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Early motor outcomes in infants with critical congenital heart
disease are related to neonatal brain development and brain
injury
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AIM To assess the relationship between neonatal brain development and injury with early
motor outcomes in infants with critical congenital heart disease (CCHD).

METHOD Neonatal brain magnetic resonance imaging was performed after open-heart
surgery with cardiopulmonary bypass. Cortical grey matter (CGM), unmyelinated white

ABBREVIATIONS matter, and cerebellar volumes, as well as white matter motor tract fractional anisotropy and
AlS Arterial ischaemic stroke mean diffusivity were assessed. White matter injury (WMI) and arterial ischaemic stroke (AIS)
Bayley-lll-  Bayley Scales of Infant and with corticospinal tract (CST) involvement were scored. Associations with motor outcomes at
NL Toddler Development, Third 3, 9, and 18 months were corrected for repeated cardiac surgery.

Edition (Dutch) RESULTS Fifty-one infants (31 males, 20 females) were included prospectively. Median age at

CCHD Critical congenital heart neonatal surgery and postoperative brain magnetic resonance imaging was 7 days

disease (interquartile range [IQR] 5-11d) and 15 days (IQR 12-21d) respectively. Smaller CGM and
CGM Cortical grey matter cerebellar volumes were associated with lower fine motor scores at 9 months (CGM
CST Corticospinal tract regression coefficient=0.51, 95% confidence interval [Cl]=0.15-0.86; cerebellum regression
DTl Diffusion tensor imaging coefficient=3.08, 95% C|=1.07-5.09) and 18 months (cerebellum regression coefficient=2.08,
umMmw Unmyelinated white matter 95% CI=0.47-5.12). The fractional anisotropy and mean diffusivity of white matter motor
wWMI White matter injury tracts were not related with motor scores. WMI was related to lower gross motor scores at 9

months (mean difference —0.8SD, 95% Cl=—1.5 to —0.2). AIS with CST involvement increased
the risk of gross motor problems and muscle tone abnormalities. Cerebral palsy (n=3) was
preceded by severe ischaemic brain injury.

INTERPRETATION Neonatal brain development and injury are associated with fewer
favourable early motor outcomes in infants with CCHD.

Neurodevelopmental disabilities are common in infants
with critical congenital heart disease (CCHD) who
undergo neonatal open-heart surgery with cardiopul-
monary bypass.! Delayed neonatal brain development and
injury might contribute to motor skill delays (30-60%),
which are already present in the early phases of
development.”

Delayed volumetric brain development occurs already in
utero, persists neonatally, and is thought to be the result of
reduced brain oxygenation and perfusion in individuals
with CCHD.* Smaller brain volumes after neonatal cardiac
surgery are associated with worse cognitive and language
outcomes at 1 year.” In infants born preterm, cortical grey
matter (CGM), unmyelinated white matter (UMW), and
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cerebellar volumes at term-equivalent age are associated
with neurodevelopmental outcome through early school
age.’

Delayed microstructural brain development, expressed by
white matter fractional anisotropy and mean diffusivity, dif-
fers preoperatively between neonates with transposition of
the great arteries, single-ventricle physiology, and left ven-
tricular outflow tract with aortic arch obstruction, which
might be explained by differences in brain oxygenation and
perfusion.” In infants born preterm, fractional anisotropy of
the posterior limb of the internal capsule and white matter
tracts are associated with adverse motor outcomes at 15 and
18 months respectively.”” In infants and adolescents with
transposition of the great arteries and single-ventricle physi-
ology, delayed microstructural white matter development
contributes to lower cognitive performance.'®!!

Ischaemic brain injury is commonly observed in neo-
nates with CCHD and is most likely caused by fluctuations
in brain perfusion and oxygenation and thromboembolic
events.'? Neonatal white matter injury (WMI) and poste-
rior limb internal capsule involvement are associated with
lower 1Q), as well as more attention and motor problems in
school-age infants with CCHD.? Likewise, neonatal WMI
severity is related to cerebral palsy (CP) and neurodevelop-
mental deficits at 24 months in infants born preterm.'’

