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Perioperative Course and Socioeconomic Status Predict Long-Term
Neurodevelopment Better Than Perioperative Conventional Neuroimaging
in Children with Congenital Heart Disease

Astrid Neukomm, MMed'?, Melanie Ehrler, PhD'**, Maria Feldmann, MD, PhD"?, Aziz Chaouch, MSc*,
Walter Knirsch, MD**°, Cornelia Hagmann, MD, PhD*®, Andras Jakab, MD, PhD*’, and Beatrice Latal, MD, MPH'-**

Objective The objective of the study was to compare the use of neonatal conventional brain magnetic resonance
imaging (MRI) with that of clinical factors and socioeconomic status (SES) to predict long-term neurodevelopment in
children with severe congenital heart disease (CHD).

Study design In this prospective cohort study, perioperative MRIs were acquired in 57 term-born infants with
CHD undergoing cardiopulmonary bypass surgery during their first year of life. Total brain volume (TBV) was
measured using an automated method. Brain injury severity (BIS) was assessed by an established scoring system.
The neurodevelopmental outcome was assessed at 6 years using standardized test batteries. A multiple linear
regression model was used for cognitive and motor outcomes with postoperative TBV, perioperative BIS, CHD
complexity, length of hospital stay, and SES as covariates.

Results CHD diagnoses included univentricular heart defect (n = 15), transposition of the great arteries (n = 33),
and acyanotic CHD (n = 9). Perioperative moderate-to-severe brain injury was detected in 15 (26%) patients. The
total IQ was similar to test norms (P = .11), whereas the total motor score (P < .001) was lower. Neither postoperative
TBV nor perioperative BIS predicted the total 1Q, but SES (P < .001) and longer hospital stay (P = .004) did. No factor
predicted the motor outcome.

Conclusion Although the predictive value of neonatal conventional MRiIs for long-term neurodevelopment is low,
duration of hospital stay and SES better predict the outcome in this CHD sample. These findings should be consid-
ered in initiating early therapeutic support. (J Pediatr 2022;251:140-8).

he incidence of severe congenital heart disease (CHD) requiring immediate treatment after birth is about 0.3% of all live

births.' In recent decades, the survival rate has increased to 85% to 90% due to improved surgical and perioperative

management.” * However, patients with CHD are at risk of delayed neurodevelopment, affecting cognition, language,
motor function,” " and executive function®” during childhood and into adolescence”” and adulthood.'” Evidence is increasing
that brain immaturity,"" smaller brain volumes,'*'” and perioperative brain injury'>'®'* are related to altered neurobehavior
during the neonatal period'*'” and delayed neurodevelopment during early childhood.'”'>' Data are limited on the impact of
perioperative magnetic resonance imaging (MRI) alterations on the long-term neurodevelopmental outcome. To date, only
one study with a small sample of patients with aortic arch obstructions and high brain injury loads correlated MRI alterations
with neurodevelopment at 6 years.'” That study found significant associations of smaller postoperative regional brain volumes
with IQ below 85, moderate-to-severe white matter injury (WMI) with a lower 1Q, and WMI in the posterior part of the in-
ternal capsule with worse motor scores.'” Nevertheless, clinical factors have not reliably predicted the neurodevelopmental
outcome.'>'*'*"” It is important to consider socioeconomic status (SES) when identifying patients with CHD at risk for im-
pairments.zo’Z] Our aim was to determine the predictive value of neonatal conventional brain MRI alterations, clinical factors,
and SES for the long-term cognitive and motor outcome in children with severe
CHD. We hypothesized that lower postoperative total brain volume (TBV), more
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lower SES all predict a poorer cognitive and motor outcome
at 6 years of age in children with CHD.

This work was conducted as part of a prospective, longitudi-
nal cohort study at the University Children’s Hospital Zur-
ich. Neonates born between October 2009 and March 2020
who required cardiopulmonary bypass surgery were re-
cruited from the pediatric cardiac intensive care or neonatal
care unit. Patients with gestational age <36 weeks at birth or a
suspected genetic syndrome or confirmed genetic disorder
were excluded.'™"” Brain MRI was performed periopera-
tively. Clinical data were collected prospectively from the
clinical records of patients. The study was approved by the
Ethics Committee of the Canton of Zurich, Switzerland.
Written informed consent was obtained from all parents or
legal guardians.

