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Abstract: Neonates with congenital heart disease (CHD) display delayed brain development, pre-
disposing them to impaired cerebrovascular autoregulation (CAR) and ischemic brain injury. For
this paper, we analyzed the percentage of time with impaired CAR (%time impaired CAR) during
the first 72 h after birth, the relation with clinical factors, and survival in 57 neonates with CHD. The
primary outcome was a correlation coefficient of cerebral oxygenation (rcSO2) and mean arterial
blood pressure (MABP, mmHg) for two hours on a daily basis. The %time impaired CAR ranged
from 9.3% of the studied time on day one to 4.6% on day three. Variables associated with more
%time impaired CAR were the use of inotropes (day 1, B = 19.5, 95%CI = 10.6–28.3; day 3, B = 11.5,
95%CI = 7.1–16), lower MABP (day 1, B = −0.6, 95%CI = −1.2–0.0), and dextro-transposition of the
great arteries (dTGA) (16.2%) compared with other CHD types (2.0–5.0%; day 1, p = 0.022). Survival
was not an associated variable. To summarize, impaired CAR was found in CHD neonates in up
to 9.3% of the studied time. More evidence is necessary to evaluate an association with inotropes,
dTGA, %time impaired CAR, and long-term outcome, further in larger cohorts.

Keywords: neonatology; congenital heart disease; cerebrovascular circulation; brain injury;
hemodynamics; arterial pressure

1. Introduction

Treatment of congenital heart disease (CHD) has improved over the past decades,
which has resulted in lower mortality and an increase in the prevalence to 3000 per mil-
lion [1–3]. Therefore, the focus has turned towards the prevention of brain injury and
improvement of neurological outcomes in severe CHD [3–6]. The etiology of impaired
neurological outcome in CHD is most likely multifactorial, and may already start before
neonatal cardiac surgery [6], and even before birth [7,8]. Both delayed brain development
and circulatory alterations with impaired oxygen supply inducing hypoxic brain injury
may be involved [7–12].

In fact, delayed or disturbed brain development could also lead to impaired cere-
brovascular autoregulation (CAR), which in turn may cause harmful cerebral blood flow
(CBF) fluctuations. Under healthy circumstances, CAR maintains a constant CBF regardless
of changing cerebral perfusion pressures (CPP) [13]. Beyond the autoregulatory range,
defined by individual upper and lower CPP thresholds, passive collapse or passive dilation
of cerebral blood vessels may lead to ischemia or hemorrhage [14,15]. A lower gestational
age (GA) or birth weight (BW), higher arterial PCO2, and brain immaturity are known to
influence the autoregulatory range and potentially lead to impaired CAR [16,17].

Premature infants are at high risk of CAR impairments, which may be caused by the
immaturity of the cerebral vasculature and a narrower autoregulatory range [13,14,18].
Impaired CAR may lead to impaired cerebral oxygen supply, which has been linked with
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ischemic brain injuries such as periventricular echodensities (PVEs) preceding periventricu-
lar leukomalacia [19], and impaired neurological outcomes in premature infants [18]. Since
current literature points towards delayed brain maturation in neonates with CHD, impaired
CAR and abnormal neurological outcomes may also be found in these neonates [5,6,9,10,20].
Furthermore, neonates with CHD may be more prone to alternating CPP due to circulatory
disturbances. Such disturbances include impaired cardiac function and intra- or extrac-
ardiac shunts affecting blood flow to the brain, potentially increasing the chance of CPP
outside the autoregulatory range [14]. This is likely to be dependent on the type of CHD.

Since it is not possible to directly measure CPP and CBF continuously, mean arterial
blood pressure (MABP) and cerebral oxygen saturation (rcSO2) using near-infrared spec-
troscopy (NIRS) have become accepted surrogate measures [13,14,16,21]. NIRS enables
continuous, non-invasive bedside monitoring of rcSO2 and is standard practice in neonates
with CHD at the University Medical Center Groningen (UMCG) [21]. To date, Votava-Smith
et al. are the only group that investigated CAR continuously in neonates with CHD [22].
They found impaired CAR during 15.3% of the studied time; however, they studied a small
population (24 neonates) without follow-up to assess the outcome.

