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A B S T R A C T

Background and aim: To investigate whether neonates with prenatally detected congenital heart defects (CHD)
demonstrate cerebral abnormalities on early preoperative cranial ultrasound (CUS), compared to healthy neo-
nates, and to measure brain structures to assess brain growth and development in both groups.
Study design, subjects and outcome measures: Prospective cohort study with controls. Between September 2013
and May 2016 consecutive cases of prenatally detected severe isolated CHD were included. Neonatal CUS was
performed shortly after birth, before surgery and in a healthy control group. Blinded images were reviewed for
brain abnormalities and various measurements of intracranial structures were compared.
Results: CUS was performed in 59 healthy controls and 50 CHD cases. Physiological CUS variants were present in
54% of controls and in 52% of CHD cases. Abnormalities requiring additional monitoring (both significant and
minor) were identified in four controls (7%) and five CHD neonates (10%). Significant abnormalities were only
identified in four CHD neonates (8%) and never in controls. A separate analysis of an additional 8 CHD neonates
after endovascular intervention demonstrated arterial stroke in two cases that underwent balloon atrio-
septostomy (BAS). Cerebral measurements were smaller in CHD neonates, except for the cerebrospinal fluid
measurements, which were similar to the controls.
Conclusions: The prevalence of significant preoperative CUS abnormalities in CHD cases was lower than pre-
viously reported, which may be partially caused by a guarding effect of a prenatal diagnosis. Arterial stroke
occurred only in cases after BAS. As expected, neonates with CHD display slightly smaller head size and cerebral
growth.

1. Introduction

Congenital heart defects (CHD) occur in 7–8 per 1000 newborns and
are responsible for significant morbidity and mortality [1]. Survival has
increased over the last decades, but these infants remain at increased
risk for neurodevelopmental delay (NDD) [2–6]. Until recently, this was
assumed to result from perioperative cerebral injury, caused by hypoxia
or thrombo-embolic events [7,8]. Cerebral imaging abnormalities are,
however, also reported before surgery in 36% of CHD neonates, and
include ischemic lesions, hemorrhage and delayed maturation [9–20].
It has been suggested that children with CHD display abnormal prenatal
development of the brain, leading to an increased vulnerability for
cerebral injury [21]. A widely available and cheap method to detect

cerebral injury is to perform bed-side cranial ultrasound (CUS). Seven
CUS studies are available reporting cerebral abnormalities in CHD
neonates. Several of these are, however, hampered by selection bias,
caused by the inclusion of selected types of CHD and some included
syndromal cases [17–19], and most studies assessed cases in which CHD
was diagnosed after birth [14,16,17,20]. In severe CHD without a
prenatal diagnosis, neonates may experience a period of hemodynamic
collapse and hypoxia, which could cause damage to the brain. This
could influence previous reported CUS findings. Comparison with a
control group was only reported in one of the seven preoperative CUS
studies [15] and CUS was frequently performed weeks or months after
birth [16–18]. Therefore the results of these studies cannot be applied
to fetuses with a prenatally detected CHD.
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We performed a prospective CUS study in neonates with prenatally
detected, isolated CHD and compared the findings to a group of healthy
controls. The primary aim was to investigate whether neonates with
prenatally detected CHD demonstrate cerebral abnormalities on early
preoperative CUS. The secondary aim was to measure several brain
structures to assess brain growth and development in both groups. Our
hypothesis was that neonates with CHD more frequently display CUS
abnormalities and present with smaller brain structures and wider
cerebrospinal fluid (CSF) compartments.

