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ABSTRACT
Objective: Neonates with congenital heart disease (CHD) and perinatal stroke have high mortality and survivors
are at risk for poor long-term neurodevelopmental outcome. The aim of this study was to assess the risk factors
and outcome of neonates with both CHD and MRI-conﬁrmed perinatal stroke (Study Group) and compare those
to the risk factors and outcome of infants matched for CHD without stroke (Control-1) and of infants matched
for MRI-conﬁrmed stroke without CHD (Control-2). Methods: We conducted a population-based case-control
study enrolling 28 term neonates with CHD and MRI-conﬁrmed acute perinatal stroke born between
2007–2017 in the Central-Hungarian Region. Each of the control groups included 56 infants. The Bayley Scales
of Infant Development-II, the Brunet-Lézine test and the Binet Intelligence scales-V were used for neurodevelopmental follow-up at a median age of 61 months. Results: Mortality was highest in the Study Group (25% compared to 5% and 2%, respectively, p = 0.001). Adverse neurodevelopmental outcome was prevalent in the Study
(53%) and Control-2 Groups (52%, p = 0.03). Signiﬁcantly different parameters among the three groups included
Apgar scores, mode of delivery, gestational age at birth, cardiac interventions and twin pregnancy. In a multivariable regression analysis adjusted for clinically relevant parameters, patients in the Study Group had signiﬁcantly
higher odds for mortality compared to patients in the Control-1 Group (OR: 6.5 95% CI: 1.1–39.4). Conclusions:
Neonates with perinatal stroke and CHD are at a higher risk for dying compared to neonates with CHD without
stroke. In addition, the stroke-associated direct insult to the brain likely plays an important role in the development of neurodevelopmental morbidity in these patients.
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Nomenclature
CHD
Congenital heart disease
OR
Odds ratio
NA
Not applicable
MCA
Middle cerebral artery
TGA
Transposition of the great arteries
ASD
Atrial septum defect
VSD
Ventricular septum defect
SD
Standard deviation
CI
Conﬁdence interval