The aim of this study was to evaluate the percentage of time with impaired CAR
(%time impaired CAR) in neonates with CHD during the first 72 h after birth, which is
the period of interest in this study due to the transitional changes taking place at this
time [16]. Second, we assessed which clinical factors were associated with the %time im-
paired CAR. We also assessed the association between %time impaired CAR and early signs
of hypoxia/ischemia on cerebral ultrasound, and survival. We hypothesized that %time
impaired CAR would be approximately 15% of the time studied in neonates with severe
CHD [22]. We expected a higher %time impaired CAR with CHD types such as dextro-
transposition of the great arteries (dTGA) and hypoplastic left heart syndrome, due to in-
trauterine cerebral hypoxemia possibly associated with delayed brain development [7,8,23].

2. Materials and Methods
2.1. Patients and Data Collection

We conducted a retrospective analysis at the neonatal intensive care unit (NICU) of
the Beatrix Children’s Hospital at the UMCG.

We included all term neonates with severe CHD who were admitted to the NICU
between March 2015 and September 2020, when measuring rcSO2 using NIRS in infants
with CHD had become standard care. We defined severe CHD as requiring admission to
the NICU for hemodynamic support and due to anticipated ductal dependency. Inclusion
criteria were: available rcSO2 and continuous MABP measurements via an indwelling arte-
rial catheter during the first 72 h after birth. We excluded neonates with a GA < 36 weeks
or major chromosomal abnormalities. The medical ethical committee of the UMCG per-
mitted the execution of this study as it was regarded as a retrospective evaluation of
standard care, which according to the Dutch Medical Law does not require parental consent
(RR202000618).

2.2. Time with Impaired Cerebrovascular Autoregulation

We determined the %time impaired CAR in neonates with severe CHD during two-h
monitoring episodes in the first 72 h after birth. CAR can be defined as the correlation
between CBF and CPP. We used the MABP and rcSO2, measured with NIRS, as surrogates
for CPP and CBF [16]. For rcSO2 measurements, we used the INVOS 5100 spectrometer
(Medtronic, Dublin, Ireland) with neonatal sensors (Medtronic, Dublin, Ireland). MABP
was measured invasively with a pressure transducer using an indwelling arterial catheter.
Both measurements, and SpO2, are automatically transferred to a secure database and
stored offline with a sampling frequency of 0.2 Hz.

We calculated correlation coefficients between MABP and rcSO2 using a moving
window of 10 min and maximal overlap for every paired sample [16,22,24]. We calculated
%time impaired CAR for 2 h of valid data (well-documented, correct sensor position and
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stable) per 24-h-period [25–27]. More specifically, we selected the CAR assessment periods
based on several criteria: We selected an episode of continuously available MABP and rcSO2
values, after documenting the appropriate sensor position, according to the local NIRS
protocol, preferably during the morning after nursing care, to avoid bias by variations due
to a potential circadian rhythm. We allowed for a maximum of 30 s of missing values during
the 2 h. We allowed fluctuations in both values but manually removed obvious artifacts
(i.e., values of 0 or >100 for MABP, rcSO2, or SpO2). We yielded 1320 correlation coefficients
for each 2 h measurement period, per day, per neonate. We defined impaired CAR as the
correlation coefficient between rcSO2 and MABP, being above a cutoff of 0.3 as reported
in previous studies [28–30]. A recent literature review reported cutoffs ranging between
the values 0–0.5 [14] as is reflected in a range of different studies [26–32]. International
consensus on a cutoff for impaired CAR is lacking, therefore we decided to choose this
cutoff of 0.3, which is within the reported range of 0–0.5, but higher than 0 to compensate
for potential measurement imprecisions.

We collected clinical data, including the CHD type, GA, BW, 5 min Apgar score,
prostaglandin E1, sedatives, diuretics, inotropes, mechanical ventilation, persistent pul-
monary hypertension of the newborn (PPHN), sepsis, blood transfusions, and PCO2 as
possible determinants of CAR. We used PCO2 values that were determined <5 h before or
after the CAR assessment period for neonates without invasive ventilation, or <2 h before or
after the CAR assessment period for neonates with invasive ventilation. We defined signs
of cerebral ischemia/hypoxia as PVE on transcranial Doppler ultrasound within two weeks
after birth, before corrective surgery [19]. Transcranial Doppler ultrasound was performed
through the anterior fontanel as soon as possible after birth in this population and repeated
upon indication. In neonates with dTGA, we noted the balloon atrial septostomy as a
potential variable associated with %time impaired CAR. Lastly, we recorded the survival
of the neonates during the first month after birth [24,33].