2. Material and methods

We performed a prospective cohort study with controls. The in-
stitutional ethical committee approved the study protocol. Consecutive
cases of neonates with prenatally detected and postnatally confirmed
CHD, born between September 2013 and May 2016 in the Leiden
University Medical Centre (LUMC) were included, after informed con-
sent from both parents. Severe CHD was defined as the need of a
therapeutic catheter intervention or cardiac surgery in the first year of
life. An unmatched healthy control group of pregnant women with a
normal second trimester anomaly scan was recruited after informed
consent in midwifery practices between August 2014 and May 2016.
Exclusion criteria were additional structural or genetic anomalies and
birth before 35 weeks gestational age (GA). To be ascertained of a
healthy control group, we included only neonates that were appro-
priately sized for GA (birth weight above the 2.3rd percentile), that did
not suffer from pregnancy complications influencing placental function
(pre-eclampsia, hypertension) or perinatal complications (such as as-
phyxia or neonatal infection). Besides the postnatal CUS, both groups
had monthly prenatal neurosonography (up to 36 weeks of GA) which
revealed no suspected abnormalities. Additional maternal and perinatal
data were collected, including mode of delivery, GA at birth, head
circumference (HC) and birth weight (BW, both expressed in z-scores),
type of CHD and type of surgery or endovascular intervention. Follow-
up data regarding neurodevelopment were distilled from clinical charts.

Postnatal CUS was performed shortly after birth, preferably in the
first postnatal week, but not on the first day of life, to allow the ven-
tricles to open [22]. In the CHD group, the CUS was performed as part
of the standard neonatal assessment in the intensive care unit. All scans
were assessed for various ultrasound findings as listed below. All noted
ultrasound findings were categorized in three categories: as a sig-
nificant abnormality, a minor abnormality, or as a physiological variant
(described in Box 1). CUS was always performed before surgery. Be-
cause the aim was to study the intrauterine effects on the brain in CHD,
cases in which CUS was performed after early endovascular interven-
tions, such as balloon atrioseptostomy (BAS), were excluded from the
primary analysis, but analysed separately.

2.1. CUS assessment and findings

All scans were assessed for the presence of: periventricular echo-
genicity (PVE) of the white matter; cystic periventricular leucomalacia
(cPVL) [23]; peri- and intraventricular hemorrhage (P/IVH; Fig. 2)
[24,39]; non-physiologic echogenicity in the deep grey matter;

suspected stroke; changes in echogenicity in the cerebellum and supra-
and infratentorial congenital malformations. Lenticulostriate vasculo-
pathy (LSV; Fig. 3) and subependymal or choroid plexus cysts (CPC)
were also noted. For the classification of PVE we used grade 1 (mod-
erately increased echogenicity, (almost) as bright as the choroid plexus)
and grade 2 ((smaller areas of) increased echogenicity, being obviously
brighter than the choroid plexus) [38]. CUS was performed with an
Aloka α 10 ultrasound system (Hitachi Medical Systems Holding AG,
Switzerland) or a Toshiba Aplio 400 system (Toshiba Medical Systems
B.V., the Netherlands). Scanning was performed routinely by the at-
tending neonatologist or one of the investigators (FJ/SS), according to a
standardised protocol through the anterior and mastoid fontanelles
[38]. Images were digitally stored (Clinical Assistant, RVC B.V., the
Netherlands) and reviewed at least 2 months after the initial recording
by two separate investigators (FJ/SS), blinded to the patients' names
and the presence or absence of CHD. Discrepancies were solved by
consensus.

Cerebral measurements were performed offline (see Supplement 1)
and included the lateral ventricles, interhemispheric fissure, sinocor-
tical and cavum septum pellucidum width, corpus callosum length,
corpus callosum to fastigium distance, transcerebellar diameter and
basal ganglia dimensions. An estimated intracranial volume was cal-
culated according to the method of Graca [25].The volume of the basal
ganglia area was calculated according to the same method (see Sup-
plement 1).

