
heart disease (SNFS 320030_184932). This study was de-
signed as an observational study focusing on brain devel-
opment from the third trimester of foetal life to one year of
age. Participating centres were, in Switzerland, the Univer-
sity Children’s Hospital Zurich, University Hospital Bern,
Centre Hospitalier Universitaire Vaudois in Lausanne; and,
in Germany, the Paediatric Heart Centre Giessen and the
German Heart Centre Munich. We analysed data of pa-
tients included from April 2020 to September 2023. We
defined cerebral developmental trajectories, brain growth
and time course of brain abnormalities as primary outcome
measures and the neurodevelopmental outcome at one year
of age as the secondary outcome measure.

Study participants

The inclusion criteria were patients with severe types of
congenital heart disease with the need for neonatal car-
diopulmonary bypass surgery or catheter-related proce-
dures within the first six weeks of life (stage I). This en-
compassed all consecutive and eligible congenital heart
disease patients under clinical and haemodynamical stable
conditions undergoing biventricular repair, such as arterial
switch operation (ASO) for d-transposition of the great ar-
teries (D-TGA) or single ventricle type of congenital heart
disease undergoing staged palliation such as hypoplastic
left heart syndrome with Norwood stage I procedure fol-
lowed by bidirectional cava-pulmonary (Glenn) anastomo-
sis (stage II) and Fontan completion (stage III). Patients
were recruited during foetal life after cardiac diagnosis
had been made by foetal echocardiography or after birth
if cardiac diagnosis was made after birth. Due to the high
frequency of patients with extracardiac comorbidities, we
also included patients with associated genetic anomalies.
Furthermore, we recruited healthy controls during foetal
life for foetal and postnatal MRI scans. We approached
parents or caregivers of patients with a request to partici-
pate in the study during the foetal and postnatal period. We
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also analysed the participation rate at the different time-
points and the reasons for non-participation. Written in-
formed consent was obtained from all parents or care-
givers. Exclusion criteria were: patients whose parents or
caregivers did not give informed consent, patients with
haemodynamic instability and patients with permanent
pacemaker or for extracorporeal membrane oxygenation,
both situations incompatible for cerebral MRI.

Brain MRI

Serial brain MRI was scheduled at four timepoints: (1) at
32 ± 2 weeks of gestational age during the foetal period,
(2) after birth, before the first invasive procedure (stage I),
(3) after the first invasive procedure and (4) before stage II
in case of single ventricle palliation. The second and third
MRI were performed in natural sleep. The fourth cerebral
MRI was conducted under general anaesthesia, combined
with cardiac diagnostic catheterisation. We supervised the
mothers during foetal cerebral MRI and monitored the in-
fants scanned in natural sleep by electrocardiogram and
pulse oximetry. Patients under general anaesthesia were
accompanied and monitored by an anaesthesiology team.
Noise protection during magnetic resonance was achieved
with foam earplugs and earmuffs.

Data from clinically indicated brain MRI scans conducted
in the first year of life were also included. Magnetic reso-
nance analysis for this work was performed at the prede-
fined timepoints of this study only.

The following cerebral MRI scanners were used: in Zurich,
a 1.5 T GE Signa Discovery MR450 (upgraded to a GE
Signa Artist during the study) for foetal scans and a 3 T
GE Discovery MR750 MRI scanner using an 8-channel
head coil for postnatal scans; in Bern, a 1.5 T Siemens
Magnetom Aera for foetal scans and a Siemens 3 T Mag-
netom Skyra fit for postnatal scans; in Giessen, a 3 T
Siemens Magnetom Verio for postnatal scans; in Munich, a
1.5 T Siemens Magnetom Avanto for postnatal scans; and
in Lausanne, a Siemens 3 T Prisma scanner for foetal and
postnatal scans.

The foetal cerebral MRI scanning protocols included
T2-weighted single-shot sequences in three planes (double
acquisition due to foetal movement), a T1-weighted se-
quence in one plane and diffusion tensor imaging. The
postnatal magnetic resonance scanning protocols included
T2-weighted fast-spin-echo sequences in three planes, a
3D T1-weighted sequence, diffusion tensor imaging, sin-
gle-voxel short TE magnetic resonance spectroscopy and
pseudo-continuous Arterial Spin Labelling (pcASL) se-
quences (table S1 in the appendix). The MRI scans were
analysed at the participating centres or by the paediatric
neuroradiologist in the main centre.

