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Risk Factors for Perioperative Brain Lesions
in Infants With Congenital Heart Disease: A
European Collaboration

Alexandra F. Bonthrone(®, PhD"; Raymond Stegeman(, MD, PhD*; Maria Feldmann, MD, PhD;

Nathalie H.P. Claessens(®, MD, PhD; Maaike Nijman‘®, MD; Nicolaas J.G. Jansen, MD, PhD; Joppe Nijman{®, MD, PhD;
Floris Groenendaal, MD, PhD; Linda S. de Vries, MD, PhD; Manon J.N.L. Benders, MD, PhD; Felix Haas, MD, PhD;
Mirielle N. Bekker, MD, PhD; Thushiha Logeswaran, MD, PhD; Bettina Reich, MD, PhD; Raimund Kottke, MD;
Cornelia Hagmann, MD, PhD; Beatrice Latal, MD, MPH; Hitendu Dave, MD; John Simpson®®, FRCE, MD;

Kuberan Pushparajah®, FRCP, PhD; Conal Austin, FRCS; Christopher J. Kelly, MRCPCH, PhD;

Sophie Arulkumaran®, FRCR, PhD; Mary A. Rutherford, FRCR, FRCPCH, MD; Serena J. Counsell, PhD;

Walter Knirsch®, MD*; Johannes M.PJ. Breur®®, MD, PhDt

BACKGROUND: Infants with congenital heart disease are at risk of brain injury and impaired neurodevelopment. The aim was to
investigate risk factors for perioperative brain lesions in infants with congenital heart disease.

METHODS: Infants with transposition of the great arteries, single ventricle physiology, and left ventricular outflow tract and/or aortic
arch obstruction undergoing cardiac surgery <6 weeks after birth from 3 European cohorts (Utrecht, Zurich, and London) were
combined. Brain lesions were scored on preoperative (transposition of the great arteries N=104; single ventricle physiology
N=35; and left ventricular outflow tract and/or aortic arch obstruction N=41) and postoperative (transposition of the great
arteries N=88; single ventricle physiology N=28; and left ventricular outflow tract and/or aortic arch obstruction N=30) magnetic
resonance imaging for risk factor analysis of arterial ischemic stroke, cerebral sinus venous thrombosis, and white matter injury.

RESULTS: Preoperatively, induced vaginal delivery (odds ratio [OR], 2.23 [95% CI, 1.06-4.70]) was associated with white
matter injury and balloon atrial septostomy increased the risk of white matter injury (OR, 2.61 [95% CI, 1.23-5.20]) and
arterial ischemic stroke (OR, 4.49 [95% CI, 1.20-21.49]). Postoperatively, younger postnatal age at surgery (OR, 1.18 [95%
Cl, 1.05-1.33]) and selective cerebral perfusion, particularly at <20°C (OR, 13.46 [95% Cl, 3.68-67.10]), were associated
with new arterial ischemic stroke. Single ventricle physiology was associated with new white matter injury (OR, 2.88 [95%
Cl, 1.20-6.95]) and transposition of the great arteries with new cerebral sinus venous thrombosis (OR, 13.47 [95% ClI,
2.98-95.66)). Delayed sternal closure (OR, 3.47 [95% Cl, 1.08-13.06]) and lower intraoperative temperatures (OR, 1.22
[95% ClI, 1.07—1.36]) also increased the risk of new cerebral sinus venous thrombosis.

CONCLUSIONS: Delivery planning and surgery timing may be modifiable risk factors that allow personalized treatment to
minimize the risk of perioperative brain injury in severe congenital heart disease. Further research is needed to optimize
cerebral perfusion techniques for neonatal surgery and to confirm the relationship between cerebral sinus venous thrombosis
and perioperative risk factors.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: heart diseases B ischemic stroke B magnetic resonance imaging B venous thrombosis B pedatrics B risk factors B white matter
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Nonstandard Abbreviations and Acronyms

AlS arterial ischemic stroke

BAS balloon atrial septostomy

CHD congenital heart disease

CSVT cerebral sinus venous thrombosis
FDR false discovery rate

GA gestational age at birth

MRI magnetic resonance imaging

OR odds ratio

PMA postmenstrual age at scan

SCP selective cerebral perfusion

SVP single ventricle physiology

TGA transposition of the great arteries
WwMI white matter injury

ongenital heart disease (CHD) requiring interven-

tion in early infancy occurs in 20.3% of live births.’