2.2. Data management and statistical analysis

Categorical variables were summarized with frequency counts and
percentages and compared using a Chi-square or Fischer's exact test.
Continuous variables were summarized with means/SD and compared
using t-test or one-way ANOVA. To check for normality, we plotted
outcome measures in a histogram. If data were not distributed normally
we performed a Mann-Whitney-U non-parametrical test. In case of a
linear correlation of a measurement with age, regression coefficients
were compared in a generalized linear model. In these models we in-
cluded the postmenstrual age (PMA) at CUS and the presence of CHD as
covariates, as well as the interaction between age and CHD. Using a
generalized linear model, the mean + SD at the PMA of 40 weeks was
calculated. The inter- and intra-observer variations of the measure-
ments were estimated with the interclass correlation coefficient.
Analyses were performed with SPSS (version 23.0, SPSS Inc., Chicago,
IL, USA). A p-value<0.05 was considered significant.

3. Results

Isolated severe fetal CHD was suspected in 100 healthy women in
the mentioned time period. The exclusion process is shown in Fig. 1,
resulting in 58 infants with prenatally detected CHD and an early
postnatal pre-operative CUS in whom data were available for analysis.
In 36 of 58 CHD cases (62%) prenatal (n = 29) or postnatal (n = 7)
genetic testing (usually microarray) confirmed the absence of a genetic
syndrome. There were no neonates with CHD excluded due to low birth
weight. The types of CHD are listed in Table 1. The CHD group included

Box 1
Categorisation of ultrasound findings.

Significant abnormalities were defined as: any grade of P/IVH (Fig. 2), persistent grade 2 PVE, cPVL, intraparenchymal lesions suspect for
stroke and structural brain abnormalities.

Minor abnormalities were defined as: any variant or combination of variants with need for further assessment or CUS follow up, not
included in the significant abnormalities group, such as a combination of large/multiple pseudocysts suspect for (congenital) infection or
transient lesions (cysts, focal echodensities) with spontaneous regression.

Physiological variants were defined as: LSV (Fig. 3), subependymal and choroid plexus cysts, grade 1 PVE in the first postnatal week and
CSF space variations (asymmetric or plump; size within normal limits).
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4 neonates who were part of a twin pregnancy: all were term born di-
chorionic twins with otherwise uneventful pregnancies. Eight CHD
cases underwent (emergency) endovascular intervention before CUS
was performed. These cases were analysed separately, resulting in 50
CHD cases to be compared with controls. In the control group of 65
healthy singleton pregnancies, 6 neonates were excluded due to ma-
ternal morbidity (hypertension/HELLP syndrome, n = 2) or neonatal
factors (small for GA n = 1, GA at birth< 35wks n = 2, pneumonia
n = 1), resulting in 59 healthy controls. The characteristics of cases and
controls are displayed in Table 1. CHD cases were younger at birth and
at CUS, and had a significantly lower HC z-score.

Frequencies of CUS findings are listed in Table 2. No differences
were found between the two groups regarding physiological variants.
Abnormal CUS findings were present in 5 neonates with CHD (10%) (all
singletons) and in 4 of controls (7%) (p = 0.1; RR 1.5; 95% CI
0.4–5.2)). Of these, in 1 neonate with CHD (2%) and in 4 controls (7%)
the CUS finding was considered a minor abnormality. Significant ab-
normalities were considered in 4 CHD cases (8%), but not in controls
(p = 0.04; RR 10.6 (95% CI 0.6–192)). Table 3 describes the patient
and ultrasound characteristics of neonates with abnormal CUS findings.
Two CHD cases (aortic arch hypoplasia, double outlet right ventricle
(DORV)-Fallot type) displayed persistent grade 2 PVE and 2 left-sided
CHD cases displayed grade 1 IVH. In Table 4, CUS findings of the 50
neonates before intervention, are compared to 8 CHD neonates who
underwent CUS after an endovascular intervention, showing a higher
prevalence of CUS abnormalities after endovascular intervention (10%
vs 37%, p = 0.07; RR 3.7 (95% CI 1.1–12.7)). Arterial stroke, con-
firmed by MRI, only occurred in the post-intervention group (p = 0.02;
RR 28 (95% CI 1.5–543)). The two cases with stroke had a transposition
of the great arteries (TGA) and underwent emergency BAS on their first
postnatal day.

