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ORIGINAL RESEARCH
PEDIATRICS

Abnormal Cerebral Microstructure in Premature Neonates
with Congenital Heart Disease

L.B. Paquette, J.L. Wisnowski, R. Ceschin, J.D. Pruetz, J.A. Detterich, S. Del Castillo, A.C. Nagasunder, R. Kim, M. Painter, F.H. Gilles,
M.D. Nelson, R.G. Williams, S. Bluml, and A. Panigrahy
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ABSTRACT

BACKGROUND AND PURPOSE: Abnormal cerebral microstructure has been documented in term neonates with congenital heart disease,
portending risk for injury and poor neurodevelopmental outcome. Our hypothesis was that preterm neonates with congenital heart
disease would demonstrate diffuse cerebral microstructural abnormalities when compared with critically ill neonates without congenital
heart disease. A secondary aim was to identify any association between microstructural abnormalities, white matter injury (eg, punctate
white matter lesions), and other clinical variables, including heart lesions.

MATERIALS AND METHODS: With the use of tract-based spatial statistics, an unbiased, voxelwise method for analyzing diffusion tensor
imaging data, we compared 21 preterm neonates with congenital heart disease with 2 cohorts of neonates without congenital heart
disease: 28 term and 27 preterm neonates, identified from the same neonatal intensive care unit.

RESULTS: Compared with term neonates without congenital heart disease, preterm neonates with congenital heart disease had micro-
structural abnormalities in widespread regions of the central white matter. However, 42% of the preterm neonates with congenital heart
disease had punctate white matter lesions. When neonates with punctate white matter lesions were excluded, microstructural abnormal-
ities remained only in the splenium. Preterm neonates with congenital heart disease had similar microstructure to preterm neonates
without congenital heart disease.

CONCLUSIONS: Diffuse microstructural abnormalities were observed in preterm neonates with congenital heart disease, strongly asso-
ciated with punctate white matter lesions. Independently, regional vulnerability of the splenium, a structure associated with visual spatial
function, was observed in all preterm neonates with congenital heart disease.

ABBREVIATIONS: CHD = congenital heart disease; pWML = punctate white matter lesion; TBSS = tract-based spatial statistics; FA = fractional anisotropy

As the overall survival rate has improved for infants with con-
genital heart disease (CHD), there have been increased ef-
forts made to improve long-term morbidity in the context of co-
existing risk factors." Approximately 16% of infants with CHD are
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born prematurely, and CHD is twice as common in preterm com-
pared with term neonates.” Multiple studies have documented
higher rates of mortality and morbidity in neonates with CHD
who are born prematurely or at lower birth weight,*® and it has
been shown that lower gestational age at birth is associated with
worse neurodevelopmental outcome among infants with CHD.”*®

Prematurity and CHD are independent risk factors for adverse
neurodevelopmental outcome, and it follows that having both
further increases the risk. Prior studies of term neonates with
CHD have also documented delayed brain maturation, particu-
larly in term infants with single ventricle physiology, further in-
creasing their risk for injury or adverse neurodevelopmental out-
come.” "> Thus, examining the cerebral microstructure of
preterm infants with CHD in relation to prematurity and injury
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may provide important insights into the complex combination of
risks portending adverse neurodevelopment in infants with CHD.
To date, few neonatal neuroimaging studies have been described
in preterm infants with CHD.

On neuropathologic examination, periventricular leukomala-
cia is a commonly observed finding in neonates with CHD and
neonates with a history of preterm birth.'®*! With advances in
neonatal intensive care, there has been a trend away from obser-
vations of cavitated lesions toward smaller noncavitated lesions
(often described as “microcysts”).>> The most widely recognized
MR correlate of noncavitated periventricular leukomalacia are
punctate T1-hyperintense lesions.*