2.3. Statistical Analysis

We performed statistical analyses using SPSS 23 software (IBM SPSS Statistics, IBM
Corp., Armonk, NY, USA). Our primary outcome was reported as the %time impaired CAR
during 2 h of measurement per day.

To assess the association between clinical data and the %time impaired CAR, we first
performed a univariate regression. For the multivariable analysis (Model 1), we simulta-
neously entered all variables with p < 0.1 from the univariable analysis. We composed a
second multivariable model (Model 2) with MABP as an additional variable. We performed
a t-test to test MABP levels between infants with and without inotropes, as persistent low
MABP despite inotrope administration may lead to CPP outside of the autoregulatory
plateau. We compared PVE and survival with %time impaired CAR using a Mann–Whitney
U test. For all statistical tests, we considered p < 0.05 to be statistically significant.

3. Results
3.1. Patient Characteristics

Between March 2015 and September 2020, 198 neonates with CHD were treated in our
NICU, of whom 57 were included (Figure 1).
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prostaglandin E1 and apnea, 3 because of PPHN, 2 during balloon atrial septostomy, and 

1 due to respiratory insufficiency not otherwise specified. 
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Septostomy on day 1 12 (85.7) 

Septostomy on day 2 1 (7.1) 

Septostomy on day 3 1 (7.1) 

Right-sided lesion 16 (28.1) 

Hypoplastic aortic arch/coarctation 12 (21.1) 

Other 5 (8.8) 

Inborn 51 (89.5) 

Male 40 (70.2) 

Gestational age, weeks 38.9 ± 0.8 

Birth weight, grams 3276.5 ± 509.7 

Apgar score at 5 min 8.5 (3–10) 

PPHN 17 (29.8) 

Sepsis 2 (3.5) 

Figure 1. Inclusion diagram. Of the 198 neonates treated in our neonatal intensive care unit, 57 met
the inclusion criteria for this study.

The main CHD type was dTGA in 24 neonates (42%). We classified the remaining
defects as right-sided obstructive lesions, hypoplastic aortic arch or coarctation, and other
defects (Supplemental Digital Table S1). Of all neonates with dTGA, 14 (58%) had un-
dergone a balloon atrial septostomy within the first week after birth. In one of these,
this was attempted but unsuccessful. Three non-dTGA neonates received cardiac proce-
dures, of which two had a balloon atrial septostomy (one with pulmonary stenosis and
one with aortic stenosis), and one with total anomalous pulmonary venous return who
received surgical correction on day 2. In 17 (30%) and 11 (19%) of the 57 neonates, the
pulmonary or systemic circulation was considered duct-dependent, respectively. Inotropes
(dobutamine, dopamine, noradrenaline, milrinone, or a combination) were given to up to
24% of the neonates (Table 1). The median (range) dosage was 7.5 (3.25–10.0) µg/kg/min
for dopamine, 5 (5.0–15.0) µg/kg/min for dobutamine, 0.5 (0.25–0.75) µg/kg/min for
milrinone, and 0.08 (0.05–0.15) µg/kg/min for noradrenaline. The most frequently used
inotropic medication was dopamine (day 1 = 90%, day 2 = 69%, day 3 = 70%). From
the neonates with a need for intubation, 23 were intubated due to the underlying CHD,
5 after receiving prostaglandin E1 and apnea, 3 because of PPHN, 2 during balloon atrial
septostomy, and 1 due to respiratory insufficiency not otherwise specified.

Table 1. Clinical characteristics of the study cohort (N = 57).

Clinical Characteristics N (%) or Mean ± SD or Median (Range)

CHD group, main defect

dTGA ± combined defects 24 (42.1)

Balloon atrial septostomy 14 (58.3)

Septostomy on day 1 12 (85.7)

Septostomy on day 2 1 (7.1)

Septostomy on day 3 1 (7.1)

Right-sided lesion 16 (28.1)

Hypoplastic aortic
arch/coarctation 12 (21.1)

Other 5 (8.8)

Inborn 51 (89.5)

Male 40 (70.2)

Gestational age, weeks 38.9 ± 0.8

Birth weight, grams 3276.5 ± 509.7

Apgar score at 5 min 8.5 (3–10)

PPHN 17 (29.8)

Sepsis 2 (3.5)

Blood transfusion 5 (8.8)
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Table 1. Cont.