1 Introduction
Perinatal stroke is an important cause of acquired brain injury in neonates causing substantial long-term
morbidity. Neurological deﬁcits in survivors of perinatal stroke include cognitive impairment [1],
hemiparetic cerebral palsy in childhood [2,3], language delay, epilepsy, and/or behavioral disorders often
manifesting only at school age [4]. Therefore, perinatal stroke constitutes a considerable burden on
affected children, their families and society [5].
Congenital heart disease (CHD), especially cyanotic and/or complex CHD is one of the major risk factors
for perinatal stroke [6,7]. The birth prevalence of CHD is 8.2 per 1000 live births in Europe [8]. Among infants
with perinatal stroke, the prevalence of congenital or acquired heart disease is 10% to 29% [9,10] depending on
the inclusion of infants with an isolated patent foramen ovale. Infants with CHD have multiple risk factors for
stroke including right-to-left shunting, cardiac interventions, and embolism [7].
Motor and global developmental delay occurs more frequently in infants who present with CHD
compared to the unaffected population [11]. This observation holds true despite signiﬁcant advances in
the diagnosis and treatment of children with CHD [11]. In neonates with CHD, multiple risk factors are
thought to be involved in the development of learning, cognitive and attention deﬁcit. These include
reduced brain growth during fetal life [12–14], reduced ability to tolerate the stress associated with the
transition from fetal to postnatal life [15], cardiac surgical procedures especially those requiring
cardiopulmonary bypass in the immediate postnatal period [16] and other, patient- and environmentrelated factors, such as genetic syndromes, prematurity, and socioeconomic status [15,17,18]. It is
tempting to speculate that the improved rate of survival in neonates with complex CHD requiring cardiac
surgery also plays a role in this phenomenon [19,20].
Little is known about the long-term neurodevelopmental outcome of neonates with perinatal stroke
[21–23], and for neonates with perinatal stroke and CHD the data are especially scant [24]. Therefore, we
aimed to describe the patient characteristics of neonates with CHD and perinatal stroke (Study Group)
and compare their outcome to that of neonates with CHD without perinatal stroke (Control-1) and
neonates with perinatal stroke without CHD (Control-2). The primary goal of the study was to investigate
whether perinatal stroke in conjunction with CHD increases mortality. The secondary aim was to compare
the long-term neurodevelopment outcome of the Study Group patients to the infants in the control groups.
2 Methods
2.1 Study Population
We designed a population-based case-control study of term (37–41 weeks’ gestation) and near-term
(35–36 weeks’ gestation) neonates with CHD and perinatal stroke (Study Group) born between the 1st of
January 2007 and the 31st of December 2017 in Central-Hungary. Cardiac interventions were performed
in a single center (Gottsegen National Cardiovascular Center, Budapest, Hungary). Neonates with acute
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arterial ischemic stroke and acute hemorrhagic stroke conﬁrmed by MRI prior to 28 days of postnatal life
were included in the Study and Control-2 Groups. Congenital heart disease was deﬁned as a defect in the
structure of the heart or great vessels that was present at birth [25]. We enrolled (1) term or near-term
neonates (>35 weeks’ gestation) up to 28 days of postnatal age, (2) patients with perinatal stroke without
any other brain abnormality on brain MRI (Study and Control-2 Groups), and (3) patients with CHD in
the Study and Control-1 Groups. Neonates with CHD matching the cardiac diagnosis of the study infants
but without perinatal stroke (Control-1) and subjects with perinatal stroke but without CHD (Control-2)
were used as controls. Controls were recruited in a 1:2 ratio. Patient selection is shown in Appendices
A.1, A.2, A.3. Infants with encephalitis, tumor, non-accidental brain injury, presumed perinatal stroke,
border-zone injuries secondary to asphyxia, extra-axial hemorrhage without parenchymal bleeding as well
as bilateral preterm brain injury were excluded [26]. To decrease the heterogeneity of the patients
enrolled, neonates with cerebral sinovenous thrombosis were not included. Patients with isolated ductus
arteriosus with or without a patent foramen ovale were also excluded from the Study and Control-1 Groups.
The Institutional Review Board of the Hungarian Medical Research Council approved the study
(19934–4/2018/EKU). Informed verbal parental consent was obtained to recruit patients into the study
and perform the neurodevelopmental assessments.
2.2 Clinical Data
Clinical information was extracted from chart reviews. Baseline clinical characteristics, stroke types and
the frequencies of cardiac interventions/open-heart surgeries of patients in the Study Group and Control
Groups are summarized in Table 1.
2.3 MRI Results
Brain imaging was carried out using 3 T Philips Achieva and 3 T Philips Ingenia MR scanners (Philips
Medical Systems, Best, The Netherlands) at a single center, in the Department of Neuroradiology, Medical
Imaging Center, Semmelweis University, Budapest, Hungary. The scanning protocol included diffusionweighted imaging, apparent diffusion coefﬁcient map, conventional T1- and T2-weighted imaging, T2*and susceptibility-weighted imaging. Finally, in selected cases MR spectroscopy and/or MR angiography
was added, as appropriate. Radiologists trained and experienced in neonatal brain MRI evaluated the
scans. Classiﬁcation was based on the shape, extent and localization of the affected brain compartment
supplied by the given arteries [2,13]. Each stroke was assigned to one of the most predominant arterial
territory or to the affected brain compartment as described by Govaert et al. [26]. Due to the relatively
small number of patients involved in this study, arterial ischemic strokes were dichotomized to be
localized within the territory of the middle cerebral artery (MCA) or to the anterior cerebral
artery/posterior cerebral artery. Based on their largest diameter, strokes were also subcategorized as small
(<3 cm) or large (3 cm) strokes (Table 1).
2.4 Neurodevelopmental Outcome
Neurodevelopmental outcome was assessed during routine follow-up appointments or follow-up
appointments arranged for the purposes of this study in 2018. We used follow-up data from 18 months
until 12 years of age. Adverse outcome was deﬁned if any one or more of the following sequelae
occurred: Cerebral palsy, cognitive deﬁcit, behavioral problems, epilepsy, language delay, visual ﬁeld
defect or hearing loss. Developmental tests used during the follow-up visits are described in detail in the
Appendix B [27–31].
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Table 1: Baseline clinical characteristics, stroke types and the frequencies of cardiac interventions/open-heart
surgeries of patients in the Study, Control-1 and Control-2 Groups