A total of 128 patients were recruited. Three patients died
during their first year of life. Of 125 surviving patients, 69 had
reached preschool age by the time of this analysis, of whom 8
patients were excluded for methodologic reasons and 4 pa-
tients were lost to follow-up (follow-up rate = 93%). There-
fore, 57 patients were available for analysis (Figure 1;
available at www.jpeds.com). The 57 patients included did
not differ from the 12 patients excluded or lost to follow-
up in CHD complexity (P = .11) or SES (P = .54), but they
had a significantly higher median Bayley cognitive
composite score at 1 year of age (included patients:
median = 110, IQR = [97.5, 115], excluded or lost-to-
follow-up patients: median = 95, IQR = [90, 95], P = .004).

Brain MRI, Image Processing, and Injury Scoring

Perioperative cerebral MRI was acquired in natural sleep from
all patients who were in clinically and hemodynamically stable
condition witha 3.0 T MRI scanner with an 8-channel head coil
(GE Signa MR750). For volumetric analysis, 2-dimensional
fast spin-echo T2-weighted sequences were acquired in axial,
sagittal, and coronal planes. The sequence measures for the
conventional MRIs were identical to those reported in a previ-
ous study."” For postprocessing, first, a brain mask was created
with a semiautomated atlas-based custom MeVisLab (MeVis
Medical Solutions AG) module.”””* A super-resolution (SR)
reconstruction algorithm implemented in the SVRTK toolbox
was then applied to the 3 orthogonally acquired 2-dimensional
fast spin-echo image stacks, creating a 3-dimensional SR vol-
ume of brain morphology with an isotropic resolution of
0.5 x 0.5 x 0.5 mm’.”* The 3-dimensional SR images were
segmented into tissue compartments using the Developing
Human Connectome Project structural pipeline.” Tissue types
were segmented, and the TBV was calculated with the FSLstats
command in FSL software. Postoperative MRIs could not be
obtained for 8 patients (Figure 2; available at www.jpeds.
com). Preoperative MRIs were available for all these 8
patients. These patients were not excluded from the analysis,
but instead the 8 missing postoperative TBVs were estimated
by the chained equation involving one imputation and 50
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iterations with the “mice” package in R.® To estimate the

missing values, preoperative TBV, baseline characteristics,
and outcome measures were used as predictors. To avoid
multiple testing but to answer hypothesis-driven questions,
we examined only the predictive value of postoperative brain
volumes. In addition, we supposed that the postoperative
TBV would be clinically more relevant for the long-term
neurodevelopmental outcome. In 8 (14%) of our patients,
new WMI appeared postoperatively. The WMI load has been
shown to affect network strength and integration.”” Neonatal
surgery and the perioperative period, thus, represent an
additional insult to brain development. Therefore, the
postoperative TBV most likely captures the cumulative
impact of perioperative adverse events.

A trained neonatologist with experience in neonatal MRI
scored all lesions of preoperative and postoperative MRI
scans. The brain lesions were classified using the brain injury
severity (BIS) score (Figure 3; available at www.jpeds.
com).'®”® The maximal BIS score from preoperative and
postoperative  MRI was taken into account as the
cumulative BIS score.'® For the 13 patients for whom only
one MRI, either preoperative or postoperative, was
available, we used the BIS score of the single available MRI
instead of a cumulative BIS score. Due to the sample size
and distribution of lesions (Figure 4; available at www.
jpeds.com), the BIS score was dichotomized: 0 = no lesion,
mild WMI, or intraventricular hemorrhage grade 1 or 2
and 1 = stroke or moderate-to-severe WMI.

Neurodevelopmental Assessment at 6 Years of Age
The children in our study underwent neurodevelopmental
testing at 1, 2, 4, and 6 years of age. At 6 years, cognitive func-
tion was assessed with the third edition of the Wechsler Pre-
school and Primary Scale of Intelligence (WPPSI-III).*” For 3
children with delayed language development, the Snijders-
Oomen Non-Verbal Intelligence Tests 2-8—Revision
(SON-R) was performed.3 ® Motor function was assessed
with the Zurich Neuromotor Assessment (ZNA).”' Visual
motor function was assessed with the sixth edition of the
Beery-Buktenica Developmental Test of Visual-Motor Inte-
gration (Beery).”” Trained developmental pediatricians con-
ducted the assessments. They were not blinded to the clinical
course or to major MRI alterations because the assessments
were conducted within a routine clinical follow-up program.
The WPPSI-III assesses total 1Q, verbal IQ, performance 1Q,
and processing speed. The SON-R assesses a nonverbal IQ
and was considered equivalent to a total IQ score in the
WPPSI-III within this study. The assessed 1Qs have a mean
of 100 and an SD of 15. The ZNA assesses 4 domains: pure
motor function, adaptive fine motor function, adaptive gross
motor function, and static balance. The time needed to solve
the ZNA tasks was transformed to z-scores from normative
values. A total motor score was calculated in accordance
with literature.”” The Beery test assesses 3 domains: visual-
motor integration, visual perception, and motor coordina-
tion. The composite scores have a mean of 100 and an SD
of 15. SES was calculated from maternal education and
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paternal occupation. The score ranged from 2 to 12, with
higher scores indicating higher SES.”* This measure of SES
has been used in healthy and other at-risk Swiss populations
such as preterm born children.”">*