Clinical Characteristics N (%) or Mean ± SD or Median (Range)

Signs of cerebral
ischemia/hypoxia 11 (19.3)

Day 1 (n = 44) Day 2 (n = 54) Day 3 (n = 48)

Prostaglandin E1, n (%) 41 (93.2) 47 (87.0) 42 (87.5)

Inotropes, n (%) 10 (22.7) 13 (24.1) 10 (20.8)

Sedatives, n (%) 23 (52.3) 28 (51.9) 21 (43.8)

Diuretics, n (%) 0 (0) 5 (9.3) 6 (12.5)

Ventilatory support

None, n (%) 9 (20.5) 16 (29.6) 13 (27.1)

Non-invasive, n (%) 14 (31.8) 13 (24.1) 15 (31.3)

Invasive, n (%) 21 (47.7) 25 (46.3) 20 (41.7)

(n = 39) (n = 48) (n = 33)

PCO2, kPa 4.7 ± 0.8 5.0 ± 1.4 5.1 ± 0.7

Survival, n (%) 50 (87.7)

Follow-up, days 18 (9–21)
Data are presented as number (percentage), mean ± standard deviation or median (range). dTGA, dextro-
transposition of the great arteries; Right-sided lesion, dysplastic/stenotic/absent tricuspid or pulmonary valve.
PPHN, persistent pulmonary hypertension of the newborn. Numbers vary per day since CAR measurements
were not available for all neonates on all days in this retrospective study.

3.2. Time with Impaired Cerebrovascular Autoregulation

For all neonates, the median %time impaired CAR during the 2 h monitoring episode
was 9.3% on day 1, 5.7% on day 2 and 4.6% on day 3 (Table 2).

Table 2. Hemodynamic measures per day. Primary endpoint: %time impaired CAR.

Measured Variable Day 1 (n = 44) Day 2 (n = 54) Day 3 (n = 48)

Time with impaired CAR, % 9.3 (0.0–60.0) 5.7 (0.0–47.6) 4.6 (0.0–66.3)

MABP, mmHg 45.6 ± 6.0 48.0 ± 5.6 48.3 ± 5.9

rcSO2, % 66.5 ± 11.8 69.6 ± 11.1 72.0 ± 11.1

SpO2, % 90.4 (73.3–99.4) 90.5 (71.3–99.7) 91.4 (79.1–100.0)

CAR, correlation coefficient −0.08 ± 0.21 −0.14 ± 0.18 −0.16 ± 0.16
Data are presented as mean ± standard deviation or median (range). CAR, cerebrovascular autoregulation;
MABP, mean arterial blood pressure; rcSO2, cerebral tissue oxygen saturation. Numbers vary per day since CAR
measurements were not available for all neonates on all days in this retrospective study.

3.3. Determinants of Time with Impaired CAR

On day 1, we found significantly higher %time impaired CAR with the use of inotropes
(B = 20.5, 95%CI [11.3–29.6]) for Model 1 (Figure 2), and with both inotropes (B = 19.5,
95%CI [10.6–28.3]) and lower MABP (B = −0.6, 95%CI [−1.2–0.0]) for Model 2.
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Figure 2. Boxplot, percentage of time with impaired cerebrovascular autoregulation on day 1 with
and without the use of inotropes. Horizontal bars show medians, boxes show upper and lower
quartiles, and whiskers show range. * indicates p-value < 0.05.

On day 2, no variables were significantly associated with higher %time impaired CAR
upon multivariable analysis (Supplemental Digital Table S2).

On day 3, only inotropes were associated with higher %time impaired CAR (B = 11.5,
95%CI [7.1–16.0]) (Supplemental Digital Table S3).

We found a significantly lower median (range) MABP for neonates who received
inotropes (42.2 [33.3–49.4]), versus neonates without inotropes (45.8 [33.5–60.7]) on day 1
(p = 0.049), on day 2 (45.5 [36.9–63.6]; 47.8 [41.2–62.5]; p = 0.031), and on day 3 (44.3
[39.7–51.1]; 49.6 [38.9–61.7]; p = 0.015), respectively.

Neonates with dTGA had a significantly higher median %time impaired CAR on
day 1 (16.2%), compared with every other CHD group (right-sided = 2.0%, hypoplastic
aortic arch/coarctation 2.4%, other = 5.0%; p = 0.022). On days 2 and 3, this difference
was no longer significant. Between 28.6–30.8% of the dTGA neonates received inotropic
medication, compared with 7.1–12.5% for right-sided lesions, 10.0–12.5% for hypoplastic
aortic arch or coarctation of the aorta, and 0.0–40.0% for other CHD types (Supplemental
Digital Table S4).