In the present study, we used DTI to investigate the micro-
structural integrity of the cerebral white matter and select gray
matter regions in preterm neonates with CHD. Our hypothesis
was that preterm neonates with CHD would demonstrate diffuse
cerebral microstructural abnormalities at near term-equivalent
age when compared with other critically ill neonates without
CHD. Our secondary aim was to identify any association between
microstructural abnormalities, documented patterns of white
matter injury, and other pertinent clinical variables, including the
complexity of the heart lesion. We included 2 separate compari-
son groups: term neonates without CHD and preterm neonates
without CHD, both of which were identified from the same high-
risk neonatal intensive care unit. The term neonates without CHD
allowed us to determine whether the microstructure in our pre-
term neonates with CHD differed from “normal” at term-equiv-
alent age. The preterm neonates without CHD allowed us to de-
termine whether the presence of a congenital heart defect resulted
in further microstructural abnormality than would be accounted
for by prematurity alone. Finally, by separating our preterm neo-
nates with CHD into the subset with punctate white matter le-
sions (pWMLs) and those without pWMLs, we were able to di-
rectly address whether the microstructural abnormalities were
related to cerebral white matter injury.

MATERIALS AND METHODS
Subjects

Target Cohort of Preterm Neonates with CHD. Neonates under-
going clinically indicated brain MRI at near term-equivalent age
during the period of 2005-2010 were recruited as part of ongoing
longitudinal studies of neurodevelopment in neonates with pre-
maturity and CHD at a single institution. In the preterm CHD
group, we included neonates with any heart anomaly treated sur-
gically, including atrial septal defect, ventricular septal defect, pat-
ent ductus arteriosus requiring surgery after term equivalency,
hypoplastic left heart syndrome, Ebstein anomaly, coarctation of
the aorta, truncus arteriosus, transposition of the great arteries,
and double-outlet right ventricle (Table 1). Patients with CHD
were excluded if 1) the heart anomaly did not require surgery; 2)
they had a chromosomal abnormality; 3) the brain MR imaging
did not include DTT data that were analyzable (ie, caused by mo-
tion artifact or technical factors); and 4) there was a congenital
brain malformation or a significant brain abnormality/injury,
which could distort subsequent DTI measurements. Given the
diversity of heart lesions treated by surgery in the preterm CHD
group, the clinical data (including fetal echocardiograms) for the

Table 1: Preterm CHD cases—frequency of diagnoses
Heart Defects

n
Hypoplastic left heart syndrome 5
Ebstein anomaly 2
Coarctation of the aorta 3
Transposition of the great arteries 2
Atrial septal defect, ventricular septal defect, patent ductus 8
arteriosus requiring surgery
Double-outlet right ventricle 1

preterm CHD cases were reviewed by 3 pediatric cardiologists
(J.D.P.,, RG.W,, J.LA.D.) for determination of heart lesion com-
plexity (see more details in On-line Appendix).

Comparison Cohorts of Critically Ill Term and Preterm Neonates
without CHD. For comparison, we included data from 2 cohorts
of neonates without CHD identified from the same high-risk neo-
natal intensive care unit—the first obtained as part of an internal
review board—approved retrospective review of neonatal MRI
conducted at the same institution as above between 2005-2010
and the second obtained as part of an ongoing longitudinal re-
search program focused on prematurity. All near term-equivalent
MRI was completed under clinical indications. The clinical indi-
cation for these studies included assessment of abnormal brain
morphology (not confirmed), assessment of suspected brain in-
jury or infection (not confirmed by imaging or relevant labora-
tory studies), assessment of possible seizure activity (including
febrile seizures), and assessment of a nonintracranial abnormal-
ity, including a facial or orbital lesion. For all neonates, medical
records were reviewed, including pertinent outpatient follow-up,
by a neonatologist (L.B.P.) and a pediatric neuropsychologist
(J.L.W.) (On-line Appendix). We also used region of interest
measurements to validate this group against published healthy
neonatal DTI data by using the same methods (On-line
Appendix).**

MR Imaging Protocol

All imaging was obtained in a 1.5T system (GE Healthcare Med-
ical Systems, Milwaukee, Wisconsin) with a neonatal head coil
and neonatal incubator (if clinically necessary). The following
imaging sequences were acquired: T2ZWT FSE in axial and coronal
planes (TE/TR = 85/5000 ms, FOV = 20 cm, matrix = 320 X 160
or 256 X 128, section thickness, 3 mm, spacing = 0) (5 minutes);
coronal T1 3D spoiled gradient-recalled echo (TE/TR = 6/25 ms,
FOV = 18 cm, matrix = 256 X 160, section thickness = 1 mm,
spacing = 0) (10 minutes). The DTI protocol included an EPI
sequence with the following parameters: TE/TR = 80/10,000 ms,
FOV = 22 cm, matrix = 128 X 128, section thickness = 4.5 mm,
spacing = 0, with an in-plane resolution of 1.7 mm applied along
25 noncolinear directions with a b-value of 700 seconds/mm? (6
minutes).