Structural cerebral MRI findings were systematically as-
sessed by an experienced paediatric magnetic resonance
specialist for the presence of cerebral lesions, and the le-
sions were categorised according to Stegeman [21] into
white matter injury, ischaemic cerebral lesions, intracranial
haemorrhage, i.e. intraventricular and subdural haemor-
rhages, and other lesions, i.e. intraparenchymal cerebral/
cerebellar haemorrhages, signs of hypoxic-ischaemic in-
juries, sinus venous thrombosis and other pathological
findings.

To quantify the total brain volume and cerebral tissue vol-
umes for each patient, T2-weighted images were used,
which were reconstructed into a single, isotropically scaled
3DT2 image using the Slice-to-Volume Reconstruction
Toolkit (SVRTK) super-resolution algorithm [22]. The
magnetic resonance protocol and parameters have been
published previously [23].

Neurodevelopmental outcome

Neurodevelopmental outcome at one year was assessed
by the Bayley Scales of Infant and Toddler Development,
Third Edition (Bayley III) for patients and healthy controls
[24]. The test includes cognitive, language and motor com-
posite scores (cognitive composite score [CCS], language
composite score [LCS], motor composite score [MCS]).
American scoring scales were used, for general applicabil-
ity. Patients and controls were tested at 12 months by an
experienced neurodevelopmental paediatrician.

For a subgroup of patients, early 2-to-6 month neurode-
velopment was additionally tested after the first cardiac
surgery (or catheter procedure) before hospital discharge
using the Hammersmith neonatal neurological examina-
tion (HNNE) [25], as well as before the stage II procedure
in univentricular patients using the Hammersmith infant
neurological examination (HINE) [26].

Cardiac diagnosis and treatment

The congenital heart disease diagnosis was made either
during foetal life or after birth by Doppler echocardio-
graphy. Genetic analysis was performed in those infants
where clinical suspicion of an associated genetic comor-
bidity was evident, but not as routine clinical practice.
Standard treatment included postnatal medical intensive
care with prostaglandin E2 in case of duct-dependent pul-
monary or systemic perfusion and, if needed, ventilation,
inotropic support before and after stage I surgery. Types of
stage I surgery included, for example, biventricular repair,
such as arterial switch operation for neonates with simple
d-transposition of the great arteries, aortic arch surgery for
severe forms of aortic arch pathology, or Norwood stage
I procedure in hypoplastic left heart syndrome in single
ventricle palliation. Beyond surgical stage I procedures, al-
ternative catheter procedures to ensure pulmonary perfu-
sion in case of duct-dependency treated by duct-stenting or
stenting of a stenotic right ventricular outflow tract were
defined as a stage I procedure. A stage II procedure was
defined as the bidirectional cava-pulmonary anastomosis
(BDCPA) for single ventricle palliation.

Data analysis

Study data were collected continuously from electronic pa-
tient records and study case report forms (CRF) and en-
tered in an electronic data capturing tool, REDCap. Para-
meters included clinical, imaging and outcome data. We
report findings and between-group effects or differences
based on a categorisation of the sample cohort into groups
of healthy controls, patients with biventricular repair and
patients with univentricular palliation.
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Ethics

The cantonal ethics committees approved the study proto-
col for Zurich, Bern and Lausanne in Switzerland (BASEC
2019-01993). Further ethical approval was obtained for
Giessen (AZ 272/19) and Munich (321/21 S-EB).

Statistics

Continuous data are presented as mean and SD for normal-
ly distributed data and median and IQR for non-normal-
ly distributed data. Categorical data are presented as count
and percentage. Normality of distribution was assessed by
visual inspection of histograms and Q-Q plots.

Results

Patients

A total of 87 patients were included. Patients were re-
cruited during foetal life (n = 22) or after birth (n = 65).
Fifteen healthy controls were recruited for magnetic res-
onance scans during foetal life and after birth. We per-
formed at least one brain MRI in 81 patients in the five par-
ticipating centres with a total number of 124 MRIs (figure
1). Eight further cerebral magnetic resonance scans were
conducted for clinical indications at other timepoints but
not included in the analysis for this study. Foetal cerebral
imaging data were included from the Swiss participating
centres. For healthy controls, we performed 27 MRI scans
(15 foetal and 12 postnatal).