For the analysis of measurements of the intracranial and basal
ganglia area volumes we used 54 singleton CHD cases and 59 controls,
see Table 5. Most cerebral structures were smaller in neonates with
CHD, when corrected for age at CUS. However, the TCD and CSF
measurements did not differ significantly. To assess the influence of
postnatal age at CUS and re-opening of the ventricles [22],

measurements of the CSF compartments were also corrected for post-
natal day at CUS. These analyses (data not shown) did not differ from
the results shown in Table 5, and the measurements did not show a
change with advancing (postnatal or postmenstrual) age.

4. Discussion

Previous studies have implicated CHD neonates to have smaller
head sizes and to be more vulnerable for sustaining cerebral damage.
This study is the first to prospectively assess early neonatal, pre-
operative CUS findings in a cohort of neonates with prenatally detected
CHD, and to compare the findings with CUS in healthy term born
neonates. Significant CUS abnormalities, including IVH and grade 2
PVE, occurred in 8% of CHD neonates and not in controls. Although the
confidence interval is wide, the difference is statistically significant.
The prevalence of CUS abnormalities in our study is however much
lower than the previously reported rates of 15–59% [14–18]. This can
be explained by our strict definition of pathological findings, excluding
physiological and minor variants. Another reason is that we only in-
cluded prenatally detected, isolated CHD, (near) term born, without
additional (genetic) pathology, as well as the separate analysis of cases
with CUS after endovascular interventions. This avoids the inclusion of
cases with externa inflicted neurological injury, for example due to
hypoxia after birth in undetected cases. We therefore state that prenatal
detection of CHD may at least partially prevent cerebral damage in the
early postnatal, pre-operative period, and therefore may positively in-
fluence the (neurodevelopmental) outcome [26]. Strengthening this
statement is the fact that our cohort had a favorable global long term
outcome as distilled from clinical charts.

The timing of the identified significant CUS abnormalities remains
difficult to determine. In all cases extensive prenatal CUS up to
36 weeks of gestation revealed no abnormalities, but abnormalities
were already visible within 1–4 days after birth. The neonates with
grade 2 PVE had CHD with different hemodynamic effects (aortic hy-
poplasia, DORV), and the sample size is too small to assess a possible
effect of the specific type of CHD. The two cases with grade 1 IVH both
had a left sided CHD. Both cases were stable during transition and the

Fig. 1. Flow diagram of inclusion process of CHD neonates.
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early postnatal period. A higher prevalence of low grade IVH in new-
borns with various types of CHD has recently been described, and may
be explained by a combination of cerebral immaturity and hypoxia
and/or impaired perfusion [27]. Arterial stroke was diagnosed in two
neonates that underwent BAS; this association has been reported pre-
viously [28,29].

Physiological variants and minor CUS abnormalities occurred as
frequently in CHD neonates as in healthy controls. Examples of phy-
siological variants are CPC, LSV and homogeneous grade 1 PVE within
the first postnatal week. Previous studies found similar or lower fre-
quencies of physiological variants in high-risk neonates, admitted to the
neonatal ward for various reasons: Shin et al. found 22% LSV (vs 27% in
our healthy cohort) and Norton et al. found 12% CPC (vs 20% in our
healthy cohort) [30,31]. Our slightly higher prevalence of physiological
CUS variants may be due to the fact that we specifically searched for
these findings, and used new CUS equipment with high resolution. In
contrast to previous studies we did not consider these variants as sig-
nificant or clinically relevant.

With respect to the cerebral measurements, we found a slightly
smaller head circumference, a smaller intracranial volume and a
smaller size of several brain structures in CHD neonates, when cor-
rected for age, as found in previous studies [10,11,32,33]. In contrast to
previous reports we did not find wider CSF spaces in CHD neonates.
This may be explained by the fact that we scanned the CHD cases closer

Table 1
basic characteristics of study population.