Evaluation of Conventional MR Imaging Data and
Identification of pWMLs

All standard MR images were reviewed by 2 independent readers
(J.L.W., A.P.) for the presence of pWMLs, used here as a MR
imaging biomarker for noncystic periventricular leukomalacia
(Fig 1). Consensus was achieved if there was disagreement.
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FIG1. Infant with hypoplastic left heart syndrome born at 31 weeks postconceptional age and imaged at 35.5 weeks postconceptional age. Three
coronal cuts from the 3D Tl-weighted spoiled gradient recalled echo sequence demonstrating punctate TI-hyperintense lesions (circled in red) in the
periventricular white matter and corona radiata just rostral to the genu of the corpus callosum (left), at the level of the pre- and post-central gyri
(middle), and posterior to the trigone of the lateral ventricle (right), consistent with bilateral pWMLs or periventricular leukomalacia.

Table 2: Comparison of clinical variables between preterm neonates with CHD with pWMLs

and preterm neonates without CHD

RESULTS

CHD Preterm with

Control Preterm

Characterization of the Clinical
Population and Clinical Variable

pPWMLs (n = 8) (n=27) P Value® Data

PCA, weeks, mean (SD 38.63 (3.36 42.61(6.51 q3° .
GA, weeks, mean (S(D)) 3329 51.89)) 3067 E4.62)) qsg2  Lhere were 76 cases that met the inclu-
PNA MRI, weeks, mean (SD) 5.35 (4.38) 1.095 (8.24) 0872 sion criteria for this study: 21 preterm
PCA MRI, weeks, mean (SD) 38.63(3.36) 42.61(6.51) 13? neonates with CHD, 28 neonates born at
Apgar 1 minute, median (n) 6(6) 6(21) .860° term (=37 weeks; term comparison
Apgar 5 minutes, median (n) 8.5(6) 8(21) .878°¢ group), and 27 neonates born between
ol TDminL s, (el ) 6(2) 70) ‘747,: 23-36 weeks gestational age (preterm
S|zser:<;>lrl’G%A 23 88 4 216 comparison group). There were no sig-

Appropriate, % 0 8 nificant differences in postconceptional

Large, % 6 25 age (defined as gestational age at birth
ISAM, % (n) 0(5) 83(24) 763 plus postnatal age) at time of MR imag-
Postnatal sepsis, % (n) 429(7) 60.0 (25) 706 ing amone the 3 eroups. including the
Hydrocortisone for BP, % (n) 50 (6) 18.5(27) 27 & 8 groups, u g
Days on hydrocortisone, mean (SD) 0.5(0.55) 1.741(6.06) 622 subset of preterm CHD cases identified
Inotropes, % () 100 (6) 46.2(26) 022 with pWMLs (P = .58, ANOVA). Infor-
Days on dopamine, mean (SD) 4.33(4.23) 3.81(5.98) 84° mation regarding diagnosis, clinical

Note:—PCA indicates postconceptional age; GA, gestational age; PNA, postnatal age; ISAM, infant of substance

abusing mom; BP, blood pressure.

# ANOVA P values =.005.

© Measurements are average left and right.

€ Mann-Whitney for testing difference in medians.
9 X for tests of homogeneity.

DTI Postprocessing: Tract-Based Spatial Statistics

DTI data analysis was performed by using FSL software (Version
4.1.4; http://www.fmrib.ox.ac.uk/fs)*>. Our protocol for tract-
based spatial statistics (TBSS) was similar to other published
methods previously optimized for the neonates.>® (Please refer to
On-line Appendix for more detail about TBSS methodology).