Brain MRI scans

In total, 132 cerebral MRIs were performed in 81 patients
(figure 1). Timing of MRI was during the foetal period for
the congenital heart disease patients (n = 17), after birth be-
fore stage I (n = 26) and after stage I (n = 69) resp. before
stage II (n = 12). In terms of number of MRI scans, 38 pa-
tients had at least two scans, 32 had two scans and 6 had
three scans.

Of the 15 healthy control subjects included, all had a foetal
MRI (100%) and 12 scans were performed at neonatal age
(80%).

Although we had received informed consent, foetal mag-
netic resonance scans in congenital heart disease patients
were acquired only in 73%, after birth before or after stage
I in 59% and before stage II in 50% (figure 1).

Patient recruitment

We approached parents/caregivers of patients with a re-
quest to participate in the study during foetal and postnatal
period. Our single-centre (Zurich) analysis of patient re-
cruitment rates showed that the timing was influenced by
the time of diagnosis and availability of the parents, lead-
ing to an informed consent rate of 71%, which was lower
before birth (50%) compared to after birth (74%).

After informed consent for the foetal scan, we performed
34 MRIs at different timepoints including postnatal as-
sessment; after postnatal informed consent, we performed
90 MRIs. Reasons for not performing MRI included (1)
maternal safety reasons such as preeclampsia, need for
bedrest, feeling of discomfort lying in the magnetic res-
onance scanner leading to secondary refusal; (2) patient

Figure 1: Flowchart of patients recruited for brain magnetic resonance (MR) acquisition.
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safety reasons such as haemodynamic instability, emer-
gency or elective surgery performed earlier, perioperative
foetal demise, MRI-incompatible devices (pacemaker, ex-
tracorporeal membrane oxygenation), prolonged need for
ICU care (ventilation, oxygen and inotropic dependency,
protective isolation); and (3) logistical problems including
availability of MRI time slots, limited personal and struc-
tural resources and late recruitment. Both, logistical prob-
lems and late recruitment were the most frequent reasons
for not performing a study MRI.

Cardiac findings

The congenital heart disease diagnoses confirmed at birth
were single ventricle congenital heart disease undergoing
staged palliative procedures, biventricular congenital heart
disease undergoing definitive repair and borderline left
ventricle undergoing staged palliative procedures or biven-
tricular repair (table 1).

At birth, we included patients with single ventricle congen-
ital heart disease (25.9%), biventricular congenital heart
disease (66.7%) and borderline left ventricular congenital
heart disease (7.4%). Most patients (95.8%, n = 77) had
a cyanotic congenital heart disease. During follow-up after
birth, the patients with borderline left ventricle could be
corrected by biventricular repair (n = 3), were palliated
by staged procedure with stage II (bidirectional cava-pul-
monary anastomosis) (n = 2) or died before stage II (n = 1).

According to the Clancy classification for complex con-
genital heart disease, we analysed patients with two-ven-
tricle congenital heart disease without (Clancy I; n = 37,
45.7%) or with (Clancy II; n = 20, 24.7%) aortic arch ob-
struction, or with single ventricle congenital heart disease
without (Clancy III; n = 10, 12.3%) or with (Clancy IV; n
= 14, 17.3%) aortic arch obstruction.

The most frequent congenital heart disease diagnoses were
simple (n = 13) or complex type of d-transposition of the
great arteries (n = 16), the latter defined as simple d-trans-
position of the great arteries with additional surgical proce-
dures to arterial switch operation, such as closure of ven-
tricular septal defect, aortic arch repair or other procedures
(table 1).

Patients with hypoplastic left heart syndrome (HLHS) (n =
7) included different subtypes of HLHS with aortic atresia
/ mitral atresia (n = 2), aortic atresia / mitral stenosis (n =
1), aortic stenosis / mitral atresia (n = 1) or aortic stenosis /
mitral stenosis (n = 3).

The group of patients with hypoplastic left heart complex
(HLHC) (n = 6) were defined as borderline left ventricle
with small ascending aorta and hypoplastic aortic arch /
aortic coarctation (CoA) and included infants with border-
line left ventricle (n = 3), Shone complex (n = 2) and dys-
balanced atrioventricular septal defect (AVSD) with left
ventricle hypoplasia (n = 1).

Table 1:
Cardiac diagnosis, surgical procedures and outcome of patients with a complex type of congenital heart disease (CHD) and healthy controls at one year of age.