Controls n = 59 CHD n = 58 p-Value

Neonatal characteristics
Male gender, n (%) 25 (42%) 34 (58%) 0.06
GA weeks at birth, mean ± SD 39.7 ± 1.3 39.0 ± 1.4 0.02
Range GA at birth,

weeks+days
35 + 6 to 42 + 0 35 + 3 to 41 + 5

PMA weeks at CUS,
mean ± SD

40.3 ± 1.3 39.3 ± 1.4 0.00

Range PMA at CUS,
weeks+days

36 + 1 to 43 + 2 35 + 4 to 43 + 2

Postnatal age at CUS⁎, mean
days± SD

3.5 ± 2.5 2.1 ± 2.0 0.00

Range postnatal age, days 1–11 0–13
CUS after endovascular

intervention‡, n (%)
n/a 8 (14%)

HC cm, mean ± SD 35.2 ± 1.1 34.1 ± 1.5 0.00
HC z-score, mean ± SD 0.18 ± 0.84 −0.33 ± 0.96 0.02
BW grams, mean ± SD 3479 ± 415 3166 ± 524 0.00
BW z-score, mean ± SD −0.03 ± 0.87 −0.33 ± 1.06 0.1

Maternal characteristics
Age years, mean ± SD 31.8 ± 4.6 30.9 ± 4.6 0.3
Smoking, n (%) 2 (4%) 5 (9%) 0.1
Induced labour, n (%) 19 (32%) 32 (55%) 0.01
Vaginal unassisted delivery, n

(%)
47 (80%) 39 (67%) 0.07

First line/home delivery
(midwife), n (%)

19 (32%) n/a

Type of CHD N Intervention

Left sided: AS/Ao hypoplasia/small left heart/CoAo/
PLVCS with small LV

18 (31%) 1

Left sided: hypoplastic left heart syndrome 4 (7%) –
Tetralogy of Fallot or DORV-Fallot type 6 (10%) –
TGA 17 (29%) 6
Right sided: Ebstein's anomaly/PS/PA-IVS/tricuspid

atresia
5 (9%) –

Other: common arterial trunk, ccTGA, AVSD, DORV 8 (14%) 1

Abbreviations: GA gestational age; PMA postmenstrual age; HC head cir-
cumference; BW birth weight; CHD congenital heart defects; CUS cranial ul-
trasound; CS caesarian section; AS aortic stenosis; Ao aorta; CoAo Coarctation;
DORV double outlet right ventricle; LV left ventricle; PS pulmonary stenosis;
PA-IVS pulmonary atresia with intact ventricular septum; PLVCS persistent left
vena cava superior; ccTGA congenitally corrected TGA; AVSD atrioventricular
septal defect.

⁎ Mann Whitney nonparametric test.

Fig. 2. Intraventricular hemorrhage in case 57.
The arrow marks the place of the grade 1 IVH in CHD case 57.

Fig. 3. Example of lenticulostriate vasculopathy.
The arrows mark the places of LSV in one of the control cases.

Table 2
Frequencies (numbers and percentages) of CUS findings in cases and controls.

Controls n = 59 CHD n = 50 p-Value

Abnormal CUS finding 4 (7%) 5 (10%) 0.4
- Significant CUS abnormality – 4 (8%) 0.04
- Minor CUS finding 4 (7%) 1 (2%) 0.1
No variationsa 23 (39%) 19 (38%) 0.5
Physiological variants totalb 32 (54%) 26 (52%) 0.5
- Grade 1 PVE 12 (20%) 12 (24%) 0.4
- Lenticulostriate vasculopathy 16 (27%) 14 (28%) 0.5
- Choroid plexus cyst(s) 12 (20%) 10 (20%) 0.6
- Subependymal cyst(s) 8 (14%) 8 (16%) 0.5
- Any cyst(s) 16 (27%) 18 (36%) 0.3
- 2 or more variations present 13 (22%) 11 (22%) 0.6
Wide/plump ventriclesc 1 (2%) 4 (7%) 0.1
Asymmetric ventriclesc – 3 (6%) 0.1
Wide extra-axial spacesc 3 (5%) 5 (10%) 0.3

a Normal CUS.
b Including cases with variants coinciding with CUS abnormalities;
c Subjective finding as interpreted by the reviewer; categorized as normal