Additional Statistical Analyses

Continuous clinical variables were compared by use of a 3-way
ANOVA. Pair-wise comparisons were then made by means of
Tukey analysis. Categoric clinical variables were compared by
means of Kruskal-Wallis or y* tests, as appropriate. Differences in
perioperative variables were determined by nonparametric tests.
R Developmental Core Team (http://www.r-project.org/) and
SPSS (Version 19; SPSS, Chicago, Illinois) were used for all statis-
tical analyses.
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course, MR imaging, and surgical vari-
ables for preterm CHD cases are sum-
marized in Tables 1-3.

Incidence of pWMLs in the Preterm

CHD Group
On the basis of conventional MR imaging, pWMLs were found in
approximately 42% of the preterm CHD cases (k score = 1.0) (Fig
1). Of the CHD cases with pWMLs, 63% had MR imaging per-
formed in the postoperative period. The most common heart le-
sion in the preterm neonates with CHD with pWMLs was hyp-
oplastic left heart syndrome (n 4; 1 preoperative; 3
postoperative). The other diagnoses associated with pWMLs in-
cluded 1) Ebstein anomaly (n = 1, preoperative); coarctation
(n = 1, postoperative); ventricular septal defect (n = 1, preoper-
ative); and double-outlet right ventricle (n = 1, postoperative).
The highest number of pWMLs was noted in 2 hypoplastic left
heart syndrome cases and a coarctation case. We compared clin-
ical variables between the preterm neonates with CHD and
pWMLs and the preterm neonates without CHD, and the only
statistically significant difference was the relatively increased use

of inotropes (P < .02) (Table 2). We also compared multiple



Table 3: Preterm CHD group: comparison of perioperative variables between pWML versus non-pWML groups

CHD Preterm Group CHD Preterm
with pWML without pWML
Surgical Variables Mean (SD) n Mean (SD) n P Value*

Birth weight 1963.5 (591.6) 8 1676.2 (566.6) m 341
Age at T*" surgery, days 3 5(2.8) 8 12.0(12.7) 12 .05
PCA at 1°* surgery, weeks 37(17) 8 43.1(10.9) 12 20
1°* ABG pH 7.24(0.08) 5 7.29(1.10) 5 36
1 ABG pO, 81.75(74.82) 4 39(-) 1 64
Pre-op ABG pH 7.33(0.) 8 7.36(0.05) 2 A

Pre-op ABG pO, 622(212) 8 69.75 (34.6) 8 67
Post-op ABG pH 7.30(0.07) 8 7.32(0.05) 2 38
Post-op ABG pO, 67.83 (483) 8 101(83.52) 2 37
Pre-op epi, no. of days 0(0) 8 0.08(0.3) 12 49
Pre-op dobutamine, no. of days 0(0) 8 0.08(0.3) 12 49
Pre-op dopamine, no. of days 1167 (0.41) 8 0.417 (1.2) 12 .62
Pre-op hydrocortisone, no. of days 0.167 (0.41) 8 0.08(0.3) 12 61

Pre-op milirinone, no. of days 0(0) 8 0.08(0.3) 12 49
Post-op epi, no. of days 1.67 (2.7) 8 1.5(3) 12 .90
Post-op dobutamine, no. of days 0(0) 8 0.25(0.5) 12 .20
Post-op dopamine, no. of days 417 (4.4) 8 317 (4.3) 12 64
Post-op hydrocortisone, no. of days 0.33(0.5) 8 1.67 (5.5) 12 .50
Post-op milirinone, no. of days 3.33(413) 8 3.5(4.0) 12 93
Post-op nitroprusside, no. of days 0.0 (0) 8 0.33(0.9) 12 37

Note:—PCA indicates postconceptional age; ABG, arterial blood gas; epi, epinephrine; Pre-op, preoperative; Post-op, postoperative.

perioperative variables between the preterm CHD cases with
pWMLs and the preterm CHD cases without pWMLs and
found that pWMLs were associated with earlier age at surgery
(P < .05) (Table 3).