The impact on early motor skills by delayed neonatal
brain development and neonatal brain injury have been
rarely reported in infants with CCHD. It is clinically
important to adequately predict motor deficits to intervene
at an early stage and prevent complications later in life.'*
In infants with CCHD, we hypothesized that (1) the
neonatal volumes of the CGM, UMW, and cerebellum are
positively associated with motor performance, (2) higher
neonatal fractional anisotropy and lower neonatal mean
diffusivity values of white matter motor tracts, representing
increased microstructural development, are associated with
improved early motor outcomes, and (3) neonates with
postoperative. WMI and arterial ischaemic stroke (AIS)
with corticospinal tract (CST) involvement have fewer
favourable motor outcomes.

METHOD

Study design and population

This prospective study is part of the CHD LifeSpan pro-
gram at the Wilhelmina Children’s Hospital, University
Medical Center Utrecht, Utrecht University, Utrecht, the
Netherlands.”"” Neonates with CCHD who underwent
cardiac surgery with cardiopulmonary bypass within the
first month after birth between 2016 and 2018 were
included. Neonates born preterm or infants with a genetic
disorder were excluded. Neonatal brain magnetic reso-
nance imaging (MRI) scans were performed as part of clin-
ical care at 5 to 10 days after surgery. This study included
neonatal postoperative MRI since this was the last imaging
modality before developmental testing. The neonatal MRI/
diffusion tensor imaging (DTI) protocol is presented in
the Appendix S1 (online supporting information). Motor

What this paper adds

* Neonatal brain development and injury were associated with fewer favour-
able early motor outcomes in infants with critical congenital heart disease
(CCHD).

® Smaller cortical and cerebellar volumes were related to poorer fine motor
skills.

® |schaemic brain injury with corticospinal tract involvement negatively
affected muscle tone and gross motor outcomes.

® (Cerebral palsy was preceded by severe ischaemic brain injury.

® Neonatal brain magnetic resonance imaging is a useful biomarker for early
motor outcomes in infants with CCHD.

assessment was performed at the ages of 3, 9, and 18
months at the outpatient clinic as part of routine care. The
medical ethical committee approved the study and written
parental informed consent for the use of clinical data for
research purposes (no. 16-093) was obtained.

Neonatal volumetric brain development

Coronal T2-weighted images were automatically seg-
mented in CGM, UMW, myelinated white matter, basal
ganglia and thalamus, cerebellum, brainstem, and ventricu-
lar and extracerebral cerebrospinal fluid using a developed
convolutional neural network method.*'® Tissue segmenta-
tions were checked manually and included if quality was
reliable. The volumes of the CGM, UMW, and cerebellum
were used since these were previously related to neurode-
velopmental outcome through early school age in infants
born preterm.® Neonates with brain injury were included
in the volumetric analysis when the quality of segmenta-
tions was not affected (manually evaluated).

Neonatal microstructural brain development

DTI data were analysed according to the DTI toolbox
ExploreDTI (PROVIDI Lab, Utrecht; http://www.
exploredti.com/)."” Fractional anisotropy and mean diffu-
sivity values were calculated for different anatomical brain
regions using a multicontrast human neonatal brain atlas."®
Data were visually checked and included if the quality of
tensor estimation, motion correction, and template regis-
tration was reliable.” Fractional anisotropy (expected to
increase in white matter with increasing age) and mean dif-
fusivity (expected to decrease in all brain regions with
increasing age) of projection white matter fibres were cho-
sen since this was based on our hypothesis. The following
motor tracts were included: anterior, superior, and poste-
rior corona radiata; posterior limb internal capsule; and
cerebral peduncle (in addition to anterior and retrolenticu-
lar internal capsule, posterior thalamic radiation, and sagit-
tal striatum).” Neonates with brain injury were included in
the DTT analysis when the quality of the DTI data was
not affected (manually evaluated).