CUS variant CUS cranial ultrasound; CHD congenital heart defects; PVE peri-
ventricular echogenicicity.
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to birth and included prenatally detected CHD only. A longer interval
between birth and surgery and lower oxygenation levels after birth are
associated with cerebral lesions just before surgery [29,34]; the same
(hemodynamic) factors might also affect the development of cerebral
atrophy and widened CSF spaces.

Previous authors have suggested that hemodynamic factors in fetal
life already cause susceptibility for cerebral damage in CHD [21]. Our
findings neither confirm nor deny this. Left sided CHD are over-
represented in our group with abnormal CUS findings (cases 11, 57 and
93), indicating a possible effect of prenatal aortic flow. However, in our
cohort, grade 2 PVE also occurred in DORV with uncompromised fetal
and neonatal aortic flow. Previous studies could not identify a possible
effect of prenatal cerebral oxygenation or aortic flow on fetal head
circumference growth [35,36]. We therefore are not convinced that
prenatal hemodynamics are a major cause for fetal or early neonatal
cerebral damage. Other factors, such as (epi)genetic changes, might also
be involved in the susceptibility for cerebral damage and/or NDD.

Strengths of our study are the prospective inclusion of unselected,
consecutive, isolated, prenatally detected CHD cases, and the compar-
ison with healthy controls, recruited in non-clinical midwifery prac-
tices. The most important CUS abnormalities were confirmed by MRI.
Furthermore, we used regression models to correct for age.

An important limitation of our study is the small sample size. Due to
logistic reasons we were only able to include 50 of 69 eligible CHD
cases. Inherent to critical CHD, some cases were too ill to prioritise a
CUS before other, life-saving, procedures or transfer. This may have

introduced some selection bias in the results. Secondly, we were not
always able to perform (structured and ND) follow-up. The evolution of
several CUS findings, including PVE grade 1 in the first postnatal week,
is unknown in most cases. Since PVE grade 1 occurred similarly in CHD
cases and in healthy controls, we felt it confirmed that this should not
be seen as abnormality, but more likely as a physiological variant. Also,
in cases with (possible) significant abnormalities, we did perform CUS
follow-up to see whether these abnormalities persisted. Thirdly, our
study design resulted in a slightly younger postnatal age of the CHD
group, which could result in an overestimation of cerebral abnormal-
ities. As described before, we corrected cerebral measurements for ge-
stational age at CUS to correct for the age difference. Finally, CUS may
not be the optimal tool to detect all types of cerebral injury, such as
maturational delay or diffuse mild white matter injury [13,16,18].
However, CUS is a cheap, non-invasive and bedside method to detect
clinically relevant abnormalities and perform growth measurements
[37]. The use of CUS instead of MRI in our study made it possible to
perform very early postnatal imaging in healthy controls and in CHD
neonates who were often too unstable to leave the neonatal intensive
care unit.

In conclusion, neonates with prenatally detected CHD display CUS
abnormalities more frequently, and have smaller cerebral volume,
compared to healthy neonates. The prevalence of significant cerebral
abnormalities in our cohort is much lower than previously reported in
mixed pre- and postnatally detected CHD groups. Therefore, abnormal
neurodevelopment may only partly be explained by pre- and perinatal
cerebral injury in CHD. Acute severe hypoxia and/or chronic mild hy-
poxia in the period between birth and surgery may be important factors
as well, and prenatal diagnosis of CHD may have a guarding effect.
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