TBSS: Preterm Neonates with CHD Versus Term Neonates

without CHD

Compared with the term neonates without CHD, the preterm
neonates with CHD were found to have significantly reduced
fractional anisotrophy (FA) in focal regions of the posterior cere-
bral white matter. This included key regions caudally within the
developing visual system (ie, optic radiations and the splenium of
the corpus callosum) with relative sparing of the more rostral
visual areas (ie, the inferior frontal-occipital fasciculus) (Fig 2, top
row; and On-line Appendix Fig 2). There were fewer significantly
reduced FA voxels seen in the developing limbic system (ie, fim-
bria and fornix) and the posterior body of the corpus callosum.
There was relative sparing of the developing motor system (ie,
posterior limb of the internal capsule and cerebral peduncle).

In contrast with the FA results, changes in diffusivity, includ-
ing increases in both axial diffusivity and radial diffusivity, were
observed in widespread cerebral white matter regions in the pre-
term neonates with CHD (Fig 2 and On-line Appendix Figs 3 and
4). There was involvement of all neural systems noted including
both rostral and caudal visual areas, the limbic system, the motor
system, and frontal lobe regions (Fig 2 and On-line Appendix Figs
3 and 4).

To examine whether the differences in the DTI metrics of
brain microstructure above reflected maturational differences,
we excluded the preterm CHD cases with pWMLs and com-
pared the remaining preterm CHD cases (n = 13) to the term
neonates without CHD. In this analysis, most of the diffuse
microstructural differences disappeared except for persistent
decreased FA and increased radial diffusivity in the splenium
(On-line Fig 2, bottom row).

TBSS Analysis: Preterm Neonates with CHD Versus
Preterm Neonates without CHD

In contrast to the results for the comparison between the patients
with CHD and the term comparison group, there were far fewer
differences in the white matter of the preterm patients with CHD
relative to preterm neonates without CHD. In the analysis cor-
rected for multiple comparisons, no significant differences were
detected for FA or any of the diffusivity metrics.

To address whether there were maturation differences be-
tween the preterm neonates with CHD and the neonates without
CHD, we repeated the above analyses while excluding the preterm
neonates with CHD with pWMLs. Notably, no significant differ-
ences were detected in any brain region for any DTI metric in
either the corrected or uncorrected data.

TBSS Analysis: Complex CHD Preterm Cases Compared with
Other Heart Lesions. We compared complex preterm CHD cases
(hypoplastic left heart syndrome, transposition of the great arter-
ies, and Ebstein with significant valvular disturbance) with the
other preterm CHD anomalies (atrial septal defect, ventricular
septal defect, patent ductus arteriosis, coarctation, double-outlet
right ventricle with subaortic ventricular septal defect). There
were diffuse microstructural abnormalities, including decreased
FA and increased axial diffusivity and radial diffusivity in wide-
spread white matter regions, in the single-ventricle physiology
cases compared with the other CHD cases (Fig 3, top row). How-
ever, when the analysis was corrected for the number of pWMLs,
no differences were detected between these 2 groups (Fig 3, bot-
tom row). Of note, there was relative sparing of the corpus callo-
sum, including the splenium, suggesting that splenium was mi-
crostructurally similar between the 2 preterm CHD groups (Fig
3). Similar results were also obtained when the hypoplastic left
heart syndrome and transposition cases were grouped together
and compared with all of the other heart lesions (data not shown).
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FIG 2. Results from the whole-brain, voxelwise TBSS analysis contrasting fractional anisotropy, axial diffusivity, and radial diffusivity metrics
between preterm patients with CHD and term neonates without CHD, controlling for postconceptional age. Results from a single cut at the level
of the genu and splenium of the corpus callosum are displayed (see inlay in the upper left). The top row includes data from comparing all
preterm CHD cases to the term neonates without CHD. Diffuse microstructural abnormalities are seen in nearly all white matter regions. The
bottom row includes data from comparing only the preterm CHD cases without pWMLs with the term neonates without CHD . The only
structure showing micotructural abnormality is the splenium. Voxels showing a significant reduction in FA and axial diffusivity and a significant
increase in radial diffusivity are shown in red-yellow, with the color bar denoting statistical significance, corrected for multiple comparisons.
Note that most of the group differences are due to the cases with pWMLs or periventricular leukomalacia. ExtCap indicates external capsule;
ALIC = anterior limb of the internal capsule; PLIC = posterior limb of the internal capsule.