Neonatal brain injury

MRI scans were assessed by experienced neonatal neurolo-
gists (LdV, MB) to score WMI (including WMI volume)
and AIS (specific arterial distribution, involving CGM and/
or central grey matter), including CST involvement. WMI
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was classified as none, mild (1-3 foci <2mm), moderate
(>3-6 foci <2mm or 1-2 foci of 2-4mm), or severe (>6 foci
<2mm or >2 foci of 2-4mm or any foci >4mm).>"> The
volumes of WMI lesions were manually segmented on T'1-
weighted images and calculated using 3D Slicer (https://
www.slicer.org/)."?

Early motor assessment

Infants with CCHD underwent age-appropriate neurologi-
cal and motor developmental assessments by an experi-
enced neonatologist and paediatric physical therapist.
Neurological examination included testing of the cranial
nerves (eye contact/tracking movements, facial motor func-
tioning), muscle tone (overall, axial, extremities), strength
(arms/legs), reflexes, and signs of asymmetry. The quality
of general movements, absence of fidgety movements,
Amiel-Tison abnormal muscle tone (hypertonia/hypotonia
axial/extremities), high risk/development of CP, and Bayley
Scales of Infant and Toddler Development, Third Edition
(Dutch) (Bayley-III-NL) scaled fine/gross motor scores
were assessed.’’ 2 The quality of general movements was
scored as normal (normal-optimal, normal-suboptimal) and
abnormal (mildly abnormal, definitely abnormal).*® Bayley-
III-NL scaled fine and gross motor scores (mean=10,
SD=3) and cut-off points of 7 or lower (<1SD, mild/mod-
erate impairment) and 4 or lower (<2SD, severe impair-
ment) were used; z-scores were calculated based on
individual Bayley-III-NL outcomes using the normative
group average and SDs.”' Maternal educational level was

classified as low, middle, or high (https://www.cbs.nl/).

Statistical analysis

Statistical analyses were performed with SPSS v25.0 (IBM
Corp., Armonk, NY, USA). Continuous data were assessed
for normality with histograms, Q-Q plots, and Kol-
mogorov—Smirnov and Shapiro-Wilk tests. CGM, UMW,
cerebellar volumes, and fractional anisotropy/mean diffu-
sivity values of white matter motor tracts were corrected
for postmenstrual age at scan by calculating their linear
growth during the time period from 38.1 to 46.6 weeks for
the whole cohort. Multiple regression was performed to
analyse the association between fine or gross motor scores
(dependent variable) and CGM, UMW, cerebellar vol-
umes, or fractional anisotropy/mean diffusivity values of
white matter motor tracts with correction for repeated car-
diac surgery. The y” test was performed to test the differ-
ence in categorical early motor outcomes between infants
with and without WMI, AIS, and CST involvement. A
two-sided independent #-test (for normally distributed data)
or Mann—Whitney U test (for non-normally distributed
data) were used to test uncorrected differences (with 95%
confidence intervals [CIs]) in motor scores between infants
with and without WMI, AIS, and CST involvement. A
general linear model including repeated cardiac surgery
(covariate) was conducted to calculate the corrected differ-
ence (with 95% CI) in scaled fine or gross motor scores
(dependent variable) between infants with and without
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WMI, AIS, and CST involvement (independent variable).
Regarding multiple regression and the general linear
model, the conditions for inference were met. Significance
was set at p<0.05. Since the association between motor
outcome and brain structure might be similar for several
brain volumes and fractional anisotropy and mean diffusiv-
ity values, we decided not to adjust our p-values.

RESULTS

Sixty-three infants with CCHD fulfilled the inclusion crite-
ria. Infants without postoperative MRI (z=1), additional
non-cardiac neonatal interventions/surgeries (#=2), trans-
ferred to another center (7=2), and without neurodevelop-
mental follow-up at 9 and 18 months (n=7) were excluded.
MRI was performed in 51 neonates at a median age of
7 days after cardiac surgery (Table 1). Early motor out-
comes including loss to follow-up at 3, 9, and 18 months
are presented in Table S1 (online supporting information).