Data Analyses

The neurodevelopmental outcome of cognitive, motor, and
visual motor function at 6 years of age was compared with
the respective normative means using 1-sample t tests for
normal data and Mann-Whitney U tests for non-normal
data. Hypotheses were tested by calculating multivariable
linear regression models for the primary outcomes: total 1Q
and total motor score. Post hoc, two additional models were
calculated for 2 outcomes, processing speed (WPPSI-III)
and motor coordination (Beery), because patients performed
significantly worse than the normative samples for these do-
mains (Table II). Distributions of residuals were checked
for normality. For non-normal outcome variables, ordinal
logistic regression models were calculated to confirm results.
All models included the following predictors: postoperative
TBV, cumulative BIS score (no/mild brain injury vs
moderate/severe brain injury), CHD complexity, length of
hospital stay, and SES. To test CHD complexity, we created
an ordinal variable classifying acyanotic heart disease as mild
complexity, dextro-transposition of the great arteries as
medium complexity, and single ventricle physiology as high
complexity. Because we only had 7 patients with hypoplastic
left heart syndrome, we did not perform subgroup analysis
for hypoplastic left heart syndrome. The length of hospital
stay was log-transformed due to skewed data distribution.
The models were corrected for gestational age at MRI and
MRI batch (ie, before and after scanner update). To correct
for multiple testing, P values were corrected for the false
discovery rate according to the Benjamini-Hochberg
procedure.”” All analyses were conducted using R, version
4.1.0, statistical software developed by the R Core Team.’”
The STROBE guidelines for reporting observational studies
were followed.™

Sample Descriptive and MRI Characteristics
Neonatal demographic, clinical, and MRI characteristics of
the patients with CHD are displayed in Table I
Perioperative moderate-to-severe brain injury was detected
in 15 (26.3%) patients. The postoperative TBV did not
differ between the BIS categories (mean TBV for BIS 0 and
1 = 374.03 mL [SD = 39.79 mL]; mean TBV for BIS 2 and
3 =367.94 mL [SD = 35.83 mL]; P = .62).

Neurodevelopmental Assessment at 6 Years of Age
Neurodevelopmental assessment was performed at a median
age of 6.0 years (youngest participant: 4 years and 1 month,
oldest participant: 7 years). At follow-up, 12 patients
(21.8%) were receiving cardiac medication and 15 patients
(27.3%) were attending regular therapy, mostly speech ther-
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Table I. Neonatal demographic, clinical, and MRI
characteristics of patients with CHD

Median [IQR],
Number of patients = 57 mean (SD), n {%}
Gestational age at birth, weeks 39.6 (1.3)
Weight at birth, g 3336.9 (463.8)
Head circumference at birth, cm* 34.5(1.3)
Male sex 41 {71.9}
Socioeconomic status 9.0 (7.0, 11.0]
Cardiac diagnosis
Acyanotic 9{15.8}
Single ventricle physiology 15 {26.3}
Hypoplastic left heart syndrome 7{12.2}
D-Transposition of the great arteries 33 {57.9}
Preoperative lowest 02 saturation, %* 62.0 [47.0, 79.0]
Preoperative resuscitation 1{1.8}
Balloon atrial septostomy 25 {43.9}
CPB surgery at neonatal age (<30 days of life)'® 47 {82.5}
Age at first CPB surgery, days 12.0 [9.0, 22.0]
Duration of intraoperative CPB, min* 180.4 (57.2)
Postoperative resuscitation 1{1.8}
Postoperative seizures 0 {0}
Postoperative ECMO 0 {0}

Hospital stay, days 33.0 [26.0, 42.0]

Gestational age at preoperative MRI, weeks 40.5 (1.4)
Age at preoperative MRI, days 7.01[5.8,9.0]
Gestational age at postoperative MRI, weeks 43.2 (1.8)
Age at postoperative MRI, days 25.0 [20.0, 32.0]
Total brain volume on postoperative MRI, cm®* 372.3 (38.4)
Cumulative BIS score

BIS 0—No brain injury 38 {66.7}

BIS 1—Mild WMI or IVH grade 1 or 2 4 {7.0}

BIS 2—Stroke without moderate/severe WMI 1{1.8}

BIS 3—Moderate/severe WMI 14 {24.6}

\, v

CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; [VH,
intraventricular hemorrhage.