Up to 90% of children live into adulthood,? however,
survivors are at increased risk of neurodevelopmental
impairments.®* Research has increasingly focused on
understanding mechanisms underlying impaired neuro-
development in CHD.

Magnetic resonance imaging (MRI) studies have iden-
tified brain injuries in infants with CHD before and after
cardiac surgery."" White matter injury (WMI) and arterial
ischemic stroke (AIS) are most commonly reported,8%'!
however, cerebral sinus venous thrombosis (CSVT),
hypoxic-ischemic watershed injury, and intraparenchymal
hemorrhage are also observed.'>!®

Risk factor analyses have implicated birth history,'*®
clinical course,'*'"20 catheterization and surgical pro-
cedures'41821-24 gnd cardiac diagnosis''#'%% in peri-
operative brain injury in CHD. Many previous studies
combined infants with different injuries, it is, therefore,
unclear if identified factors are common to all injuries or
specific to certain forms.

Here, we assessed risk factors for preoperative and
new postoperative AIS, CSVT, and WMI, due to their
common occurrence and potential impact on neurode-
velopment, in infants with CHD requiring cardiac surgery
<6 weeks after birth."

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Recruitment

One hundred eighty infants with CHD (Table 1) who
underwent cardiac surgery <6 weeks after birth were pro-
spectively recruited in 3 observational cohort studies at

Stroke. 2022;563:3652-3661. DOI: 10.1161/STROKEAHA.122.039492
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Table 1. Clinical Characteristics of Infants Who Underwent
Preoperative MRI

N=180

White matter injury, N (%) 45 (25)
Arterial ischemic stroke, N (%)* 11 (6)
Cerebral sinus venous thrombosis, N (%) 0(0)
Age at scan, d 6 (3-8)
Postmenstrual age at MRI, wk 39.7 (38.9-40.9)
Preoperative MRI to surgery, d 4 (2-7)
Male, N (%) 116 (64)
CHD subgroup, N (%)

TGA 104 (58)

SVP 35 (19)

LVOTO 41 (23)
Antenatal diagnosis, N (%) 118 (66)
Inborn, N (%) 134 (74)
Approach to labor, N (%)

Spontaneous vaginal 52 (29)

Induction vaginal 52 (29)

Elective cesarean 32(18)

Emergency cesarean 40 (23)
Instrumental vaginal delivery, N (%) 14 (15)

Ventouse 9 (9)

Forceps 5(5)
Birth weight

Grams 3255+ 525

Z-score —0.16+0.92
Gestational age at birth, wk 39.0%£1.3
Apgar score 5-mint 9 (8-9)
Balloon atrial septostomy, N (%) 63 (35)
Balloon atrial septostomy route, N (%)#

Femoral 38 (60)

Umbilical 23 (37)
Preoperative ventilation

N (%) 98 (55)

Duration, d 2 (1-5)
Preoperative inotropes, N (%) 42 (23)
Preoperative intensive care, d 4 (2-7)

CHD indicates congenital heart disease; LVOTO, left ventricular outflow tract
and/or aortic arch obstruction; MRI, magnetic resonance imaging; SVPF, single
ventricle physiology; and TGA, transposition of the great arteries.

“WMI N=6.

tMissing (>5%): Apgar score 5-minutes N=11.

$Unknown N=2.