Neonatal volumetric brain development and early motor
outcomes

Infants with abnormal general movements and absent fid-
gety movements showed smaller CGM volume compared
to infants with normal general movements at 3 months
(p=0.03). Higher CGM and cerebellar volumes were associ-
ated with more favourable scaled fine motor scores at 9
months (CGM unstandardized regression coefficient=0.51,

Table 1: Baseline characteristics of the study cohort

Characteristic n=51
Male, n (%) 31 (61)
Gestational age, wks 39.6+1.4
Birthweight, g 3411+£594
Prenatal diagnosis, n (%) 37 (73)
Congenital heart disease, n (%)
Transposition of the great arteries 24 (47)
Single-ventricle physiology 15 (29)
Left ventricular outflow tract with 8 (16)
aortic arch obstruction
Tetralogy of Fallot 1(2)
Total anomalous pulmonary 3 (6)
venous connection
Balloon atrioseptostomy, n (%) 15 (29)
Age at surgery, d 7 (5-11)
Primary surgical procedure, n (%)
Arterial switch 24 (47)
Norwood/aortopulmonary shunt 16 (31)
Aortic arch reconstruction 7 (14)
Ross-Konno procedure 1(2)
Correction of total anomalous 3 (6)
pulmonary venous connection
Age at postoperative MRI, d 15 (12-21)
Postmenstrual age postoperative MRI, wks 42.1+1.8
Age between surgery and postoperative MRI, d 7 (6-9)
Repeated cardiac surgery, n (%) 17 (33)
Maternal educational level, n (%)
Low 3(6)
Middle 18 (36)
High 30 (58)

Data are presented as the mean+SD (normally distributed) or med-
ian (interquartile range) (non-normally distributed) or as n (%).
MRI, magnetic resonance imaging.
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95% CI=0.15-0.86; cerebellum unstandardized regression
coefficient=3.08, 95% CI=1.07-5.09) and 18 months (cere-
bellum unstandardized regression coefficient=2.80, 95%
CI=0.47-5.12). No associations were found between
UMW volume and early motor outcome (Table 2, Fig. 1).
When excluding infants with repeated cardiac surgery, sim-
ilar associations were found between neonatal brain vol-
umes and motor scores.

Neonatal microstructural brain development and motor
outcomes

The microstructural development of white matter motor
tracts did not differ between infants with abnormal general
movements/absent fidgety movements and normal general
movements at 3 months. Fractional anisotropy and mean
diffusivity of white matter motor tracts were not associated
with motor scores (Table 2, Fig. 1), even after exclusion of
infants with repeated cardiac surgery.

Neonatal WMI and early motor outcomes

Sixty-one per cent (7=31 out of 51) of infants showed mild
(n=8), moderate (7=6), or severe (n=17) neonatal WMI
with a median volume of 88mm’ (interquartile range
[IQR]=26-173). At the age of 3 months, no differences in
motor outcomes were seen between infants with or without
neonatal WMI. However, at 9 months, lower mean
Bayley-III-NL scaled gross motor scores (—2.4, 95%
CI=—4.3 to —0.5) were seen for infants with neonatal
WMI compared to infants without neonatal WMI. Infants
with neonatal WMI more often showed scaled gross motor
scores less than minus 1SD at 9 months (48% vs 17%,

p=0.03) and 18 months (24% vs 11%, p=0.29) than infants
without WMI (Figs 1 and 2, Table S2, online supporting
information). The percentage of infants with abnormal
muscle tone at 3, 9, and 18 months was not different
between those with and without neonatal WMI (Table S2).
Increased neonatal WMI volume was associated with lower
Bayley-III-NL scaled fine and gross motor scores, although
not significantly. CGM, UMW, cerebellar volume, and
white matter motor tract fractional anisotropy and mean
diffusivity did not differ between neonates with and with-
out WML