DISCUSSION

Microstructural abnormalities and white matter injury, namely
pWMLs, a putative MR imaging biomarker for noncavitary
periventricular leukomalacia, have been well documented in pre-
vious studies of term neonates with CHD.”"'*'%*° This is the first
study, to our knowledge, to use MR imaging and DTI to describe
the occurrence of pWMLs and associated brain microstructural
abnormalities in preterm neonates with CHD. Our most signifi-
cant finding is that preterm neonates with CHD demonstrate dif-
fuse microstructural changes in central white matter tracts (sub-
serving visual, motor, limbic, and frontal executive functions)
when compared with other critically ill neonates without CHD.
However, these microstructural abnormalities were strongly as-
sociated with the presence of pWMLs. Importantly, we did not
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observe many diffuse microstructural differences between pre-
term infants with CHD and preterm infants without CHD when
the infants with pWMLs were excluded. Moreover, after correc-
tion for number of pWMLs, there was no difference in micro-
structure of complex CHD cases compared with other heart le-
sions. These findings support the hypothesis that there are diffuse
microstructural abnormalities in preterm CHD cases and indicate
that the microstructural abnormalities are most strongly associ-
ated with white matter injury. Of note, independent of white mat-
ter injury, we identified a microstructural abnormality in the sp-
lenium of the corpus callosum in all preterm infants with CHD.
The splenium is composed of white matter pathways connecting
visual regions, and these microstructural differences may be a
biomarker for vulnerability for visual spatial dysfunction, which
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FIG 3. Results from the TBSS analysis contrasting FA, axial diffusivity (AD), and radial diffusivity (RD) in preterm patients with CHD with
complex CHD lesions compared with preterm patients with CHD other heart lesions. Results from a single cut at the level of the genu and
splenium of the corpus callosum are displayed (see inlay). The top row depicts the results of the contrasts between the preterm neonates
with complex heart lesions relative to the preterm neonates with other heart lesions; the bottom row depicts the results from the
contrasts of the same cases after correction for number of pWMLs. Both analyses are corrected for postconceptional age. Voxels
showing a significant reduction in FA and AD and a significant increase in RD are shown in red-yellow, with the color bar denoting
statistical significance, corrected for multiple comparisons. Of note, there is no difference in DTI metrics values in the splenium of the

corpus callosum (arrow) between heart types.

is a well-described neurocognitive deficit observed in survivors of
CHD.27_29

Similar to prior studies of term infants with CHD,"'* we ob-
served diffuse microstructural abnormalities in our preterm in-
fants with CHD compared with term infants without CHD. How-
ever, in our study, these differences were largely attributable to the
presence of pWMLs rather than maturational lag as had been
suggested by Miller et al'? in their analysis of term neonates with
CHD. We did observe regional maturational differences (cen-
tered in the splenium); however, our widespread abnormalities in
microstructure were only observed in the preterm neonates with
CHD with pWMLs. This suggests that although the maturational
state of the brain probably plays a role in the vulnerability to white
matter injury, injury during the perinatal period and the associ-
ated microstructural abnormalities may best account for adverse

neurodevelopmental outcomes in the preterm neonates with
CHD.*®

A maturational delay in fetal brain development has been de-
scribed in term neonates with complex CHD."'>*! Importantly,
the available data suggest that the maturational delay accelerates
during the late third trimester.'® Thus, for a cohort of neonates
with CHD born on average at 32 weeks gestational age, it would
not necessarily be expected that we would observe global matura-
tional delays on the microstructure of the cerebral white matter
arising from delayed intrauterine development. Other techniques
including structural imaging techniques may be more sensitive to
detect maturational differences in this population, as demon-
strated previously in term CHD cases.'*