Total number
Gender
Female
Male
Birthweight
Gestational age
Apgar 1
Apgar 5
Mode of delivery
Vaginal
Cesarean section
Twins/Triplets
Arterial ischemic stroke
Middle cerebral artery
Anterior cerebral artery/
Posterior cerebral artery
Hemorrhagic stroke
Small stroke
Large stroke
Cardiac intervention°
Yes
Occurrence of stroke
prior to intervention
Occurrence of stroke
after intervention
No
Open-heart surgery
Yes
Occurrence of stroke
prior to surgery
Occurrence of stroke
after surgery
No

Study group
(CHD and
perinatal stroke)
28 (100.0%)

Control-1 group
(CHD without
perinatal stroke)
56 (100.0%)

Control-2 group
(Perinatal stroke
without CHD)
56 (100.0%)

8 (28.6%)
20 (71.4%)
3166.2 (±662.3)
38.2 (±1.5)
7.6 (±2.5)
8.7 (±1.8)

21 (37.5%)
35 (62.5%)
2956.6 (±879.6)
37.5 (±1.5)
8.4 (±1.7)
9.3 (±1.0)

26 (46.4%)
30 (53.6%)
3287.9 (±566.4)
38.5 (±1.3)
7.3 (±2.4)
8.6 (±1.9)

17 (60.7%)
11 (39.3%)
2 (7.1%)
16 (57%)
11 (69%)
5 (31%)

6 (10.7%)
50 (89.3%)
10 (17.9%)
NA
NA
NA

29 (51.8%)
27 (48.2%)
0 (0%)
43 (54%)
32 (74%)
11 (26%)

12 (43%)
15 (54%)
13 (46%)

NA
NA
NA

13 (31%)
30 (54%)
26 (46%)

>0.99

17 (61%)
9 (53%)

19 (38%)
NA

NA
NA

0.03*
NA

8 (47%)

NA

NA

11 (39%)

37 (62%)

NA

8 (29%)
1 (13%)

10 (14%)
NA

NA
NA

7 (87%)

NA

NA

20 (71%)

46 (86%)

NA

p-value

NA
0.23
0.1
0.003**
0.02*
0.04*
<0.001***
0.001**
0.08
0.7

0.3
NA

Notes: Number of cases with percentages in brackets is given for discrete data. For continuous variables, mean ± standard deviations are shown.
Small stroke: Strokes of < 3cm size at the largest diameter, Large stroke: Strokes of ≥3 cm size at the largest diameter.
°Cardiac interventions included open-heart surgery, Rashkind septostomy, balloon valvuloplasty and diagnostic cardiac catheterization.
NA: Not applicable.
* p < 0.05, ** p < 0.01, *** p < 0.001.
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2.5 Echocardiography
Echocardiography was performed by pediatric cardiologists in 92 neonates based on the clinical
symptoms. The echocardiography ﬁndings were described as normal or CHD. Based on ﬁndings of
echocardiography and MR angiography, malformations of the heart were further subcategorized to
speciﬁc cardiac diagnoses (Table 2).
Table 2: Types of cardiac diseases in neonates with congenital heart disease (CHD) and perinatal stroke
Types of cardiac disease in neonates with CHD and perinatal stroke

Frequency

Percent

TGA
ASD
Supracardiac total anomalous pulmonary venous return
VSD
Aorticopulmonary fenestration, VSD
Critical aortic valve stenosis
Critical pulmonary stenosis
Double inlet left ventricle, ASD
Interrupted aortic arch, VSD, ASD
Pulmonary atresia with ventricular septal defect
Tetralogy of fallot
Total

11
5
3
2
1
1
1
1
1
1
1
28

39.3
17.9
10.7
7.1
3.6
3.6
3.6
3.6
3.6
3.6
3.6
100.0

Note: TGA: Transposition of the great arteries, ASD: Atrial septum defect, VSD: Ventricular septum defect.