Data are reported as mean and SD for normal data and as median and IQR for non-normal data.
Categorical data are reported as numbers and proportions. Mild WMI: 1-3 lesions, each lesion
<2 mm in diameter. Moderate/severe WMI: >3 lesions or any lesion >2 mm in diameter.'® IVH
was scored according to Papile et al.“’ The cumulative BIS score considers the more severe
lesion of the preoperative and postoperative MRI.'® Preoperatively, one patient had a stroke
affecting the right anterior cerebral artery, one patient had a stroke affecting the left posterior
cerebral artery, and one patient had a stroke affecting the right middle cerebral artery.
*>10% of data are missing.

apy (9 patients; 16.4%). Neurodevelopmental outcomes were
compared with the respective normative means and are pre-
sented in Table II. The total, verbal, and performance 1Q of
the CHD cohort did not differ significantly from the
normative test means. Nine (15.8 %) patients had a total
IQ below 85, which is closely in line with the normal
distribution (15.87%)."" The processing speed score of the
CHD cohort was significantly lower than the normative
mean. The total motor score and all the ZNA component
z-scores were also significantly lower. Beery visual motor
integration of the CHD cohort did not differ significantly
from the normative mean. Beery visual perception was
significantly better in the CHD population than the
normative mean, but Beery motor coordination was
significantly worse.

Risk Factor Analysis of Neurodevelopment at

6 Years of Age

Test statistics of the linear regression models are presented in
Table III for the primary outcomes, IQ, and total motor

Neukomm et al
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Table II. Six-year neurodevelopmental outcome of patients with CHD
Outcome variables Mean (SD) or median [IQR] 95% Cl of median or mean Cohen’s D P Corrected P*
Total IQ" 98.0 [92.0, 105.0] 94.0-101.0 0.21 a1 Bh|
Verbal 1Q 95.4 (17.5) 90.6-100.1 0.27 .06 .08
Performance 1Q 103.3 (12.9) 99.8-106.8 0.26 .07 .08
Processing speed 93.8 (12.1) 90.5-97.2 0.51 <.001*** .001**
Total motor score —-1.0[-1.8, —0.3] —1.6to —0.8 0.82 <.001*** <.001***
Pure motor function —-0.5(1.3 —0.91to0 —-0.1 0.38 .02* .04*
Adaptive fine motor —1.2 (1.5) —1.7t0 —0.8 0.84 <.001*** <.001***
Adaptive gross motor —-0.6[-1.2,0.3] —0.81t0 —0.1 0.35 .02* .04
Static balance —0.9(1.1) —1.3t0 —0.6 0.86 <.001*** <.001***
Visual motor integration 97.7 (9.5) 94.8-100.6 0.24 11 1
Visual perception 107.0 (12.2) 103.4-110.7 0.58 <.001*** .001**
Motor coordination 95.8 (9.9) 92.8-98.8 0.43 .007** .001** )
\,

Neurodevelopmental outcome variables were compared with the standardized test mean using 1-sample ttests and Mann-Whitney U tests as appropriate for the sample distributions. Data on motor
(ZNA) and visual motor (Beery) outcome were missing for 9 patients and 14 patients, respectively. Patients with missing motor and visual motor outcome had similar total 1Q to those who completed

motor and visual motor assessment (motor: P = .09; visual motor: P = .16). Pvalue < .05%, <.01**, <.001***,

*Benjamini-Hochberg correction for the number of outcome comparisons.*’

1The total IQ includes 1Q of 54 WPPSI-IIl and 3 SON-R tests. Significance and direction of effects did not differ when the 3 subjects with SON-R were excluded from analysis.

score and Table IV (available at www.jpeds.com) for the post
hoc analyses of processing speed and motor coordination.
The total 1Q at 6 years of age was significantly predicted by
the length of hospital stay during the first surgery and by
SES but not by conventional MRI alterations or CHD
complexity. Visual examination found no threshold for the
length of hospitalization above which the outcome would
be significantly worse. Furthermore, we did not identify
any conventional MRI variable, clinical factor, or SES as a
predictor for total motor outcome, motor coordination, or
processing speed. There was a trend for the postoperative
TBV to correlate with the 6-year motor outcome (P = .09);
however, this relationship did not survive false discovery
rate correction (P = .44). Due to non-normal total IQ and
total motor outcome variables, ordinal regression models
were additionally calculated to support the initial findings.
These models provided comparable directions and
significance of effects (Table V; available at www.jpeds.
com). We also performed an analysis with a different
categorization of BIS (no brain injury vs any brain injury).
This different dichotomization did not change significance
of the results (total IQ: postoperative TBV: B = —0.04,