Consistent with prior studies of CHD, the highest incidence
of pWMLs and concurrent microstructural abnormalities was
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found in the infants with hypoplasticleft heart syndrome. It is well
established that these infants are at exceedingly high risk for mat-
urational delay and perinatal brain injury owing to the complex
factors associated with abnormal uterine brain development and
abnormal cerebral perfusion.'®'"*> However, not all of the in-
fants with hypoplastic left heart syndrome have significant long-
term neurocognitive problems, and initial results from the mul-
ticenter single ventricle reconstruction trial indicate that early
neurodevelopmental outcome is more highly associated with in-
nate patient variables than with intraoperative management strat-
egies.”® In this analysis, there were no differences in microstruc-
ture between the neonates with complex CHD and neonates with
other congenital heart lesions after correcting for the number of
pWMLs. It is possible that pWMLs or associated microstructural
abnormalities at the neonatal time period will be able to further
distinguish among the infants with hypoplastic left heart syn-
drome, who are at highest risk for specific adverse neurodevelop-
mental outcomes.

Longitudinal studies of neonates with CHD have documented
neurocognitive impairments across multiple cognitive domains,
but most prominently in visual-spatial functions, executive func-
tions, and language.””>*?*7?% In this study, widespread micro-
structural abnormalities involving neural systems subserving the
visual system, motor system, limbic system, and frontoparietal
executive system were identified in the preterm neonates with
CHD with pWMLs. These results suggest that irrespective of heart
lesion, this subpopulation of preterm neonates with CHD would
be most at risk for long-term neurocognitive deficits involving
visual functions, motor development, emotions/behavioral regu-
lation, and attention/executive functions.>®

In contrast, the preterm neonates with CHD but without
pWMLs were found to have microstructural abnormalities in the
vicinity of the splenium—the posterior bundle of callosal crossing
fibers. The splenium is one of the most rapidly developing white
matter structures during the late fetal and early postnatal pe-
riod.>® The splenium contains fiber bundles crossing between
temporal and occipital regions of the left and right hemispheres
that are important for normal visual-spatial functions. Accord-
ingly, the finding of a microstructural abnormality in the preterm
CHD cases without PVL compared with term controls suggests
that the infants with CHD may be at increased risk for visual-
spatial dysfunction regardless of the presence of brain injury.””~>°

We found that younger age at surgery and increased use of
inotropes were associated with pWMLs in the preterm CHD
group, similar to previous studies of pWMLs in term patients with
CHD, suggesting a similar pathogenesis or vulnerability to white
matter injury in both the preterm and term CHD groups.”® One
remarkable clinical distinction between the preterm CHD group
and both control groups was the high incidence of being small for
gestational age in the preterm CHD group, suggesting that there
could still be a prenatal influence on white matter vulnerability
and injury in this group.*®

Limitations

It could be suggested that we should have focused on the major
left-sided heart lesions and excluded infants with other lesions
such as atrial septal defect or ventricular septal defect due to
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marked differences in the hemodynamics in these neonates both
in utero and postnatally.>* However, the incidence of hypoplastic
left heart syndrome among preterm infants is relatively rare and
we did not have sufficient sample size to include these lesions
alone. A second limitation in this study is the inclusion of cases
with MR imaging scans performed preoperatively and postoper-
atively. Third, there is the potential for sampling bias as we relied
on clinical scans to identify our neonates before induction.
Fourth, our study sample size was small and recruited from a
single institution.

CONCLUSIONS

Our study provides evidence that preterm neonates with CHD
demonstrate diffuse microstructural changes in central white
matter tracts when compared with other critically ill neonates
without CHD. However, these microstructural changes are highly
associated with the occurrence of pWMLs, a biomarker for non-
cavitary periventricular leukomalacia. Regardless of injury, a per-
sistent microstructural abnormality was noted in the splenium,
which could explain the high prevalence of visual-spatial neuro-
cognitive dysfunction in surviving patients with CHD. This study
suggests that MR imaging may not only have a beneficial role in
identifying preterm infants with CHD who are at the greatest risk
for adverse neurodevelopmental outcome, but also may be a clin-
ical biomarker to help guide potential neuroprotective or rehabil-
itative therapies in this population.
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