2.6 Statistical Analysis
Descriptive statistics included frequencies and percentages for categorical variables and means and
standard deviations (SD) for continuous variables. Fisher’s exact tests for categorical and one-way
ANOVA for continuous variables were performed to assess associations. Multivariable logistic regression
analysis was ﬁtted to ascertain the effect of the Study Group and Control-1 and Control-2 Groups on the
likelihood that a patient would die, while controlling for other clinically relevant variables revealed by the
Fisher’s exact tests. Dummy variables were introduced to categorize patients into the Study and Control-1
and Control-2 Groups. Factors found to be clinically relevant by the Fisher’s exact tests included Apgar
score at 1 min, mode of delivery, gestational age at birth, cardiac interventions, and twin pregnancy. The
model was checked according to the Hosmer and Lemeshow’s goodness of ﬁt test. All statistical tests
were two-sided, and p-values of < 0.05 were considered to represent statistical signiﬁcance. Statistical
analyses were performed using IBM SPSS Statistics (Version 25, IBM Corp. Armonk, NY, USA).
3 Results
3.1 Clinical Characteristics
A total of 1400 MR images obtained prior to 28 days postnatal life were reviewed. Altogether
225 patients were diagnosed with acute perinatal stroke in Central-Hungary over the 11-year study period
yielding a disease incidence of 1 per 1400 live births. Echocardiography conﬁrmed CHD in the
28 patients (Table 2), resulting in an incidence of neonates with CHD and perinatal stroke of 1 per 11,000.
Comparison of the baseline characteristics of the Study Group and the Control-1 and Control-2 Groups
revealed several statistically signiﬁcant differences (Table 1). Neonates with CHD only (Control-1
Group) were born at a signiﬁcantly younger gestational age than the neonates in the Study and Control-2
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Groups (p = 0.003). In addition, neonates in the Control-1 group were born via C-section at a higher rate than
infants in the Study and Control-2 Groups (89% vs. 39% and 48%, p < 0.001). The occurrence of cardiac
interventions including Rashkind septostomy or open-heart surgery in the neonatal period was
signiﬁcantly higher among subjects in the Study Group compared to the Control-1 Group (68% vs. 38%,
p = 0.01) (Table 1). There was no statistically signiﬁcant difference in the frequency of stroke types
between the Study and Control-2 Groups (Table 1).
Comparison of the baseline characteristics of the Study Group and the Control-1 and Control-2 Groups
revealed several statistically signiﬁcant differences (Table 1). Neonates with CHD only (Control-1
Group) were born at a signiﬁcantly younger gestational age than the neonates in the Study and Control-2
Groups (p = 0.003). In addition, neonates in the Control-1 group were born via C-section at a higher rate
than infants in the Study and Control-2 Groups (89% vs. 39% and 48%, p < 0.001). The occurrence of
cardiac interventions including Rashkind septostomy or open-heart surgery in the neonatal period was
signiﬁcantly higher among subjects in the Study Group compared to the Control-1 Group (68% vs. 38%,
p = 0.01) (Table 1). There was no statistically signiﬁcant difference in the frequency of stroke types
between the Study and Control-2 Groups (Table 1).
3.2 Long-Term Outcome of Neonates with Heart Disease and/or Stroke
After excluding patients who died in the neonatal period, long-term neurodevelopmental outcome data
were available in 19 (90%) of the 21 surviving Study Group patients (CHD and perinatal stroke), 38 (72%) of
the 53 surviving infants in the Control-1 Group (CHD without perinatal stroke) and 52 (95%) of the
55 surviving subjects in the Control-2 Group (perinatal stroke without CHD). The last follow-up visit
took place at a median age of 61 months [range 18–144 months]. Neonates who were lost to follow-up
did not differ regarding the type of stroke or CHD from the subjects completing neurodevelopmental
follow-up.
Compared to the control groups, mortality was highest in neonates with CHD and perinatal stroke (25%,
p = 0.001). Of note is that mortality was the lowest in patients with stroke without CHD (Control-2 Group,
2%). Data on neurodevelopmental outcome after 18 months of age revealed that normal outcome was most
prevalent in the surviving patients of the Control-1 Group (CHD only, 74%) compared to the patients in the
Study (47%) or Control-2 Groups (48%, p = 0.03). Accordingly, abnormal neurodevelopmental outcome
was higher in the Study (53%) and Control-2 Groups (52%) compared to the subjects in the Control-1
Group (26%, p = 0.03) (Table 3). The rate of cerebral palsy was highest among patients with perinatal
stroke only (Control-2), while the rate of cognitive impairment and epilepsy was highest in the Study
Group. Altogether, six children (32%) in the Study Group experienced at least 1 seizure after the neonatal
period. However, after excluding one patient with febrile seizures and another one who was initially
diagnosed with epilepsy but was later discontinued to take antiepileptic medication and remained seizurefree for more than one year without treatment, the rate of active epilepsy in the Study Group was 21% at
the time of the last neurodevelopmental follow-up (Table 3).
Finally, in the Study Group, we could not identify any difference among the risk factors in subjects who
died compared to those who survived, and among those with normal outcome compared to those with
adverse outcome (data not shown).
3.3 Risk Factors Associated with Mortality
Multivariable regression analysis was ﬁtted to investigate the risk of mortality in the Study and
Control-1 and Control-2 Groups, while adjusting for clinically relevant parameters, including gestational
age at birth, Apgar score at 1 min, vaginal birth, twin pregnancy and cardiac interventions. First,
Control-1 Group was selected as a reference variable (Table 4) and then we repeated the analysis using
Control-2 Group as a reference variable.
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Table 3: Mortality (A) and neurodevelopmental outcome after 18 months of follow-up (B) of patients in the
Study Group compared to that of patients in Control-1 and Control-2 Groups
A
Overall neonates enrolled in the study