Wilhelmina Children’s Hospital Utrecht, University Children’s
Hospital Zurich, and St Thomas' Hospital London and com-
bined (see Figure 1 for recruitment details). Infants with
transposition of the great arteries (TGA, with/without arch
obstruction), single ventricle physiology (SVP), or left ven-
tricular outflow tract and/or aortic arch obstruction, such
as aortic valve stenosis, hypoplastic left heart complex or
aortic coarctation, hypoplasia or interruption (left ventricular
outflow tract and/or aortic arch obstruction), were included.
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Infants with known/suspected genetic/syndromic disorders
were excluded. Brain MRI was performed preoperatively and
postoperatively per clinical (Utrecht) or research (Zurich and
London) protocol. One hundred forty-six infants underwent
postoperative MRI (Table 2).

Clinical characteristics were collected at each center
and combined (see Tables S1 and S2 for additional charac-
teristics). Respective institutional research ethics commit-
tees provided approval (Utrecht, no. 16-093; Zurich KEK
StV-23/619/04; and London 07/H0707/105). Parental
informed consent was obtained for use of clinical data
for research purposes (Utrecht) or before study enroll-
ment (Zurich and London). This article follows STROBE
reporting guidelines (https://www.strobe-statement.org/,
Supplemental Material).

MRI Protocol and Image Review

All infants underwent 3-Tesla brain MRI. MRI system, head-
coil, scanning procedures, protocols, and image review pro-
cedures are described in Stegeman et al.”® Briefly, all infants
underwent T1-, T2-, and diffusion-weighted imaging. Utrecht
and London also acquired MR venography and susceptibility-
weighted imaging. Zurich acquired venography and suscepti-
bility-weighted imaging when there was evidence of CSVT or
hemorrhage on conventional imaging.

A consensus on terminology, definition and scoring of brain
MRI was achieved in a joint MRI meeting. Zurich, London, and
Utrecht applied a uniform description of brain imaging findings
described previously,'® which was adapted from work by Beca
etal,'" to MRI scans from their local cohorts. Brain MRI findings
are summarized in Tables 1 and 2, see Table S3 for information
on location of injuries.

Perioperative Brain Lesion Risk Factors in CHD

Postoperative brain MRI findings were considered new if
preoperative MRI showed no corresponding findings, lesion(s)
location(s) were different, and size or number increased.

Presence/absence of WMI, AIS, and CSVT on preopera-
tive/new postoperative MRI were primary outcome variables.

Statistical Analysis

Analyses were performed using SPSS (V.25.0) and R (V.3.6.2).
Normality was assessed with histograms, Q-Q plots, and
Kolmogorov-Smirnov/Shapiro-Wilk tests. Birth weight was trans-
formed into Z scores with the United Kingdom-World Health
Organisation reference data?® Continuous data are presented
as mean+SD when normally distributed or as median (interquar-
tile range) when not. Categorical data are presented as N (%).

Potential risk factors were selected based on previous
literature. We examined factors related to infant demograph-
ics,' 827 pregnancy and delivery,'®'%?7 intensive care,'*'82122
perioperative courseB'14182428 gnd MRI'"?° (see Table 3 for
risk factors assessed). Differences between infants with and
without preoperative/new postoperative WMI, AIS, and CSVT
were assessed using independent t test, Mann-Whitney U, %2,
and Fisher exact.

P values underwent false discovery rate correction (F’FDR)
to correct for multiple comparisons. F.,.<0.05 was considered
statistically significant. Significant results are presented as per-
centages or median (95% ) difference.

Relationships between clinical variables were assessed by
1-way analysis of variance, Kruskal-Walllis, %2 Fisher exact, and
Pearson correlations.

Multivariable backward stepwise logistic regression (exclu-
sion criteria P>0.1) was used to identify risk factors for preop-
erative/new postoperative WMI, AIS, and CSVT. Variables were

Wilhelmina Children’s Hospital Utrecht
Recruitment period: 2016-2019
Infants who consented for imaging data to

3 transferred to another hospital
2 suspected syndromic disorder
1 too unstable for MRI
1 premature birth
79 infants met criteria for European
AssociationBrain in Congenital Heart