CHD type Cardiac diagnosis Patients (n = ) Procedure at stage I Procedure at stage II Outcome

Hypoplastic left heart syn-
drome

7 Norwood procedure (n = 5);
Giessen procedure (n = 2)

BDCPA (n = 5); Norwood
+ BDCPA (n = 2)

Single ventricle CHD

Non-hypoplastic left heart
syndrome (HLHS) / Hy-
poplastic left heart com-
plex (HLHC) (others)*

14 PAB (n = 5); Norwood (n = 3); PDA
stent (n = 3); Aorto-pulmonary
shunt procedure (n = 1)

BDCPA (n = 11); Late
stage I (n = 1)

Palliative care (n = 2)

Hypoplastic left heart
complex**

3 PAB (n = 3) BDCPA (n = 2) Palliative care (n = 1)Borderline left ventricle

Hypoplastic left heart
complex**

3 PAB (n = 2); Partial repair (n = 1) Biventricular repair (n = 3)

D-TGA simple 13 ASO (n = 13)

D-TGA complex 16 ASO + VSD closure (n = 6); Aortic
arch repair (n = 7); Other (n = 3)

Hypoplastic aortic arch,
coarctation of the aortic
arch or interrupted aortic
arch

3 Aortic arch repair*** (n = 3)

Truncus arteriosus com-
munis

6 Primary repair (n = 3); Primary PAB
(n = 2)

Repair (n = 2) Palliative care (n = 1)

PA VSD 3 Shunt procedure (n = 3) Repair (n = 3)

PA IVS 1 Catheter-based procedure (n = 1)

Biventricular CHD

Others**** 12 Primary repair (n = 7); PAB (n = 3);
Catheter-based procedure (n = 2)

Secondary repair (n = 3) Palliative care (n = 1)

Total 81

ASO: arterial switch operation; BDCPA: bidirectional cavo-pulmonary anastomosis (Glenn procedure); D-TGA: d-transposition of great arteries; PAB: pulmonary artery banding
(central or bilateral); PA IVS: pulmonary atresia with intact ventricular septum; PA VSD: pulmonary atresia with ventricular septal defect; PDA: patent ductus arteriosus; RV-PA:
right ventricular to pulmonary artery; VSD: ventricular septal defect.

* Non-hypoplastic left heart syndrome / Hypoplastic left heart complex (others) included double inlet left ventricle (n = 4), mitral atresia, left ventricular hypoplasia (n = 2), pulmonary
atresia, right ventricular hypoplasia (n = 3), tricuspid atresia, right ventricular hypoplasia (n = 2), heterotaxy syndrome (n = 1), absent pulmonary valve (n = 1) and dysbalanced
atrioventricular septal defect (n = 1).

** Hypoplastic left heart complex included borderline left ventricle (n = 3), dysbalanced atrioventricular septal defect with left ventricular hypoplasia (n = 1) and Shone’s complex
(n = 2).

*** Types of complex aortic arch surgery included additional aortic valve reconstruction (n = 1) and pulmonary artery banding (n = 1).

**** Other biventricular congenital heart disease included total anomalous pulmonary venous connection (TAPVD) (n = 3), aortic atresia (n = 2), Ebstein anomaly (n = 1), critical
aortic/pulmonary valve stenosis (n = 2), large ventricular septal defect (n = 1), coronary anomaly (anomalous left coronary artery from the pulmonary artery [ALCAPA]) (n = 1) and
aorto-pulmonary window (n = 1).
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Additional surgical procedures in complex transposition of
the great arteries included patch closure of ventricular sep-
tal defect (VSD) (n = 6), aortic arch repair (n = 7), patch
VSD closure in double outlet right ventricle (DORV) mal-
position (n = 3), central pulmonary artery banding (PAB)
(n = 1), tricuspid valve reconstruction (n = 2), pulmonary
artery branch plasty (n = 2), aberrant subclavian artery
reimplantation (n = 1) and aorto-pulmonary shunt proce-
dure (n = 1).

Catheter procedures included stenting of patent ductus ar-
teriosus (PDA) (n = 5), balloon dilation of critical aortic
resp. pulmonary valve stenosis (n = 2), and perforation
of membranous pulmonary atresia (n = 1) postponing car-
diopulmonary bypass surgery beyond the neonatal period
(n = 5) or definitive repair (n = 2).

In 57 patients, biventricular repair, and in 24 patients, uni-
ventricular palliation was intended.

Biventricular repair was successfully performed in 52 of
54 biventricular congenital heart disease patients (two pa-
tients deceased) and 3 borderline left ventricle.