3.4. PVE and Mortality

We found PVE in 11 (19%) of the studied neonates. We did not find a significant
difference in the median %time impaired CAR between neonates with (day 1 = 10.0%,
day 2 = 2.9%, day 3 = 5.3%) and without (day 1 = 9.2%, day 2 = 6.8%, day 3 = 4.5%) PVE
(day 1 p = 0.65, day 2 p = 0.20, day 3 p = 0.99).

In total, 50 patients (88%) survived until the end of this study with a follow-up time of
one month. Patients who did not survive died at a median (range) age of 18 (9–21) days. We
did not find a significant difference in the median %time impaired CAR between survivors
(day 1 = 6.2%, day 2 = 5.6%, day 3 = 4.9%) and non-survivors (day 1 = 15.7%, day 2 = 9.2%,
day 3 = 3.3%) (day 1 p = 0.31, day 2 p = 0.43, day 3 p = 0.94).

4. Discussion

In this study, we found impaired CAR during 4.6–9.3% of the daily 2 h monitoring
episodes in neonates with CHD within the first 72 h after birth. The administration of
inotropes, as well as lower MABP, were associated with higher %time impaired CAR. A
diagnosis of dTGA was also associated with more %time impaired CAR. We could not
demonstrate a relation between %time impaired CAR and PVE or survival.

The %time impaired CAR in this study was lower than the values reported by others.
Votava-Smith et al. found a %time impaired CAR of 15.3% in preoperative neonates with
CHD. Their study population consisted of 58% left-sided lesions, 33% right-sided lesions
and 8% TGA [22]. Additionally, 67% of their cohort were single ventricles, compared
with a smaller number in our study, which we did not report specifically as a separate
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group. We propose two explanations: Firstly, their cutoff (0.58) of significant coherence
between MABP and rcSO2 was based on a mathematical approach described by Taylor
et al. [34]. Importantly, Votava-Smith et al. and Taylor et al. assessed CAR in the frequency
domain, using coherence analysis, which is a different method to relate MABP changes
to simultaneous rcSO2 measurements. Taylor et al. assessed RR-interval oscillations in
healthy adults, using ECG and MABP recordings in a moving-window correlation analysis.
Their mathematical approach to define a cutoff for this correlation was based on an F-test
using window length and sampling frequency. Both Taylor et al. [34] and Votava-Smith
et al. applied 10 min windows and 50% overlap. The mean measurement duration in
the latter study was 23.4 h [22]. Theoretically, any positive correlation between MABP
and rcSO2 would imply impaired CAR. However, when using surrogate markers for CPP
and CBF, both with certain imprecisions, a higher cutoff is usually considered indicative
of impaired CAR. Still, a golden standard is lacking [14,16,35–37] and the mathematical
approach reported by Taylor et al. [34] would not be applicable to our model, as it is based
on an analysis in the frequency domain, whereas we used a time-domain approach. We,
therefore, based our cutoff of the correlation coefficient between MAPB and rcSO2 on
a literature review, which reported generally used cutoffs ranging between 0.3–0.5 [14].
Secondly, the population studied by Votava-Smith et al. received more inotropes (42% vs.
up to 22.7% in our population). This could have affected the %time impaired CAR as it may
indicate lower MABP; however, the mean MABP was not reported for comparison [22].
Interestingly, in their study inotropes were not associated with a higher %time impaired
CAR. This might have been due to the smaller cohort in their study, possibly keeping the
association from reaching statistical significance.

We have several considerations about the association between inotropes and higher
%time impaired CAR. Firstly, from our observational study design, it is uncertain whether
this was the direct effect of the various inotropes or merely an indicator of low MABP
and concomitant CPP. We noticed that infants in our cohort remained to have lower
MABP regardless of inotrope administration. This may have caused a CPP outside the
autoregulatory plateau. However, Solanki et al. confirmed a dose-dependent effect of
dopamine on CAR specifically, despite controlling for illness severity [38]. Secondly, both
Solanki and Eriksen et al. propose a rightward shift of the autoregulatory plateau, caused by
dopamine-induced sympathetic nervous system activation, as an explanation for impaired
CAR [27,38]. Those effects may occur if dopamine crosses the blood–brain barrier, which
was reported in preterm neonates [38]. Lastly, in our regression Model 2 including MABP,
both inotropes and MABP were independently associated with higher %time impaired
CAR. Though with caution, we interpret this as an association with both variables despite
the possibility of confounding by MABP. We recognize that it is debatable whether MABP
can be included in the model since it is part of our CAR determination. Therefore, we
created a separate model without MABP [14], demonstrating inotropes to be independent
of MABP associated with more time with impaired CAR, at least during the first day after
birth.