3 early surgery
2 transferred to another hospital

70 infants with preoperative MRI
1 1

No postoperative MRI
3 died
2 too unstable for MRI

D i
I
|
|
v
—————g -

65 infants with pre and postoperative
MRI

St Thomas’ Hospital London
Recruitment period: 2014-2019
Infants consented to research

be used for research purposes N=109
N=122
Excluded
14 no diagnosis of TGA, SVP, LVOTO
14 confirmed syndromic disorder
8 died
b

51 infants met criteria for European
AssociationBrain in Congenital Heart

Disease Disease
No preoperative MRI
4 too unstable for MRI

50 infants with preoperative MRI

1
|
+

5 had metallic implants post surgery
2 were transferred to another hospital

24 infants with pre and postoperative
MRI

University Children’s Hospital Zurich
Recruitment period: 2009-2019
All infants with TGA, LVOTO and SVP who
were stable and consented to research
N=72

Excluded
52 no diagnosis of TGA, SVP, LVOTO
1 confirmed genetic disorder
5 did not undergo surgery <6 weeks

72 infants met criteria for European
AssociationBrain in Congenital Heart

Disease
No preoperative MRI
No preoperative MRI 9 Too unstable for MRI due to
——

CPAP/inotropes
3 logisticalreasons

1 early surgery

60 infants with preoperative MRI

No postoperative MRI
11 parents declined
6 live too far from centre -~ - - No Postoperative MRI

3 unable to achieve natural sleep

2 too unstable for MRI

—————g -

57 infants with pre and postoperative
MRI

Figure 1. Flow diagram showing inclusion and exclusion of infants from each research center.
CPAP indicates continuous positive airway pressure; LVOTO, left ventricular outflow tract and/or aortic arch obstruction; MRI, magnetic resonance
imaging; SVP, single ventricle physiology; and TGA, transposition of the great arteries.
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Table 2. Perioperative Clinical Characteristics of Infants
Who Underwent Preoperative and Postoperative MRI

N=146

New white matter injury, N (%) 43 (30)
New arterial ischemic stroke, N (%)*+ 15 (10)
New cerebral sinus venous thrombosis, N (%)#§ 15 (10)
Age at postoperative MR, d 22 (16-29)
Postmenstrual age at postoperative MRI, wk 42.7 (41.2-43.7)
Preoperative MRI to surgery, d 4 (2-7)
Surgery to postoperative MRI, d 10 (7-15)
Time between MRIs, d 14 (10-21)
Male, N (%) 99 (68)
CHD subgroup, N (%)

TGA 88 (60)

SVP 28 (19)

LVOTO 30 (21)
Gestational age at birth, wk 39.2%1.3
Age at surgery, d 10 (7-13)
Postmenstrual age at surgery, wk 40.8%1.6
Cardiopulmonary bypass

N (%) 142 (98)

Duration, min 165 (137-194)
Aortic cross-clamp time, min 98141
Selective cerebral perfusion

N (%) 50 (35)

Duration, min 35 (29-47)
Lowest intraoperative temperature, °C 27 (20-30)
Delayed sternal closure, N (%) 67 (46)
Sepsis before postoperative MRI, N (%) 17 (12)
Postoperative mechanical ventilation, d 4 (2-6)
Postoperative inotropes, || d 5(3-9)
Postoperative intensive care, d 6 (4-8)

CHD indicates congenital heart disease; CSVT, cerebral sinus venous throm-
bosis; LVOTO, left ventricular outflow tract and/or aortic arch obstruction; MR,
magnetic resonance imaging; SVP, single ventricle physiology; TGA, transposition
of the great arteries; and WMI, white matter injury.

*Seizures n=1.

tNew CSVT N=1; new WMI N=7; and new WMI and CSVT N=2.

$Seizures n=3.

§New WMI N=4.

[[Missing (>5%): postoperative inotropes duration N=57.

selected based on previous literature (Table 3) and results of
univariable analyses.

Pearson correlations were used to test for multicollinearity.
Preoperative postmenstrual age at scan (PMA) and gestational
age at birth (GA; =0.909), cardiopulmonary bypass duration
and aortic cross-clamp time (=0.845), and postoperative venti-
lation duration and intensive care stay (=0.719) were collinear.
GA, cardiopulmonary bypass duration, and ventilation duration
were included unless alternate variables were significant in uni-
variable analyses.