Single ventricle palliation until stage II was successfully
performed in 18 of 21 single ventricle congenital heart dis-
ease patients (2 deceased) and 2 borderline left ventricle (1
deceased). One single ventricle patient had a late stage I
procedure, but no stage II procedure until September 2023.
Overall, five patients died within the follow-up period until
1 year of age.

Brain magnetic resonance findings

Foetal MRI was performed at a median age of 32.6 (IQR:
31.3–33.3) weeks of gestation. After birth, before stage I,

MRI was performed within the first week of life at a me-
dian age of 6 days (3–16); after stage I at an age of 26.5
days (18.3–40.8) and before stage II at an age of 116 days
(94.5–118.5).

Structural cerebral MRI findings are shown in table 2. On
the foetal scan, mild structural changes including small
structural cystic formations and asymmetric lateral ventri-
cles were commonly reported. After birth, we found white
matter injury before resp. new white matter injury after
stage I in 3.8 % resp. 8.7%, ischaemic cerebral lesions
11.5% resp. 11.6%, intraventricular haemorrhage in 7.7%
resp. 7.2% and subdural haemorrhage 34.6% resp. 26.1%.
Before stage II, new intraventricular haemorrhage 9.1%
and new subdural haemorrhage 9.1%. Sinus venous throm-
bosis was described in one patient, while other MRI find-
ings, i.e. cerebellar haemorrhage or intraparenchymal
haemorrhage, were not detected in our cohort. Other non-
specific cerebral findings included delayed myelination,
mildly enlarged lateral ventricles, microhaemorrhages and
smaller cerebral volumes.

Automated total brain volume measurements were as fol-
lows: Before birth: median 228.9 ml (IQR: 213.1–241.2)
in biventricular congenital heart disease (n = 6); 194.4 ml
(165.3–223.6) in single-ventricle congenital heart disease
(n = 3); 196.4 ml (186.4–235.2) in normal healthy controls
(n = 15). After birth before stage I: 337.1 ml (310.3–350.2)
in biventricular congenital heart disease (n = 15); 331.6
ml (305.9–350.7) in single-ventricle congenital heart dis-
ease (n = 5); 406.8 ml (389.9–438.7) in normal healthy
controls (n = 12). After stage I: 367.7 ml (341.8–385.5) in
biventricular congenital heart disease (n = 38); 353.6 ml
(338.2–375.7) in single-ventricle congenital heart disease

Table 2:
Structural cerebral MRI findings with a complex type of congenital heart disease (CHD) and healthy controls at 1 year of age. New findings in post stage I and pre stage II scan
were first diagnosed at this timepoint.

Patients Patients with single-ventricle CHD (n =
24)

Patients with biventricular CHD (n = 57) Healthy controls (n = 15)

Foetal scan (n = 32) Foetal scan (n = 6) Foetal scan (n = 11) Foetal scan (n = 15)

Periventricular pseudocyst (n = 1) – –

Arachnoidal cyst (n = 1) – –

Asymmetric lateral ventricles (n = 1) – – (n = 2)

Plexus choroideus cyst (n = 1) – – (n = 1)

Pre stage I scan (n = 38) Pre stage I scan (n = 7) Pre stage I scan (n = 19) Pre stage I scan (n = 12)

White matter injury – (n = 1) –

Ischaemic cerebral lesions (n = 1) (n = 2) –

Intraventricular haemorrhage (n = 2) – –

Subdural haemorrhage (n = 4) (n = 5) (n = 4)

Other* – (n = 5) –

Post stage I scan (n = 69) Post stage I scan (n = 17) Post stage I scan (n = 52)

New white matter injury (n = 2) (n = 5)

New ischaemic cerebral lesion (n = 4) (n = 4)

New intraventricular haemorrhage (n = 1) (n = 4)

New subdural haemorrhage (n = 3) (n = 15)

New sinovenous thrombosis – (n = 1)

Other* (n = 9) (n = 18)

Pre stage II scan (n = 12) Pre stage II scan (n = 12)

New white matter injury –

New ischaemic cerebral lesion –

New intraventricular haemorrhage (n = 1)

New subdural haemorrhage (n = 1)

Other* (n = 2)

* Other included MRI findings of delayed myelination, mildly (a)symmetric enlarged lateral ventricles, diffuse smaller cerebral parenchyma, small cavernoma, enlarged internal
and external cerebral spinal fluid spaces, microhaemorrhages.
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(n = 15). Before stage II: 514.1 ml (482.9–554.6) in pa-
tients with single-ventricle congenital heart disease (n = 9).
All values are expressed as median (IQR).