P = .34, cumulative BIS: B = —0.09, P = .98, CHD
complexity: B = —4.72, P = .07, hospital stay: B = —10.02,
P = .002, SES: B = 3.02, P < .001; total motor score:
postoperative TBV: B = 0.01, P = .11, cumulative BIS:
B = —0.08, P = .88, CHD complexity: B = 0.03, P = .93,
hospital stay: B = —0.27, P = .68, SES: B = —0.06, P = .58).

This prospective cohort study was designed to determine the
value of perioperative conventional MRI changes, clinical
factors such as CHD complexity and length of hospitaliza-
tion, and SES to predict long-term cognitive and motor out-
comes in children with severe CHD. We showed that
postoperative TBV and cumulative BIS did not predict 6-
year outcome, whereas the duration of hospital stay and
SES independently predicted the cognitive outcome but not
the motor outcome. A previous study, conducted in the
same cohort as presented here, found an association, albeit
weak, between postoperative TBV and 1-year cognitive and
language outcomes.'” This finding suggests that the

~ N
Table III. Predictors of the IQ in patients with CHD at preschool age, multiple linear regression model
Dependent variables  Independent variables B SEB B8 t P Corrected P*  Adjusted R> P of the whole model
Total IQ" Postoperative TBV —-0.04 004 -0.10 -0.92 .36 .46 0.41 <.001***
Cumulative BIS score 212 3.66 0.06 0.58 57 57
CHD complexity —-436 253 -0.19 172 .09 15
Hospital stay (log) —-10.30 3.08 -036 -—3.34 .002** .004**
SES 299 070 0.46 424 <001 <.001***
Total motor score Postoperative TBV 0.01  0.01 0.27 1.75 .09 44 —0.04 .62
Cumulative BIS score 044 058 0.13 0.76 45 .68
CHD complexity 0.06 0.39 0.02 0.15 .88 .88
Hospital stay (log) -040 065 —-0.09 -0.62 .54 .68
SES -0.08 011 -011 -0.71 48 .68
\ J
B, unstandardized beta; 3, standardized beta; SE B, SE of unstandardized beta.
All models were controlled for MRI batch and gestational age at MRI. P values < .05*, <.01**, <.001***,
*Benjamini-Hochberg correction for the number of included predictors.®”
1The total IQ includes 1Q of 54 WPPSI-IIl and 3 SON-R tests. Significance and direction of effects did not differ when the 3 subjects with SON-R were excluded from analysis.
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predictive strength of perioperative conventional MRI
changes decreases with longer interval until follow-up assess-
ment. In accordance with our findings, Claessens et al inves-
tigated patients with aortic arch obstruction at school age and
found no significant difference in postoperative TBV be-
tween children with an IQ above 85 vs below 85 or any asso-
ciation between the neonatal TBV and motor scores.'”
However, they found associations between regional brain
volumes (basal ganglia, thalamus, brain stem) and an 1Q
above 85 vs IQ below 85.'* Interestingly, other studies on
children with CHD in early childhood have also found signif-
icant associations. Stegeman et al described neonatal cortical
gray matter and cerebellar volume but not unmyelinated
white matter being associated with fine motor scores at 9
and 18 months of age.”” Again, these effects were small.*’
Bonthrone et al reported a significant association between a
neonatal atypicality index, representing the deviation of
brain volumes from typical neonatal brain development,
and the Bayley cognitive composite scores at 22 months of
age.” Sadwani et al reported that fetal total and regional
brain volumes explained 10%-21% of variance in cognitive,
language, and motor development at 2 years of age.”* One
potential reason for the conflicting results might be the
different intervals between neuroimaging and neurodevelop-
mental assessment. Thus, other factors may have a greater
impact on the long-term neurodevelopmental outcome
than neonatal brain volumes. However, results are contradic-
tory even between studies performing brain MRI and func-
tional assessments at the same age. A significant association
between the TBV and motor development was found when
assessed simultaneously at 1 and 3 years of age.”” Another
study showed that the TBV correlated with language perfor-
mance when examined at one year of age.”® In contrast, other
studies did not show any association between the TBV and
neurodevelopment when both were assessed in early child-
hood.””*" Interestingly, significant associations have been
found between the TBV and 1Q, executive, and motor out-
comes for school-age children, adolescents, and adults.*?
One reason that the TBV is possibly associated with the
outcome in cross-sectional studies but not in longitudinal
studies might be that no additional factors accumulating
over time contribute to the variance in the outcome.