Study
group
(n = 28)

Control-1
Group
(n = 56)

Control-2 Group
(n = 56)

p-value

Death in neonatal period
Survival

7 (25%)
21 (75%)

3 (5%)
53 (95%)

1 (2%)
55 (98%)

0.001**

B
Neonates with long-term follow-up
(≥18 months)

Study
Group
(n = 19)

Control-1
Group
(n = 38)

Control-2 Group
(n = 52)

p-value

Normal
Abnormal
Cerebral palsy
Cognitive
impairment
Epilepsy
Behavioral
problems
Language
disorder
Visual ﬁeld
defect
Hearing loss

9 (47%)
10 (53%)
3 (16%)
4 (21%)

28 (74%)
10 (26%)
4 (11%)
5 (13%)

25 (48%)
27 (52%)
15 (29%)
9 (17%)

0.03*
0.08
0.7

4 (21%)
2 (11%)

2 (5%)
5 (13%)

8 (15%)
11 (21%)

0.1
0.5

3 (16%)

5 (13%)

8 (15%)

0.9

0 (0%)

2 (5%)

2 (4%)

0.8

0 (0%)

3 (8%)

2 (4%)

0.6

Note: * p-value < 0.05, ** p-value < 0.01.

Table 4: Results of logistic regression analysis predicting the likelihood of death based on clinically relevant
risk factors in patients of the Study and Control-2 Groups. Control-1 Group was selected as a reference
variable
Adjusted
Control-1 Group
Control-2 Group
Study Group
Vaginal birth
Gestational age at birth
Twin pregnancy
Apgar 1
Cardiac interventions

OR (95% CI)

p-value

NA
3.1 (0.2–42.3)
6.5 (1.1–39.4)
0.3 (0.06–1.6)
1.4 (0.8–2.5)
1.6 (0.08–33.1)
1.1 (0.7–1.8)
8.1 (0.9–73.5)