Neurodevelopmental outcome findings

Data on the neurodevelopmental outcome were available
after stage I with the Hammersmith test in 30 (48% of 62
patients in Zurich) patients after stage I and 12 (63% of 19
patients undergoing univentricular palliation in Zurich) be-
fore stage II.

Preliminary data of Bayley Composite Scores at one year
of age were available in 43 congenital heart disease pa-
tients (57% of 76 patients surviving until one year of age)
and 9 healthy controls (60% of the 15 controls) by the end
of September 2023. For preliminary results of the Bayley
test, please see table 3.

Discussion

The long-term neurodevelopmental outcome of children
with complex types of congenital heart disease (CHD) re-
mains a major challenge and there is still room for im-
provement [5]. The aetiology of impaired neurodevelop-
mental outcome is multifactorial including foetal and post-
natal factors [27]. Foetal factors are associated with an
altered brain development due to an altered brain perfusion
depending on the type of congenital heart disease [28]. To
assess this, different foetal cardiac and brain imaging tech-
niques, including foetal cerebral ultrasonography, foetal
echocardiography and foetal cardiac and brain MRI, are
being used in routine clinical practice and as multimodal
imaging for research purposes [29]. Here, we reported our
first interim results of patients recruited in three centres in
Switzerland and two centres in Germany.

Study feasibility and limitations

In Switzerland, the neurodevelopmental outcome is sys-
tematically assessed in various clinical follow-up pro-
grammes, such as the Swiss Outcome Registry for Chil-
dren with Severe Congenital Heart Disease (ORCHID)
[19]. Nevertheless, systematic assessment of neuroimaging
data is so far not part of this registry. Recent studies show
that foetal brain imaging determining reduced foetal cere-
bral perfusion and oxygenation has become predictive for
morbidity and mortality after birth [6]; in addition, smaller
foetal brain volumes are associated with impaired neurode-
velopmental outcome at two years of age [30]. Therefore,
systematically assessing brain development would be valu-
able in improving neurodevelopmental outcomes by guid-

ing efforts to optimise care for infants at the highest risk of
impairment.

Based on our experience, certain limitations must be con-
sidered when implementing cerebral MRI in clinical prac-
tice. Before birth, we encountered maternal safety issues,
such as the need for bedrest and the discomfort felt while
lying in the scanner, besides medical contraindications
such as preeclampsia. After birth, the haemodynamic insta-
bility of the severely ill infants associated with prolonged
ICU care due to dependency for ventilation, oxygen and in-
otropes may make it impossible to scan them due to patient
safety reasons. However we found that logistics-based rea-
sons, e.g. limited staff (for accompaniment and sedation
of infants during magnetic resonance) and structural re-
sources (magnetic resonance time slots, limitations due to
pandemic restrictions), were the most frequent reasons for
MRI scans not being done. These factors limited the num-
ber of brain MR examinations.

While the informed consent rate was generally over 70%,
we still observed lower recruitment rates before birth,
which may be attributed to multiple factors. These include
the timing of patients’ recruitment before birth during dis-
ease coping or secondary refusal during the last trimester
as well as after birth during turbulent perioperative course
on the ICU. Haemodynamic instability of the patients be-
fore or after neonatal cardiac surgery limited the transfer to
the magnetic resonance centre and the magnetic resonance
scan. Possible solutions to mitigate this limitation would
include dedicated neonatal MRI scanning facilities near the
NICU, as well as the use of ultra-low-field or other novel
portable MR technologies that allow imaging even in cases
of haemodynamic instability [31].

Regarding patient attendance rates for neurodevelopmental
outcome assessments, our data showed similar rates across
different timepoints. Early neurodevelopmental outcomes
at 2 to 6 months, assessed using the Hammersmith test
after stage I and before stage II, were available for up
to 60% of patients. Likewise, 1-year neurodevelopmental
outcomes, evaluated using the Bayley Composite Scores,
were available for up to 57% of patients, comparable to
the 60% attendance rate observed in healthy controls as of
September 2023.

In Switzerland, the neurodevelopmental outcome should
be systematically examined for most children being operat-
ed on for severe types of congenital heart disease, starting
with a one-year follow-up. For this, the Swiss ORCHID, a
nationwide patient registry, systematically collects medical
and surgical data on neurodevelopmental outcome since
2019 [19]. So far, neuroimaging data including brain MR
imaging are not part of this registry. Nevertheless, we
could include a large population of high-risk patients for
altered brain development within this study period.