Results were presented as adjusted odds ratios and abso-
lute risks (95% CI).

Sensitivity analysis was performed by repeating analyses
for new postoperative injuries excluding infants who did not

Stroke. 2022;563:3652-3661. DOI: 10.1161/STROKEAHA.122.039492
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undergo cardiopulmonary bypass (arch repair n=2, hybrid pro-
cedure n=1; and missing data aortopulmonary shunt n=1).

RESULTS

Univariable Differences

New postoperative AlS was associated with younger age at
surgery (7 [6-9] versus 11 [7-15] days; F.,;=0.019), selec-
tive cerebral perfusion (SCP; 80% versus 29%); F-,=0.003),
lower intraoperative temperatures (19.7°C [19.0-275]
versus 27.4°C [21.6-300]; F.,;=0.048), longer mechani-
cal ventilation (6 [4—15] versus 3 [2-5] days; F.,,=0.004),
longer postoperative intensive care stay (11 [8-30] versus
6 [4-8] days; F.,=0.019), and CHD subgroup (SVP 53%j;
TGA 27%; and left ventricular outflow tract and/or aortic arch
obstruction 20%; F.,;=0.007; Table S4).

Infants with preoperative AIS had lower B5-minute
Apgar scores (8 [6-8]) than infants without (9 [8-9];
P-5=0.019; Table SH).

There were no significant differences between infants
with and without preoperative/new postoperative WMI or
new postoperative CSVT (Tables S6 through S8).

Multivariable Logistic Regressions

Preoperative Brain Injuries
Induced vaginal delivery and balloon atrial septostomy
(BAS) increased the risk of preoperative WMI (Table 4,
Figure 2A). Infants born by induced vaginal delivery had
lower GA compared with spontaneous vaginal delivery
(P=0.007) but not elective (P=0.087) or emergency
(Table S9; P=0.861) cesarean section, however, including
GA in the final model did not change the results (Table 4).

The proportion of infants with WMI was not differ-
ent between infants induced for CHD alone (11 of 37
infants; 29.7%) and infants induced for additional rea-
sons (5 of 13 infants; 38.4%, A=0.731; Table S9).

BAS was associated with preoperative AIS (Table 4;
Figure 2B).

New Postoperative Brain Injuries

SCP and younger postnatal age at surgery were asso-
ciated with new postoperative AIS (Table 4); predict-
ing right-sided (n=10; age at surgery P=0.024; SCP
P=0.007) but not left sided AIS (n=4: age at surgery
P=0.512; SCP P=0.129).

Postnatal age at surgery was associated with CHD
subgroup (Table S2, P=0.007), however, including SVP
in the final model did not change the results (Table 4).
There were no new postoperative AlS in infants oper-
ated after 13 days. Preoperative mechanical ventilation
(median interquartile range not ventilated 9 [3-41], ven-
tilated 11 [3-42]; P=0.004) and treatment with inotro-
pes (no treatment median 9 [3-42], treatment median

December 2022 3655
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Table 3. Clinical Variables Included in Statistical Analyses Based on Previous Literature

Preoperative only New postoperative only

Factor category | Analysis type Preoperative and new postoperative
Demographics Univariable and multi- | Male*®
variable GA'

CHD subgroup (reference:
LVOTO) 11,1827

Univariable and multi-
variable

Pregnancy and
delivery

Approach to labor (reference:
spontaneous vaginal)?’

Antenatal diagnosis'®'®

Univariable only

Instrumental delivery

Birth away from cardiac center

5-min Apgar score

Univariable and multi-
variable

Intensive care

course tion duration?’