0.1
0.4
0.04*
0.2
0.3
0.8
0.7
0.06

Note: OR: Odds ratio, CI: Conﬁdence interval, NA: Not available, * p < 0.05.
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Of the predictor variables, patients in the Study Group had 6.5 times higher odds for mortality compared
to patients in the Control-1 Group (OR: 6.5 95% CI: 1.1–39.4) while adjusting for all the other relevant
potentially confounding clinical parameters.
Then we used the Control-2 Group as the reference variable in the multivariable logistic regression
model adjusted for the clinically relevant parameters. In this model, the risk of mortality was not
increased in the Study Group compared to the Control-2 Group. Additionally, no other parameters were
found to be signiﬁcantly different in the logistic regression models (data not shown).
4 Discussion
This is a population-based cohort study conducted in term and near-term neonates with aims to assess
the impact of the co-occurrence of CHD and perinatal stroke on mortality and long-term neurodevelopmental
outcome. In line with that data in the literature [32], the average annual incidence of perinatal stroke was 1 in
1400 live births in the present study. The average annual incidence of CHD and perinatal stroke in our
population was 1 in 11,000 live births. Therefore, using the birth prevalence of CHD in Europe [8],
approximately one in 90 neonates with CHD is also expected to present with perinatal stroke. This
ﬁnding underscores the need of awareness for the risk of stroke in infants with CHD. The ﬁnding that
12% of the neonates with perinatal stroke had CHD as well, lends further support to this notion. Finally,
two-thirds of the patients were diagnosed with cyanotic CHD giving further support for the increased
propensity to brain injury seen in children with cyanotic CHD.
The uniqueness of the present study is that it compares mortality, clinical characteristics and
neurodevelopmental outcome of neonates with CHD and perinatal stroke (Study Group) to neonates with
CHD without perinatal stroke (Control-1 Group) and patients with perinatal stroke without CHD
(Control-2 Group). The rate of adverse outcome of neonates with perinatal stroke and CHD was similar
to that in the study by Cheng et al. with a median follow-up of 15.3 months [20]. However, in addition to
investigating the perinatal risk factors in neonates with CHD and perinatal stroke, we followed a high
proportion of infants for at least 18 months and with a median follow-up age of 61 months. The rate of
adverse neurodevelopmental outcome in the Control-1 and Control-2 Groups was also similar to that
described in previously published studies [24,33,34].
Nevertheless, we have found signiﬁcant differences in gestational age at birth, Apgar scores, the number
of twin pregnancies, mode of delivery and the frequencies of cardiac interventions between the Study and the
Control Group patients. After adjusting for clinically relevant risk factors, mortality remained signiﬁcantly
higher in neonates with CHD and perinatal stroke compared to the Control-1 Group patients (CHD only).
The rate of abnormal neurodevelopmental outcome was higher in patients affected by perinatal stroke
irrespective of the presence or absence of coexisting CHD: 53% in the Study and 52% in the Control-2
Groups compared to 26% in patients with CHD only (Control-1 Group) (p = 0.03). Thus, normal
neurodevelopmental outcome was most prevalent in patients without perinatal stroke. This ﬁnding
suggests that the stroke-associated direct insult to the brain plays an exceptionally important role in the
development of neurodevelopmental morbidity. However, given our ﬁnding that a higher proportion of
neonates with CHD undergoing surgery develop stroke, the possibility of sequentiality also arises in the
context of CHD and perinatal stroke. Indeed, studies examining the risk of open-heart surgery or
Rashkind septostomy in neonates with CHD found both procedures to be independent risk factors for
stroke [35–37]. Our ﬁndings that the rate of these procedures was signiﬁcantly higher in patients of the
Study than Control-1 Group and that half of the strokes occurred after surgery, lend further support to this
notion in the literature [36,37].
The rate of C-section was signiﬁcantly higher in subjects with CHD only compared to neonates with
CHD and perinatal stroke and with perinatal stroke without CHD (89% vs. 39% and 48%, respectively,
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p < 0.001). The reason for this ﬁnding is unclear, but the high percentage of multiple gestations, the lower
gestational age and the prenatal diagnosis of CHD in most the patients in the Control-1 Group likely
played a role in inﬂuencing the obstetric management. Although C-section may offer some protection
from the occurrence of neurological deﬁcits [21], it remains unclear whether the higher C-section rate in
Control-1 Group patients contributed to the absence of stroke and the higher rate of normal
neurodevelopmental outcome in this patient population.
Mortality in infants with perinatal stroke varies between 2% and 25% depending on the pathomechanism
of stroke and other clinical risk factors [38]. While mortality in neonates with CHD is around 4% [39],
mortality described in the literature for children with both CHD and stroke may be as high as 33% [20].
Along with these lines, we have also found that mortality was signiﬁcantly higher in patients
with perinatal stroke and CHD (25%) compared to neonates with CHD alone (5%, OR: 6.5 95% CI:
1.1–39.4). Intensive care procedures and especially extracorporeal membrane oxygenation and ventricular
assist device are associated with increased mortality in neonates with CHD and stroke [7,20].
Additionally, in previous studies, use of inotropes, the number of cardiac procedures and parenchymal
hemorrhage were also associated with mortality in patients with CHD and stroke [20]. The novelty of our