Our results suggest that mild brain lesions are not associ-
ated with the 6-year outcome. Although the total number of
patients within the BIS categories 2 and 3 in our cohort is low
(n = 15, 26%), the prevalence of any perioperative brain
injury is 33%, which lies within the range of 19%-52%
described in literature.”””* Many studies have shown that
the prevalence of brain injury increases with CHD
complexity.' """ Because we scanned only hemodynamical-
ly stable patients in natural sleep, a recruitment bias toward
patients with less severe CHD may have arisen. Results are
contradictory regarding the association of brain injury with
the neurodevelopmental outcome.” In contrast to our re-
sults, studies with higher prevalence and severity of neonatal
brain injuries found an association of brain injury with
cognitive,''® language,”® and motor'>'® development in pa-
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tients with CHD at early childhood'®'®”° and school age.'”
In a study by Claessens et al, 62% of patients
had moderate-to-severe WMI in the postoperative MRL.'”
Children with moderate-to-severe WMI had a worse IQ at
2 and 6 years of age.'” If neonatal brain injury were detected
in the posterior limb of the internal capsule, patients showed
lower motor scores at school age.'” However, in agreement
with our results, Bonthrone et al found no association be-
tween preoperative brain injury and the cognitive outcome
at 22 months of age in a CHD population with a prevalence
of moderate-to-severe brain injury of 16.4%.”" Similarly,
despite a prevalence of 42% of new postoperative WMI in
their sample, but with 67% of them being mild, Beca et al
found that new postoperative WMI was unrelated to 2-year
neurodevelopment, whereas brain immaturity was."' Kuhn
et al also could not find an association between the brain
injury score and the outcome up to 2 years of age in a group
with a rate of 53% preoperative lesions and 57% new postop-
erative lesions but with a low median BIS at both time
points.”® Future studies are needed to explore the role of
more advanced MRI analyses such as regional volumes, mor-
phometrics, and diffusion tensor imaging on long-term neu-
rodevelopment. The latest studies on diffusion tensor
imaging have shown extensive persisting white matter
changes””””" to be associated with the neurodevelopmental
outcome up to 30 months of age.”

We were unable to replicate the finding of a large meta-anal-
ysis® demonstrating that more severe CHD complexity was
associated with a poorer neurodevelopmental outcome. How-
ever, this is most likely due to the small sample size of our cohort
and the relatively few patients with single ventricle physiology.
In accordance with the large body of evidence, the length of
postnatal hospital stay, which is a marker of disease severity,(”(’1
significantly predicted the 6-year cognitive outcome with a
moderate effect size (Figure 5). The management of cardiac
patients during prolonged hospital stay has been shown to be
improved by cardiac ICU developmental team meetings,”
neonatal individualized developmental care, and family-
centered developmental care.””**

In our study, SES was an important predictor of cognitive
development with a moderate effect size. In CHD, lower SES
is associated with multiple medical disadvantages during fetal
and perioperative care. These include lower fetal detection
rates”” resulting in higher neonatal mortality,”® longer time
until surgery,””® fewer interventions with extracorporeal
membrane oxygenation,”” fewer catheterizations,”® and
poorer adherence to cardiologic and neurodevelopmental
follow-up appointments.”””” Further, SES emerges repeat-
edly as an important factor in short- and long-term cognitive
development in patients with CHD***"°%7*7¢ and its impact
on the cognitive outcome increases with advancing age.”’
Family SES is also an important factor in child health—
related quality of life.””>”® Maternal mental health and anxiety
as well as parenting style are associated with behavioral and
cognitive outcomes in young CHD children.””*" It is likely
that a higher SES is associated with a more stimulating
home environment, which in turn promotes cognitive
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Figure 5. A, Association of perioperative hospital stay on a logarithmic scale (log) with a 6-year total IQ in patients with CHD. B,
Association of SES with a 6-year total IQ in patients with CHD. Scatter plots of linear regression models. Dots indicate the total IQ
of each patient in relation to its hospital stay and SES. The line indicates the linear regression estimate, and the gray band in-

dicates the 95% CI of the linear regression estimate.