We confirmed our hypothesis that the CHD type, in this case, dTGA, affects %time
impaired CAR. We hypothesized that this association is due to intrauterine cerebral hy-
poxemia possibly in combination with brain immaturity [7,8,23]. It would be possible
to analyze the %time impaired CAR based on the fractional tissue oxygen extraction
(FTOE = (SpO2 − rcSO2)/SpO2) in an attempt to correct for hypoxemia; however, we de-
cided to refrain from this step as in our opinion, this would have introduced another
insecurity to our surrogate measurements. Moreover, as we are mostly interested in con-
comitant changes in both parameters, we believe the added value of using FTOE is limited
for CAR assessment. Nevertheless, differences in CHD groups should be interpreted with
caution as various classifications exist [39–41].

We could not confirm a relation between %time impaired CAR and the development
of PVE, or mortality. This analysis should be interpreted with caution, as this was a
retrospective study and PVE is a rather non-specific sign of cerebral hypoxia.
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This study had several strengths. To the best of our knowledge, this is the first study
that assessed %time impaired CAR and clinical determinants including the type of CHD as
well as outcome in neonates with severe CHD. In one previous study, CAR was assessed in
pre-operative CHD neonates [22]; however, the effect on outcomes like cerebral ultrasound
examination or mortality was not examined. We included a relatively large number of
neonates for analysis. Measuring rcSO2 with NIRS is standard clinical practice for neonates
with CHD in our NICU. This technique is highly feasible due to its non-invasiveness and
the possibility of real-time monitoring at the bedside. Choosing rcSO2 as a surrogate for
CBF and the literature-based %time impaired CAR cutoff improved the generalizability of
our findings. With our data, we hope to create reference values for CAR in neonates with
CHD, a group in which CAR has not been studied extensively so far.

Nevertheless, we recognize the limitations of this study. First, for this retrospective
analysis, inclusion depended on available MABP measurements with an indwelling catheter.
This may have caused selection bias towards more severely ill neonates. For the same
reason, it was not ethical to measure the MABP in healthy age-matched controls. Despite
the predominance of dTGA in the CHD population, we did not consider this a case of
selection bias, as the number of neonates with dTGA among the excluded neonates was
not remarkably lower. Among the 18 excluded dTGA neonates, 6 (33.3%) had an indication
for balloon atrial septostomy, of which one did not succeed for technical reasons. Secondly,
the various approaches to assessing %time impaired CAR limit the generalizability of
CAR determination [35]. Although rcSO2 and MABP are merely surrogates, we think
that they currently provide the best estimates for continuous measurement of CBF and
CPP in neonates. Assuming stable cerebral metabolism, we consider changes in rcSO2
representative of changes in cerebral perfusion. Additionally, manual artifact removal
and selection of measurement periods may have introduced unintended selection bias.
Thirdly, we assessed signs of ischemia/hypoxia on cerebral ultrasound and mortality, but
not long-term neurological functioning. A sensitive measure for this purpose should be
added in future studies to better assess the relationship between %time impaired CAR and
neurological outcome. Lastly, there was a relatively large number of neonates with a need
for intubation and/or sedation in this cohort. This may indicate the illness severity in this
population, but sedation itself may also affect cerebral oxygen consumption. We cannot
fully exclude a potential confounding effect of sedation in this cohort.

5. Conclusions

Neonates with severe CHD have impaired CAR during 9.3% of the 2 h measurement
episode on the first day after birth, decreasing to 4.6% on day 3.

Treatment with inotropes, lower MABP, and dTGA were associated with higher %time
impaired CAR. Further investigation of the relationship between these determinants and
%time impaired CAR is warranted. More research is needed to determine the relationship
between %time impaired CAR and neurological outcome in neonates with CHD, using
more sensitive outcome measures.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/children9111686/s1, Table S1: Types of CHD; Table S2: Associations
between clinical determinants and %time impaired CAR, determined by univariable linear regression
analysis; Table S3: Associations between clinical determinants and %time impaired CAR, determined
by linear regression analysis; Table S4: Use of inotropes per CHD group per day.
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