study is that after adjusting for neonates with matching CHD or matching strokes only, as well as to the
relevant clinical risk factors, mortality was still signiﬁcantly higher in neonates with CHD and stroke
compared to patients with CHD only (Control-1). Therefore, although the reasons of the increased
mortality of neonates with CHD and stroke are incompletely understood, it is tempting to speculate that
the coexistence of multiple clinical risk factors synergistically contributes to the increased mortality in
this patient population.
In agreement with previously published studies, one-third of the patients with perinatal stroke developed
later cerebral palsy [34]. In our study, the ﬁnding that the rate of cerebral palsy was only 16% among neonates
with perinatal stroke and CHD (Study Group) must be interpretated with caution. Due to the high mortality
(25%) in the Study Group, subjects with worse prognosis including higher rate of cerebral palsy might have
passed away in the neonatal period. On the other hand, we hypothesize that the cumulative effect of delayed
microstructural development in combination with multiple ischemic/hemorrhagic events in infants with CHD
and perinatal stroke contributed to the higher rate of epilepsy and cognitive deﬁcit [40]. This ﬁnding is in
agreement with recent data showing that in children with perioperative neonatal brain injuries, cognitive
outcome is worse at school age [41].
Our study has limitations to be considered. First, similarly to other studies on this subject, our study was
limited by the small sample size. Hence, the number of variables tested in the multivariable model was
limited. However, since the co-occurrence of CHD and perinatal stroke is rare, observational studies on a
modest sample size remain an avenue for hypothesis generation. Additionally, we attempted to
counterbalance the effect of the limited number of variables tested in the multivariable model by using
two control groups: One with matching CHD and the other one with matching perinatal strokes.
Secondly, as the scarcity of perinatal stroke makes it difﬁcult to collect data from a single center, we used
the data from all Neonatal Intensive Care Units in Budapest, Hungary. While involving several centers
might affect the completeness and consistency of the data collected, in our case this limitation was likely
mitigated by the high level of harmonization provided by the universal health care system in Hungary.
Moreover, the rate of long-term follow-up was lowest in patients with CHD without perinatal stroke
(Control-1 Group). As for motor impairment, we only studied cerebral palsy since it is considered as the
most important and uniformly diagnosable motor impairment among patients with perinatal stroke.
Finally, due to the limited number of patients involved in the Study Group, we were unable to
speciﬁcally address long-term outcome of subgroups assigned to speciﬁc territorial involvement of brain
regions affected by the stroke. Nevertheless, this limitation is not unique to our study since another
investigation could also not identify speciﬁc perinatal cerebral ﬁndings associated with poor
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neurodevelopmental outcome in infants with CHD and stroke [41]. The authors instead suggested identifying
brain lesions based on etiology instead of the imaging pattern to predict neurodevelopmental outcome [41].
On the other hand, in previous studies on larger patient population, we showed that in neonates with arterial
ischemic stroke, the main MCA stroke, multiple strokes, the involvement of the corticospinal tract and the
presence of infection/inﬂammation were independent predictors of adverse outcome [34], while in neonates
with hemorrhagic stroke, the parietal lobe hemorrhage, the involvement of the thalamus/basal ganglia,
hemorrhage affecting multiple lobes and seizures on admission were associated with adverse outcome [42].
Strengths of the study include the enrollment of patients with perinatal stroke conﬁrmed by brain MRI.
A high proportion of infants also had long-term follow-up, performed between 18 months and early school
age, allowing for the documentation of long-term neurodevelopmental outcome. Longitudinal follow-up of
neurodevelopmental sequelae in patients with perinatal brain injury is important to assess speech and other
higher cognitive functions that only emerge later in childhood [4]. Finally, by using two control groups, we
adjusted the multivariable regression analysis to most of the clinically relevant risk factors inﬂuencing
mortality and the long-term outcome of neonates with CHD and perinatal stroke.
5 Conclusions
In conclusion, patients with CHD and perinatal stroke are at a signiﬁcantly higher risk for dying
compared to infants with CHD only. In addition, the rate of neurodevelopmental morbidity is higher in
neonates with perinatal stroke with or without CHD. This ﬁnding suggests that the stroke-associated
direct insult to the brain plays an important role in the development of neurodevelopmental morbidity in
these patients. Further studies with larger sample size are needed to evaluate the relationship between
mortality, neurodevelopmental outcome and clinical risk factors in patients with CHD and perinatal stroke
to improve the clinical decision-making process and enhance our ability to provide individualized
prediction models and thus parental counseling.
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Appendix A.1: Patient selection and inclusion and exclusion criteria for neonates with congenital heart
disease and acute perinatal stroke (Study Group)
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Appendix A.2: Patient selection and inclusion and exclusion criteria for neonates with congenital heart
disease without acute perinatal stroke (Control-1 Group)