Table 3:
Neurodevelopmental outcome in patients with a complex type of congenital heart disease (CHD) and healthy controls at one year of age. Values are expressed as mean ± SD.

CHD type Patients with single-ventricle CHD (n =
14)

Patients with biventricular CHD (n = 29) Healthy controls (n = 9)

Age at test in months 12.3 ± 1.6 12.5 ± 1.8 12.1 ± 0.6

CCS 92.9 ± 13.1 101.2 ± 11.1 113.3 ± 5.6

LCS 88.5 ± 12.0 95.7 ± 13.1 102.3 ± 7.9

Bayley III

MCS 85.6 ± 14.5 87.6 ± 18.0 100.7 ± 8.2

CCS: cognitive composite score; LCS: language composite score; MCS: motor composite score.
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Several other research initiatives and consortia are working
to establish prospective neuroimaging programmes for pa-
tients with complex congenital heart disease. The Cardiac
Neurodevelopmental Outcome Collaborative (CNOC) was
founded as an association of more than fifty institutions
with clinicians, researchers, patients and families from
North America working together to improve neurodevel-
opmental outcome, mental health and quality of life of
patients with congenital heart disease (https://cardiacneu-
ro.org). The European Association Brain in Congenital
Heart Disease (EU-ABC) was formed as a research con-
sortium of five large centres in Europe with a research fo-
cus on brain imaging and neurodevelopmental outcome in
children operated on for complex congenital heart disease
[20, 21, 32, 33].

Brain MRI findings

Foetal brain MRI scans revealed mild structural changes
including isolated structural cystic malformations and mild
asymmetric ventriculomegaly, with very low clinical rele-
vance, even occurring in healthy controls. Studies showed
that symmetric ventriculomegaly rather than asymmetric
ventriculomegaly and a higher degree of ventriculomegaly
was a prognostic predictor for CNS abnormalities [34].
Isolated intracranial cystic malformations not associated
with other foetal anomalies were reported to be rather be-
nign in nature, and do not impair physiological neurode-
velopment [35].

After birth, we found white matter injuries, ischaemic cere-
bral lesions and intraventricular bleedings more frequently
after than before stage I surgery. Overall, subdural haem-
orrhages were the most frequent findings in up to 26.1% of
the MRI scans before and after surgery. White matter in-
jury and ischaemic cerebral lesions are well described as
the predominant lesions visualised before and after neona-
tal cardiopulmonary bypass for congenital heart disease
[36]. In a recent systematic review, the overall prevalence
of brain injury before resp. after surgery ranged between
23% to 61% resp. 20% to 79%, with white matter injury
as the predominant finding [37]. The lower rates of new
postoperative brain lesions found in our study correspond
to the described lower frequency of cerebral lesions de-
scribed by other groups [21] and a trend towards lower
prevalence of postoperative white matter injuries over the
last two decades due to the optimisation of intraoperative
neuroprotection and perioperative intensive care manage-
ment [38].

Our preliminary total brain volume measurements are con-
sistent with foetal MRI studies that have reported reduced
total brain volume beginning at the 25th week of gestation
in cases of biventricular congenital heart disease [39], with
a continuous and progressive decline in brain growth
throughout the third trimester and after birth in both single-
ventricle and biventricular congenital heart disease [16,
39]. Of note, the total brain volumes of the healthy controls
were obviously smaller despite a comparable timepoint
during foetal MR scan, balanced sex distribution, compa-
rable birthweight and no obvious outliers.

Neurodevelopmental outcome

The rate of attendance at the clinical neurodevelopmental
follow-up at one year of age in our cohort was more than
50%. As a comparison, in larger clinical follow-up pro-
grammes such as the Cardiac Neurodevelopmental Out-
come Collaborative analysing data from 16 participating
centres in the first two years of life, the attendance rate was
29.0%, which may in part be explained by the hospital-
initiated scheduling for the neurodevelopmental follow-up
appointment as part of a research study [40]. Our prelim-
inary neurodevelopmental outcome results of the analysed
Bayley III scales (table 3) are determined at 12 months of
age, and were associated with lower values for patients un-
dergoing single ventricle palliation compared to patients
undergoing biventricular repair and healthy controls, as de-
scribed [41]. Nevertheless, our analysis is the first inter-
im analysis and later timepoints may be more accurate
with larger impact on differentiating neurodevelopmental
outcome of the different congenital heart disease types.
Recent studies have shown that in patients with d-trans-
position of the great arteries (D-TGA), an early cardiac di-
agnosis – ideally at the foetal stage – positively impacts
neonatal brain volume and is associated with better neu-
rodevelopmental outcomes at 18 months of age [42]. Fur-
ther analyses are needed to determine whether brain MRI
can serve as a reliable predictor of neurodevelopmental
outcomes [17].