Pre/postoperative mechanical ventila-

BAS14,2|,22

Preoperative intubation'%4®

Length of pre/postoperative intensive

variable

care stay'’
Univariable only BAS route Culture proven sepsis before MRI
Inotropes treatment'”2° (AIS only)
Perioperative Univariable and Multi- Postnatal age at surgery®'824
course variable Cardiopulmonary bypass duration'!
Use of SCP1418
Lowest intraoperative temperature''2
Delayed sternal closure'®
Univariable only Aortic cross-clamp time
SCP duration
Scan-related Univariable and Multi- | PMA% Preoperative WMI'! (WMI only)

Univariable only Postnatal age at MRI

Time between surgery and MRI

New postoperative AIS (CSVT only)

AlS indicates arterial ischemic stroke; BAS, balloon atrial septostomy; CHD, congenital heart disease; CSVT, cerebral sinus venous thrombosis; GA, gestational age
at birth; LVOTO, left ventricular outflow tract and/or aortic arch obstruction; MRI, magnetic resonance imaging; PMA, postmenstrual age at scan; SCP, selective cerebral

perfusion; and WMI, white matter injury.

12.5 interquartile range [4-41]; P=0.008) were associ-
ated with later age at surgery.

Post hoc regressions with SCP split into 4 catego-
ries: no SCR, SCP at >28°C, SCP at 21 to 28°C, and
SCP at <20°C (Table S10) revealed SCP at <20°C was
associated with new postoperative AlS (odds ratio, 13.46
[3.68-67.10]; A<0.001; Figure 2D).

TGA, lower intraoperative temperatures, and delayed
sternal closure were risk factors for new postoperative
CSVT (Table 4; Figure 2D). TGA remained a significant
predictor (odds ratio, 46.66 [3.40-893]; P=0.003) when
controlling for arch repair. No infants with new postopera-
tive CSVT had venous infarcts, see Table S11 for details.

SVP and younger postoperative PMA were risk factors
for new postoperative WMI (Table 4; Figure 2E). PMA
was unrelated to CHD subgroup (Table S2; P=0.256).

Sensitivity Analysis

Univariable (Tables S4, S7, and S8) and multivariable
(Table S12) results were not different when excluding
infants who did not undergo cardiopulmonary bypass.

3656  December 2022

DISCUSSION

This study investigated risk factors for perioperative brain
injuries in infants with CHD. Younger postnatal age at
surgery and SCP during surgery, particularly at <20°C,
increased the risk of new postoperative AlS. Infants with
SVP were at highest risk of new WMI while those with
TGA were at risk of new CSVT. Lower intraoperative
temperatures and delayed sternal closure were also risk
factors for new CSVT. Preoperatively, induced vaginal
delivery was associated with WMI and BAS was associ-
ated with brain injury. These results present novel oppor-
tunities for personalized treatment to minimize the burden
of perioperative brain injury in neonates with CHD.
Induced vaginal delivery was associated with preop-
erative WMI. Interestingly, the occurrence of WMI was
not different between infants induced for CHD alone and
those induced for additional reasons. In contrast, Kelly et
al” reported no significant relationship between induction
of delivery and preoperative WMI. Their study examined
the impact of induction regardless of delivery method in
a wider range of CHD diagnoses, which may account for

Stroke. 2022;53:36562-3661. DOI: 10.1161/STROKEAHA.122.039492
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Table 4. Multivariable Regression Analyses of Perioperative
Brain Injuries

Odds ratio (95% CI) Pvalue
Preoperative
White matter injury
Balloon atrial septostomy 2.54 (1.24-5.25) 0.011
Induced vaginal delivery*t 2.25 (1.07-4.75) 0.032
Arterial ischemic stroke
Balloon atrial septostomy 5.53 (1.53-25.98) 0.014
New postoperative
Arterial ischemic stroke
Selective cerebral perfusiont | 10.02 (2.87-47.26) <0.001

Younger postnatal age at
surgery

118 (1.05-1.32), perd | 0.023

Cerebral sinus venous thrombosis

Transposition of the great 13.26 (2.12-98.16) 0.008

arteries§

Lower intraoperative tem-
peratures

1.20 (1.03-1.34), per °C | 0.024

3.71 (1.14-13.84) 0.036
1.26 (0.99-1.48), per wk | 0.075

Delayed sternal closure

Younger postoperative PMA

White matter injury

Single ventricle physiology§ | 2.84 (1.16-6.99) 0.022

Younger postoperative PMA | 1.26 (1.11-1.41), per wk | 0.004

BAS indicates balloon atrial septostomy; CHD, congenital heart disease; GA,
gestational age at birth; PMA, postmenstrual age at scan; SCP, selective cerebral
perfusion; and SVP, single ventricle physiology.