Appendix A.3: Patient selection and inclusion and exclusion criteria for neonates with acute perinatal stroke
without congenital heart disease (Control-2 Group)
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Appendix B: Neurodevelopmental tests used during the follow-up visits
In children up to 3 years of age, we used the Bayley Scales of Infant Development, Second Edition
(BSID-II) mental and psychomotor developmental indices or by the revised Brunet-Lézine scale (global
developmental quotient score and sub-scores). Beyond 3 years of age, the Stanford-Binet Intelligence Scales
(Fifth Edition) was used to assess cognitive development. Moderate-severe impairment was classiﬁed as
Stanford-Binet IQ score of <55, Revised Brunet-Lézine Developmental Quotient (DQ) score of <70 and
Bayley-II Mental Developmental Index score of <70, while mild cognitive impairment was classiﬁed as
Stanford-Binet IQ score of 79–55, Revised Brunet-Lézine DQ score of 70–84 and Bayley-II Mental
Developmental Index score of 70–85. No cognitive impairment was deﬁned as Stanford-Binet IQ score of
≤80, revised Brunet-Lézine DQ score of ≤85 and Bayley-II Mental Developmental Index score of <85.
Cerebral palsy was diagnosed by using the criteria of the European Cerebral Palsy Surveillance
Network. Motor impairment was further classiﬁed with the Gross Motor Function Classiﬁcation Scale
(GMFCS). Behavioral problems were considered only after 3 years of age and clinical psychologists or
pediatric psychiatrists established the diagnosis. The International League Against Epilepsy Commission
on Classiﬁcation and Terminology was used for classiﬁcation of generalized and focal seizures and
epileptic syndromes. Visual ﬁeld defects were diagnosed by pediatric ophthalmologists. To assess visualmotor functioning, the Bender-Gestalt test was performed. Fine motor impairment was classiﬁed
according to the Santucci classiﬁcation. Language delay was deﬁned as a language score of <1 standard
deviation (SD) on BSID-II or on the revised Brunet-Lézine scale, or as a diagnosis of speech and/or
language disorder. Hearing loss was deﬁned as a need for hearing aid or reduced auditory evoked potentials.