development. The latter has been shown in a recent study of
children with CHD.”” In line with this finding are the results
from studies demonstrating that psychoeducational and
parenting skills training supports the parent-infant/child
interaction, resulting in improved mental Bayley scales at
6 months of age,”’ improved child behavior at the ages of
3-8 years,” less maternal anxiety,”’ and better parenting con-
fidence.”” Accordingly, the Cardiac Neurodevelopmental
Outcome Collaborative published guidelines on early
risk identification, family-centered approaches, and
community-based services.”” We draw the following clinical
implications from our findings. First, cardiac intensive care
units should provide individualized family-centered devel-
opmental care.”” ®* Second, health care professionals should
place a particular focus on families with a lower SES already
during the fetal and neonatal period. In addition, those fam-
ilies benefit particularly from interventions such as early psy-
choeducation and parenting skills training.”>* Third,
families should be supported by an interdisciplinary team
of professionals in adherence to cardiological and neurodeve-
lopmental follow-up appointments.®® Surveillance of eligible
patients during hospital stay by the developmental team and
educating parents about the need for follow-up visits result
in significantly higher follow-up rates.”” Before hospital
discharge, socioeconomic barriers to these screenings need
to be identified.*>* Cardiology and neurodevelopmental ap-
pointments could be clustered to reduce barriers like travel
distance, transportation costs, and absence from work.”’ Tel-
ehealth care is a new opportunity that has gained importance

during the COVID-19 pandemic which may improve assess-
ment, follow-up, and interventions for this population.”’
Our study has several strengths. Preoperative and postoper-
ative MRIs could be obtained from most patients. Brain
regions were segmented with the automated Developing Hu-
man Connectome Project pipeline. Neurodevelopmental
assessment was performed with an extensive, standardized
developmental test battery. The follow-up rate at 6 years of
age was 93%. Some limitations must also be considered.
This study sample is heterogenous in severity of clinical course
and CHD complexity, with a small ratio of patients with single
ventricle physiology and a high ratio of patients with dextro-
transposition of the great arteries. The rather small sample size
limits the power of the analyses performed and precludes sub-
group analysis of CHD diagnoses. The postoperative imaging
time point in our study was rather late compared with other
studies.'”'® Over time, WMI lesions may resolve on
T1-weighted MRL” Therefore, in this cohort, the number
of brain injuries may have been underestimated. Importantly,
studies that performed postoperative MRIs at an earlier time
point also found an association between brain injury and
the neurodevelopmental outcome only in populations with
a high brain injury load.'>'®'®”* More sophisticated imaging
techniques, such as diffusion tensor imaging, may capture
white matter changes for a longer time span and, therefore,
may constitute a better biomarker for later neurodevelopmen-
tal outcomes.”” The BIS scoring system is rather crude, with
little differentiation between the type and location of lesions.
Replacing the missing cumulative BIS scores with the available

Perioperative Course and Socioeconomic Status Predict Long-Term Neurodevelopment Better Than Perioperative 145
Conventional Neuroimaging in Children with Congenital Heart Disease



THE JOURNAL OF PEDIATRICS . www.jpeds.com

Volume 251

single—time point BIS scores might have led to an additional
underestimation of BIS for the affected individuals. We did
not have a control group for the 6-year neurodevelopmental
assessment and thus could only compare results to test norms.
Children being followed had higher cognitive composite
scores on the 1-year Bayley than those excluded or lost to
follow-up (P = .004), indicating the presence of an ascertain-
ment bias. The study sample is a high-performing group with
an 1Q within the normal range, which may be a reason for the
lack of relationship between conventional MRI alterations and
the 6-year outcome. Finally, the MRI software was updated
during the study. Although the pulse sequence remained iden-
tical, the upgrade could potentially affect the MRI contrast
and, thus, the segmentation of the MRI volumes.'> However,
analyses were corrected for the MRI batch.

In conclusion, in our cohort of well-performing children
with a low brain injury load, the postoperative TBV and peri-
operative BIS did not predict the neurodevelopmental
outcome. In contrast, longer postnatal hospital stay, which
is a marker of disease severity, and lower SES remain the
most important predictors for cognitive development. These
findings underline the importance of early therapeutic sup-
port for children with low SES and long hospital stay. B

Submitted for publication Feb 18, 2022; last revision received Jul 17, 2022;
accepted Jul 23, 2022.
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—)[ 3 patients died ]

¥

2 patients never underwent the planned
cardiopulmonary bypass surgery

Y

4

56 patients younger than preschool age ’

67 patient

s reached

preschool age

A

2 patients had cerebral lesions due to non-

cardiac complications (1: MRSA meningitis and
severe sepsis, 1: asphyxia)

-

1 patient had perioperative MRIs 4 SDs older

A

[ 64 patients

eligible for

follow-up

than other patients

——)[ 4 patients lost to follow-up ]