Currently, various cerebral MRI findings are utilised in
secondary analyses of the data acquired, including struc-
tural brain injuries (such as white matter injury, cerebral
ischaemic lesions and haemorrhages), volumetric changes
(total or regional brain volumes) and advanced MR tech-
niques that assess microstructural and functional alter-
ations, such as connectomics, structural covariance net-
works, diffusion tensor imaging and spectroscopy [43].
Despite these efforts, a definitive prognostic MRI parame-
ter serving as a reliable biomarker for neurodevelopmental
outcomes is still lacking [17, 37]. Therefore, establishing a
serial neuroimaging programme, potentially utilising MRI
sequences beyond morphological imaging, may serve as a
key foundation for future research and clinical advance-
ments.

Limitations

By establishing a serial neuroimaging programme, the lead
centre was able to collect data on the majority of patients.
However, we have also initiated a multicentre network, in-
cluding three centres in Switzerland and two in Germany,
to gain broader insights into the perioperative course of
brain development. Despite this progress, we report only
interim findings due to the limited number of patients and
the pending completion of neurodevelopmental outcome
data at 1 year of age.

Further study limitations include a patient selection bias
due to the exclusion of haemodynamically unstable pa-
tients, who probably may have a more complicated clinical
course with impact on brain maturation and neurodevelop-
mental outcome.

Additional outcome data at 2 and 5 years will provide a
more comprehensive understanding of both clinical and
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neurodevelopmental trajectories. Further analyses will fol-
low as more data become available.

Future perspectives

By examining trajectories of foetal-to-postnatal brain de-
velopment and patient-individual development in longitu-
dinal studies it should be feasible to combine serial neu-
roimaging programmes with continuous systematic neu-
rodevelopmental outcome follow-up examinations in chil-
dren with complex congenital heart disease until adult-
hood. This may lead to a better understanding of the patho-
mechanism of the impaired neurodevelopmental outcome,
which has recently been shown for the high-risk group of
preterms until adolescence [44, 45]. Therefore, real life-
long longitudinal multicentre studies with long-term neu-
roimaging and clinical neuromonitoring are necessary at
different timepoints, during infancy, toddlerhood, early
childhood, school age, adolescence until adulthood to en-
hance neurodevelopmental and mental health outcome.
Nevertheless, a combination of neuroimaging and neu-
romonitoring may better predict neurological impairment.
This includes either near-infrared spectroscopy (NIRS) or
electroencephalography, or combined neuromonitoring
systems [46]. The further impact of biochemical neuro-
markers predicting neurodevelopmental outcome remains
unclear [47]. Furthermore, serial brain MRI is necessary
for evaluating the effectiveness of foetal or postnatal neu-
roprotective interventions which are scheduled including
pharmacological (progesterone, allopurinol, erythropoi-
etin) or psychosocial studies (parental stress reduction pro-
grammes).
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Appendix 

Table S1. Overview of MRI sequences used at various time points within the participating centres. 

 Foetal Postnatal (before and after 

stage I, before stage II) 

Brain 

 T2 single shot sequence, 3 planes (double 

acquisition) 

T2 Fast spin-echo sequence, 3 

planes 

 T1 sequence, 1 plane T1 sequence, 1 plane 

 DTI SWI/T2*  

  DWI 

Further sequences 

Head DTI IVIM, 1 plane (Zurich) T2 FLAIR (Munich) 

 DWI (Bern, Lausanne) T1 MPRAGE (Bern, Lausanne, 

Giessen) 

  DTI 35 directions (Zurich, Bern, 

Lausanne) 

  3D ASL (Zurich, Bern, Lausanne) 

  Spectroscopy: Basal ganglia and 

White matter (Zurich, Giessen) 

  TOF (Munich, Giessen) 

  Flash liquor flow (Giessen) 

Body T2 single shot sequence, 3 planes  

 T1, 1 plane  

 T2 2D dynamic sequence, 1 plane  

 DTI IVIM Placenta, 1 plane  
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