Neonatal AIS with CST involvement and early motor
outcomes

Twenty-six per cent (n=13 out of 51) of infants had AIS,
including 10 perforator branch (in the basal ganglia and
thalamic region) and three middle cerebral artery branches
(one main, one middle, one cortical). No differences in
motor scores were found between infants with and without
AIS. CST involvement was observed in 38% of infants
with AIS (=5 out of 13). At 3 months, infants with neona-
tal AIS and CST involvement (#=5) often had abnormal
general movements and absent fidgety movements (60%)
and scored lower than average on the Bayley-III-NL scaled
fine motor scores (8, IQR=6-8). Likewise, at 9 months,
infants with neonatal AIS and CST involvement had lower
than average Bayley-III-NL scaled gross motor scores (4,
IQR=3-8.5) and often had scaled gross motor scores of
minus 1SD or less (80%) and minus 2SD or less (60%). At
18 months, two infants with AIS and CST involvement
were unable to visit the outpatient clinic because of poor

Table 2: Association between volumetric brain development and early motor outcomes

Volumetric brain development

Microstructural brain development:
white matter motor tracts

Bayley-llI-NL CGM (x10=mm?) UWM (x10=mm?) Cerebellum (x10=mm?) Fractional anisotropy/10 Mean diffusivity/1000
3 months n=41 n=40 n=33 n=43 n=42
Scaled fine 0.568 (—0.11 to 1.27) 0.44 (—0.05 to 0.93) 0.47 (—3.72 to 4.66) —5.84 (—11.84 to 0.87) —5.20 (—25.48 to 15.08)

motor score

Scaled gross
motor score
9 months
Scaled fine
motor score
Scaled gross
motor score
18 months
Scaled fine
motor score
Scaled gross
motor score

0.02 (—0.50 to 0.54)

n=43
0.51 (0.15-0.86)*

0.31 (—0.55 to 1.17)

n=41
0.43 (—0.04 to 0.90)

0.11 (—0.56 to 0.77)

—0.15 (-0.51 to 0.22)

n=43
0.15 (—0.12 to 0.42)

—0.15 (—0.77 to 0.46)

n=41
0.17 (—0.20 to 0.54)

—0.24 (-0.73 to 0.25)

—0.24 (—3.01 to 2.53)

n=36
3.08 (1.07-5.09)®

2.58 (—2.18 to 7.34)

n=33
2.80 (0.47-5.12)°

2.57 (-0.74 to 5.89)

—2.85 (—7.87 to 2.18)

n=45
—1.97 (-5.39 to 1.45)

1.74 (—5.26 to 8.73)

n=45
1.66 (-2.39 to 5.71)

—0.71 (—6.40 to 4.97)

—11.93 (—27.26 to 3.40)

n=44
—1.85 (—13.12 to 9.42)

—13.90 (—36.37 to 8.57)

n=44
—5.81 (—18.80 to 7.17)

—11.79 (—29.68 to 6.10)

Mean volume, fractional anisotropy, and mean diffusivity values were corrected for postmenstrual age at the time of the scan. Multiple
regression was performed to analyse the association between mean brain volume, fractional anisotropy and mean diffusivity values, and
Bayley Scales of Infant and Toddler Development, Third Edition, Dutch (Bayley-llI-NL) scaled fine and gross motor scores at 3, 9, and

18 months. Motor outcomes were corrected for repeated cardiac surgery at 9 and 18 months. Unstandardized regression coefficients (with
95% confidence intervals) are presented; significant associations are presented as ?p<0.01 and p<0.05. The regression coefficient repre-
sents the mean increase in scaled fine or gross motor score for every additional unit of cortical grey matter (CGM), unmyelinated white
matter (UWM), cerebellum, and white matter motor tract fractional anisotropy or mean diffusivity.
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Neonatal brain development - volumetric
CGM, cerebellum

CGM 0.51 (95% CI 0.15-0.86)
cerebellum 3.08 (95% Cl 1.07-5.09)

Unstandardized regression coefficient at 9 months

Fine motor skills
Bayley-I1I-NL

N tal brain development - microstructural
Fractional anisotropy, mean diffusivity
White matter motor tracts