(2 patients performed different intelligence tests

o (1: WISC-IV due to older age at assessment. 1

tested with age inapproriate 1Q test due to

L severe global developmental delay )

1 patient without complete intelligence and
motor tests due to lack of cooperation

( 57 patients analyzed ]

Figure 1. Flow chart of enroliment. MRSA, methicillin-
resistant Staphylococcus aureus.
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57 patients
preoperative MRI postoperative MRI
[ for 5 patients missing ](— —)[ for 8 patients missing
Y Y
for 52 patients available l [ for 49 patients available ]

8 postoperative TBVs
estimated by imputation

v

[ 44 pre- and postoperative ]

MRIs available

Figure 2. Availability of preoperative and postoperative MRls.

Brain Injury Severity Score

BIS 0 BIS 1
No lesions Mild WMI: 1-3 lesions, each <2mm Stroke of any size Moderate to severe WMI:
in diameter >3 lesions or any lesion >2mm
in diameter

IVH grade 1 or 2 according to

Papile et al.:

Grade 1 = Hemorrhage limited to
germinal matrix,

Grade 2 = Blood within the ventricular
system without ventricle distention

Figure 3. Brain lesions were classified using the BIS score.'® In our cohort, intraventricular hemorrhage (IVH) grades 3 or 4 were
seen on neither preoperative nor postoperative magnetic resonance images. (Grade 3 = blood in the ventricles with distension of
the ventricles, grade 4 = intraventricular hemorrhage with parenchymal extension).*’
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Histogram of Cumulative BIS

0-

Cumulative BIS

Dichotomized Cumulative BIS
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B o: No Brain Injury; 1: Mild WML, IVH Grade 1 or 2
. 2: Stroke; 3: Moderate to Severe WMI

Figure 4. Histogram of the cumulative BIS score. IVH, intraventricular hemorrhage.

-
Table IV. Predictors of processing speed and motor coordination in patients with CHD at preschool age, multiple
linear regression models
Dependent variables  Independent variables B SEB 8 t P Corrected P*  Adjusted R P of the whole model
Processing speed Postoperative TBV 0.01 0.04 0.02 013 .90 .90 —0.03 .62

Cumulative BIS score 738 428 0.27 173 .09 .46
CHD complexity -165 291 -0.08 057 .57 .90
Hospital stay (log) 123 442 0.04 028 .78 .90
SES 049 081 0.09 061 .55 .90
Motor coordination Postoperative TBV —0.01 0.04 —0.02 —-0.15 .88 .88 0.11 13
Cumulative BIS score -153 354 007 043 .67 .83
CHD complexity -357 236 —-022 152 .14 .28
Hospital stay (log) -6.82 39% 026 172 .09 .28
SES 093  0.67 0.21 140 17 .28
\

B, unstandardized beta; 3, standardized beta; SE B, SE of unstandardized beta.

All models were controlled for MRI batch and gestational age at MRI. P value < .05*, <.01**, <.001***,

*Benjamini-Hochberg correction for the number of included predictors.”

r N
Table V. Predictors of the IQ and total motor score in patients with CHD at preschool age, ordinal regression models
for non-normal outcome variables
Dependent variables Independent variables B SEB OR 95-Cl OR P Corrected P* Adjusted Mc Fadden’s R?
Total 1Q Postoperative TBV —0.01 0.01 0.99 0.98-1.00 24 .30 0.09

Cumulative BIS 0.22 0.56 1.25 0.41-3.80 .70 .70

CHD complexity —0.69 0.38 0.50 0.22-1.10 .09 14

Hospital stay (log) -1.41 0.47 0.24 0.09-0.64 .004** .01*

SES 0.56 0.13 1.75 1.37-2.28 <.001** <.001**

Total motor score Postoperative TBV 0.01 0.01 1.01 1.00-1.03 .08 .39 0.01

Cumulative BIS score 0.80 0.62 222 0.64-7.87 21 .52

CHD complexity 0.02 0.42 1.03 0.41-2.49 .96 .96

Hospital stay (log) 019 067 083  021-3.11 78 96

SES —0.01 0.12 0.99 0.78-1.25 91 .96

\ J

All models were controlled for MRI batch and gestational age at MRI. P value < .05*, <.01**, <.001***,

*Benjamini-Hochberg correction for the number of included predictors.®”

1The total IQ includes 1Q of 54 WPPSI-IIl and 3 SON-R tests. Significance and direction of effects did not differ when the three subjects with SON-R were excluded from analysis.
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