“Including GA (FP=0.095), induced vaginal delivery £=0.038, BAS P=0.007.

tReference: all other approaches to labor.

#Including SVP (P=0.690), postnatal age at surgery P=0.035, SCP ~=0.007.

§Reference: all other CHD subgroups.

differing results. It is unclear how induced vaginal deliv-
ery might increase risk of WMI. Type of delivery has no
reported impact on neonatal stability in CHD.% In healthy
infants, induction is not associated with longer duration
of labor®" and evidence of increased oxidative stress
after uncomplicated vaginal delivery is mixed,® although
to our knowledge this has not been investigated in CHD.
WMI occurs in around 12% of otherwise healthy infants
scanned for research purposes® most commonly in
infants delivered by ventouse, however, the impact of
induced vaginal delivery has not been investigated. In
our centers, mothers who live locally await spontaneous
labor whereas those who do not are induced at 38 or
39 weeks where possible, however, differences in GA
did not explain the association with WMI. Our results
suggest induced vaginal delivery may be associated
with WMl in infants who are susceptible to brain injury,
however further research is needed. It is possible that
infants with CHD, particularly those requiring BAS, may
benefit from delivery by alternate strategies to reduce
the cumulative risk of preoperative WMI. However, alter-
nate delivery plans are not without risks to both infants
and mothers. Nevertheless, our results may provide novel
opportunities to individualize care of infants with CHD.

Stroke. 2022;563:3652-3661. DOI: 10.1161/STROKEAHA.122.039492
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In agreement with several studies, BAS, but not route
of access, was associated with preoperative brain inj
ury./ 14182022 BAS js used to improve systemic oxygen
saturation, primarily in neonates with TGA. Routine
BAS in TGA regardless of hemodynamic stability has
been associated with increased prevalence of preop-
erative focal ischemic lesions.” In our centers, BAS is
performed in infants with unacceptably low preductal
oxygen saturations. Therefore, infants requiring BAS are
already exposed to hypoxemia and potential cardiovas-
cular disruption which may increase vulnerability to brain
injury.”?? Indeed, infants with preoperative AIS had lower
5-minute Apgar scores. Earlier cardiac surgery may
reduce the need for BAS. However, cardiac surgery in
unstable infants is inherently risky, and we also identified
younger age at surgery as a risk factor for postopera-
tive AIS. These competing risks should be considered in
individual infants.

This study did not investigate different intraoperative
perfusion techniques; however, we identified an associa-
tion between SCP at deep hypothermia and new post-
operative AlS. Optimal protocols for neonatal SCP are
controversial and a systematic review did not find enough
evidence to recommend a perfusion or cooling strategy.®
There is emerging evidence that mild or moderate hypo-
thermia during SCP may be optimal for neonatal neuropro-
tection.* In piglet models, SCP at 25 to 27 °C maintained
brain glucose levels®® and cerebral oxygenation was com-
parable to lower temperatures.®* In a small infant study,
SCP at 23 to 25°C was protective for new postoperative
ischemic lesions compared with deep hypothermic circu-
latory arrest®* Randomized controlled trials report no dif-
ferences in new postoperative brain injury incidence and
neurodevelopmental outcomes in infants who undergo
SCP at 18°C compared with deep hypothermic circula-
tory arrest®26 SCP was also previously identified as a
risk factor for new postoperative focal ischemic injury in
CHD.'™® As our multi-center study was observational, it
may be detrimental to draw conclusions about the merits
of SCP. However, our findings support calls to optimize
SCP protocols in neonates.?*#%#