F 4

Unstandardized regression coefficient at 18 months
cerebellum 2.08 (95% CI 0.47-5.12)

e &i

Neonatal brain injury
wWmi
AlS with CST involvement

WMI

at 9 months

-0.8 SD 95% Cl -1.5t0-0.2 SD

Gross motor skills
Bayley-IlI-NL

AIS with CST

Figure 1: Overview of the associations between neonatal postoperative magnetic resonance imaging and early fine and gross motor skills. The neona-

tal volumetric brain development of the cortical grey matter (CGM) and cerebellum is associated with fine motor skills (red arrow). Neonatal microstruc-

tural brain development of white matter tracts is not related to motor skills (blue arrow). Neonatal brain injury, white matter injury (WMI), or arterial

ischaemic stroke (AIS) with corticospinal tract (CST) involvement are associated with lower gross motor scores (green arrow). Cl, confidence interval;
Bayley-IlI-NL, Bayley Scales of Infant and Toddler Development, Third Edition (Dutch).

clinical condition and receiving therapy at the rehabilita-
tion center. The other three infants with AIS and CST
involvement had normal Bayley-III-NL motor scores at 18
months (Figs 1 and 2, Table S3, online supporting infor-
mation). Infants with neonatal AIS and CST involvement
often showed abnormalities in muscle tone at 3 months

(80%), 9 months (75%), and 18 months (67%) (Table S3).

CP and neonatal brain injury

Three infants (6%) developed CP. One child with transpo-
siion of the great arteries was diagnosed with severe
neonatal WMI (lesion volume=158mm?®) and developed
CP at 18 months. A second infant with hypoplastic left
heart syndrome had severe neonatal WMI (lesion vol-
ume=235mm’), main branch middle cerebral artery stroke
with CST involvement, and already showed a high risk of
CP from 3 months. A third infant with tricuspid atresia
showed a perforator stroke with CST involvement on
neonatal MRI and had additional brain injury after
repeated cardiac surgery; high risk of CP was observed at 9
months. All three infants had abnormal general

196 Developmental Medicine & Child Neurology 2022, 64: 192-199

movements, absent fidgety movements, abnormal muscle
tone, signs of asymmetry, and Bayley-III-NL motor scaled
scores of minus 1SD or less or minus 2SD or less.

Repeated cardiac surgery and early motor outcome

Infants with repeated cardiac surgery had lower gross
(mean difference=—2.5, 95% CI=—4.0 to —0.9) and fine
(—1.8, 95% CI=-2.9 to —0.6) motor scores at 18 months
compared to infants who underwent only neonatal cardiac

surgery.

DISCUSSION

This study highlights the impact of delayed neonatal brain
development and acquired neonatal brain injury on early
motor outcomes in infants with CCHD. Smaller CGM
volumes were associated with abnormal general and absent
fidgety movements at 3 months and smaller cortical and
cerebellar volumes with lower fine motor scores at 9 and
18 months. Delayed microstructural development of white
matter motor tracts was not associated with motor skills.
Ischaemic brain injury with CST involvement was related
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Figure 2: Neonatal postoperative brain injury and early motor outcomes. The graphs represent Bayley Scales of Infant and Toddler Development,

Third Edition (Dutch) (Bayley-IlI-NL) scaled fine and gross motor z-scores at the ages of 3, 9, and 18 months in infants with and without neonatal

postoperative brain injury, including white matter injury (WMI) or arterial ischaemic stroke (AIS) with corticospinal tract (CST) involvement. *p<0.05

(statistically significant difference). **Two infants with critical congenital heart disease with neonatal postoperative AlS and CST involvement were

lost to follow-up at 18 months. Both infants had hemiparesis and were unable to visit the outpatient clinic because of poor clinical condition and

receiving rehabilitation.

to less favourable gross motor outcomes, muscle tone
abnormalities, and development of CP. Infants with
repeated cardiac surgery had worse motor outcomes.

In infants with CCHD, motor delays are already present
in the early phases of development." In our study, most
infants showed mild-to-moderate motor impairment rather
than severe impairment or CP. The number of infants with
a severely impaired gross motor score of minus 2SD or less
at 9 months (16%) and 18 months (6%) was much higher
compared to the typically developing population (2.3%).%*
Motor difficulties in early childhood can have long-term
consequences for participation in sports, social inclusion,
physical activity, exercise capacity, cardiovascular health,
and quality of life.”* Long-term longitudinal motor devel-
opmental assessments are warranted in infants with CCHD
since outcomes are not stable over time.”* Even infants
with mild-to-moderate gross motor impairments might
experience problems at school age due to more complex
challenges (growing into their deficits).""** Predicting early
motor outcomes to intervene at an early stage with specific
guidance by paediatric physiotherapists is important for
infants with CCHD.'*2¢

Our study is the first to describe the relationship
between smaller neonatal regional brain volumes and less
favourable fine motor scores until 18 months in infants

with CCHD. The results of our study suggest that specific

brain regions such as the CGM and cerebellum affect fine
motor development. Previous research showed that the
cortico-cerebellar loop is involved in motor planning.?’
Differences in regional brain development between infants
with CCHD and those born preterm might reflect differ-
ences in neurodevelopmental impairments.® In infants with
CCHD, brain volumes are already reduced in utero
because of disturbances in cerebral blood flow and oxy-
genation and are additionally affected by a critical neonatal
period including open-heart surgery.*’'*2®

Delayed neonatal microstructural development of white
matter motor tracts was not associated with motor out-
comes in infants with CCHD. During development, white
matter integrity becomes more organized by an increase in
myelination and decrease in brain water content corre-
sponding to an increase in fractional anisotropy and a
decrease in mean diffusivity respectively. Reduced cerebral
oxygenation and perfusion might contribute to white mat-
ter microstructural immaturity in neonates with CCHD
since premyelinating oligodendrocytes are vulnerable to
hypoxia-ischaemia.”*’ Previously, lower fractional aniso-
tropy was associated with worse cognitive performance in
infants and adolescents with transposition of the great
arteries or single-ventricle physiology.'”'! Roze et al.”
reported that early MRI/DTT of the posterior limb of the
internal capsule was associated with development of
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unilateral spastic CP at 15 months in infants with periven-
tricular haemorrhagic infarction born preterm. Chau et al.?
showed that white matter fractional anisotropy was lower
in infants born preterm with motor delay at 18 months.
Tusor et al.” observed that punctate WMI was related to
abnormalities in white matter microstructure and predic-
tive of unfavourable motor outcome at 20 months. How-
ever, our study suggests that delayed microstructural brain
development of white matter motor tracts has no impact
on early motor outcomes in infants with CCHD.

Many infants with CCHD showed neonatal WMI (61 %),
which is in the range with previous clinically scanned
cohorts.” Infants with neonatal WMI had fewer favourable
gross motor outcomes, especially at 9 months. Higher
neonatal WMI volume showed a trend towards lower motor
scores at 18 months, although not significantly. This is in
contrast with a previous report showing worse motor out-
come at 30 months in infants with higher WMI volume after
surgery.’” In infants born preterm, the severity of WMI on
neonatal MRI is associated with the development of CP at
24 months."® Our study shows that WMI has adverse conse-
quences for early gross motor outcomes.

Neonatal AIS, mainly consisting of focal perforator
strokes, was not related to early motor scores in our study.
However, motor outcomes at 3 and 9 months were signifi-
cantly affected if the CST was involved. At 18 months,
motor outcomes in infants with AIS and CST involvement
were within normal ranges. This should be interpreted with
caution because two infants with CCHD with neonatal AIS
and CST involvement developed CP and were unable to
undergo motor developmental testing at 18 months.

In our study, three infants with CCHD developed CP
and all had severe WMI or AIS with CST involvement on
neonatal MRI. In addition, in a previous study from our
group investigating a different cohort, motor problems
were found in 83% of those with CST injury even at
school age.” These findings support the evidence for less
favourable motor outcomes after neonatal CST injury.

This study has several limitations. First, the small sample
size holds back subgroup analysis by cardiac defect. Sec-
ond, potential other clinical factors that influence motor
outcome between neonatal postoperative MRI and out-
come assessments may have been missed. Nevertheless, we
took repeated cardiac surgery into account in the analyses
and indirectly corrected for single versus biventricular
physiology and paediatric intensive care admissions. Third,
the clinical relevance of our statistically significant results
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