Younger postnatal age at surgery was a risk factor for
new postoperative AlS. Previous findings are inconsis-
tent, with both younger® and older age at surgery?* asso-
ciated with postoperative WM. It was recently reported
that risk of new postoperative ischemic injury increases
from birth to 9 days at surgery before decreasing to a
minimum at around 27 days.'® Earlier surgery has been
associated with better clinical outcomes and lower health
care costs®® and better language abilities at 18 months.*°
Interestingly, in this cohort, infants operated at a later age
were more likely to be ventilated and treated with ino-
tropes before surgery, perhaps reflecting more severe
illness. Later surgery may be an important tool for mini-
mizing the risk of AIS, particularly in infants undergoing
SCP or those with preoperative injury.
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There is emerging evidence that different cardiac physi-
ologies increase the risk of distinct postoperative brain inju-
ries. We identified infants with TGA as at risk of new CSVT
and supported other studies reporting infants with SVP are
at risk of new WML'"'?® Identifying cardiac physiologies as
initial risk factors for new postoperative injury allow indi-
vidualized perioperative care to reduce brain injury.

To our knowledge, this is the first study to identify
delayed sternal closure and lower intraoperative temper-
atures as risk factors for new postoperative CSVT. One
previous study reported no differences in clinical charac-
teristics between infants with and without new postop-
erative CSVT." Delayed sternal closure is used to prevent
hemodynamic instability postsurgery.*' These infants are,
therefore, the most complex, requiring prolonged surgical
procedures and intensive care stays. Lower intraoperative
temperatures increase the risk of excessive postoperative
bleeding in infants undergoing CPB*? requiring periopera-
tive coagulatory therapy. The significance of these factors
is difficult to assess, therefore, further large studies are
needed to investigate perioperative risk factors for CSVT.

Younger postoperative PMA increased the odds of
identifying new postsurgical WMI. In premature infants,

Perioperative Brain Lesion Risk Factors in CHD

some WMl identified on early MRI are not visible at term-
equivalent age.?® Some infants with CHD may have had
new WMI that resolved before postoperative MRI. Never-
theless, PMA was not different between CHD subgroups
and SVP remained a significant predictor of new WMI
when controlling for PMA.

Limitations and Future Directions

We acknowledge that this work has some limitations. We
retrospectively combined data from 3 European centers
and the proportion of SVP differed between cohorts (66%,
229%, and 12%). We therefore did not examine differences
in lesion incidence, or perinatal, perioperative, and surgical
management between centers. Nevertheless, by combining
data across 3 centers, this study included a large cohort of
infants with CHD with comparable MRI and clinical details.

This observational study investigated multiple inter-
related risk factors. We could not definitively disentangle
how perioperative factors, CHD diagnosis, and preopera-
tive brain injury might interact. We, therefore, do not draw
any conclusions about optimized neuroprotection during
surgery. Further discussion is warranted regarding the
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feasibility of randomized controlled trials to definitively
determine if different approaches to labor, intraoperative
neuroprotective techniques or timing of surgery reduce
the prevalence of brain injury in neonates with CHD.

MR venography was not routinely performed in Zurich
which may have led to an underestimation of the preva-
lence of CSVT.

Previous studies have suggested that moderate/
severe WML in infancy is associated with neurodevelop-
mental impairments in childhood.?>“® Similarly, the neuro-
developmental consequences of AlS are likely dependent
on factors such as volume and location.****> Future stud-
ies should investigate the associations between periop-
erative factors, cumulative burden, location and size of
injuries, and neurodevelopmental outcomes. Neverthe-
less, it is important to consider risk factors for presence
of perioperative injury, so that care may be tailored to
minimize the cumulative burden.

Conclusions

This study identified risk factors for perioperative brain
injury in infants with CHD introducing novel opportunities
for tailored perinatal and perioperative care based on risk
stratification. Further research is needed to optimize SCP

Stroke. 2022;563:3652-3661. DOI: 10.1161/STROKEAHA.122.039492

protocols for neonates and to confirm the relationship
between CSVT and perioperative risk factors.
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