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Brain injury and development in newborns
with critical congenital heart disease

ABSTRACT

Objective: To determine the relationship between radiologically identifiable brain injuries and de-
layed brain development as reflected by brain metabolic and microstructural integrity.

Methods: Term newborns with congenital heart disease (CHD) (120 preoperatively and 104 postop-
eratively) were studied with MRI to determine brain injury severity (BIS), microstructure reflected by
fractional anisotropy (FA) and average diffusivity (Dav), andmetabolism reflected byN-acetylaspartate
(NAA)/choline (Cho) and lactate/Cho. Brain development is characterized by increasing NAA/Cho and
white matter FA, and by decreasing Dav and lactate/Cho.

Results: Newly acquired brain injury was common (41% preoperative, 30% postoperative). Lower
white matter FA (p 5 0.005) and lower NAA/Cho (p 5 0.01) were associated with increasing
preoperative BIS. Higher neonatal illness severity scores (p 5 0.03), lower preoperative oxygen
saturation (p 5 0.002), hypotension (p , 0.001), and septostomy (p 5 0.002) were also predic-
tive of higher preoperative BIS. Preoperative FA, Dav, and NAA/Cho did not predict new postop-
erative BIS. Increasing preoperative BIS predicted higher postoperative Dav (p 5 0.002) and
lactate/Cho (p 5 0.008). Within the postoperative scan, new brain injuries were associated with
lower white matter FA (p 5 0.04). Postoperative BIS (new lesions) was associated with lower
postoperative systolic (p 5 0.03) and mean (p 5 0.05) blood pressures.

Conclusions: Brain injuries in newborns with CHD are strongly related to abnormalities of brain
microstructural and metabolic brain development, especially preoperatively. Both newly acquired
preoperative and postoperative brain injuries are related to potentially modifiable clinical risk
factors. Neurology� 2013;81:241–248

GLOSSARY
BIS5 brain injury severity;CHD5 congenital heart disease;CPB5 cardiopulmonary bypass;Dav5 average diffusivity;DTI5
diffusion tensor imaging; FA 5 fractional anisotropy; HI 5 hypoxic ischemic; IVH 5 intraventricular hemorrhage; MRSI 5
magnetic resonance spectroscopic imaging; NAA 5 N-acetylaspartate; SNAP-PE 5 Score for Neonatal Acute Physiology–
Perinatal Extension; SVP 5 single ventricle physiology; TGA 5 transposition of the great arteries; UBC 5 British Columbia
Children’s Hospital University of British Columbia;UCSF5University of California San Francisco Benioff Children’s Hospital;
WMI 5 white matter injury.

Children with congenital heart disease (CHD) remain at risk for long-term neurodevelopmental
deficits despite advances in perioperative and intraoperative care.1–7 While the burden of neuro-
developmental deficits relates to patient-specific factors,8 preoperative neurologic findings also
predict subsequent impairments.9

Using MRI, newly acquired brain injuries are commonly detected neuroradiologically on
MRI before and after surgery in term newborns with CHD.10–13 These injuries consist predom-
inantly of white matter injury (WMI), a pattern of injury commonly diagnosed in premature
newborns.11,12,14–17 Neuroimaging measures consistent with delayed brain development are
increasingly recognized in the term CHD population, even prior to surgery18,19 and in utero.20

A complex interplay between neonatal brain injury and abnormal brain development, re-
flected in impaired microstructure and metabolism, is increasingly appreciated.21 In the prema-
ture newborn, WMI precedes more widespread abnormalities in brain development.22,23
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Similarly, in newborns with CHD, preopera-
tive brain injury precedes impaired develop-
ment of the corticospinal tracts, even when
the injuries did not directly involve this pathway
on conventional MRI.24 Brain immaturity has
not been consistently identified as a risk factor
for acquired brain injury before or after sur-
gery.14,25 In a prospective cohort of term new-
borns with CHD studied preoperatively and
postoperatively with MRI to characterize brain
injury severity (BIS) as well as microstructural
and metabolic brain integrity, we hypothesize
that 1) impaired preoperative brain develop-
ment would be associated with increasing BIS
preoperatively and postoperatively, and 2) pre-
operative BIS would predict less mature brain
microstructure and metabolism postoperatively.

METHODS Patients. Between September 2001 and Decem-

ber 2009, we enrolled term neonates (.36 weeks’ gestation) with

CHD born or transferred to the University of California San

Francisco Benioff Children’s Hospital (UCSF) or British Colum-

bia Children’s Hospital, University of British Columbia (UBC)

in a dual-center prospective cohort study. Thirty-nine infants

were inborn, including 34 with a prenatal diagnosis of CHD; 6

additional outborn infants were prenatally diagnosed. Subgroups

of this cohort have been previously reported.10,12,13,19,26 Both hos-

pitals are regional tertiary level cardiac referral centers. Infants

were included if heart surgery was planned within the first 3

months of life. They were excluded if a congenital infection or

genetic malformation syndrome was suspected. Those infants

diagnosed subsequently with a genetic disorder were also

excluded (2 infants with 22q11, 1 infant with a translocation,

and 1 infant with Williams syndrome). During the study period,

120 newborns were studied with preoperative scans (UCSF n 5

84; UBC n 5 36). An additional 6 infants were excluded from

this analysis as they were too unstable for preoperative MRI (n5

3) or had excessive motion artifact on preoperative MRI (n5 3).

Clinical data were prospectively collected from the medical re-

cords at both sites (until the postoperative MRI).10,12,13,19,26 Anes-

thetic and cardiopulmonary bypass (CPB) management of the 2

cohorts has been previously described10; see e-Methods on the

Neurology® Web site at www.neurology.org.

Standard protocol approvals, registrations, and patient
consents. The research ethics board at each site approved the

study protocol. Parents of enrolled newborns provided written

informed consent.

MRI studies. Of the 120 newborns with CHD scanned preop-

eratively at a median of 5 days (range 1–43), 104 (87%) under-

went a postoperative scan at a median of 20 days (range 3–61)

after birth. Of the 16 newborns without postoperative scans, 10

died before the postoperative study was possible, 5 had perma-

nent pacemakers implanted, and 1 had an MRI degraded by

considerable motion artifact. The median number of days

between surgery and postoperative MRI was 10 (interquartile

range 8–15, range 0–64 days), with only one newborn scanned

postoperatively within 48 hours of surgery. Newborns were

scanned at each center using a specialized MRI-compatible iso-

lette including a dedicated neonatal head coil. Study methods,

including brain imaging, were consistent across the duration of

the study (see e-Methods for detailed MRI methods).27 Neonates

at UCSF were sedated with pentobarbital or morphine sulfate. At

UBC, newborns were scanned in sleep without pharmacologic

sedation.10

Two neuroradiologists (UCSF: A.J.B.; UBC: K.P.) blinded to

all clinical information except age scored each conventional MRI

scan for acquired injury and developmental brain abnormalities;

high reliability has been documented previously.10 Postoperative

brain injuries described in this study are limited to newly acquired

lesions not evident on the preoperative scan. Brain injury was char-

acterized as stroke, WMI, intraventricular hemorrhage (IVH), or

global hypoxic ischemic injury (HI).10,12,19,26 We summarized the

severity of the overall brain injuries on each scan as follows: 0 5

normal, 15minimal injury (minimalWMI and IVH grade 1/228),

25 stroke (all stroke), and 35 moderate–severe injury (moderate

and severe WMI, IVH 3,28 or global HI injury). The newborn

received the highest score for the lesions identified at each scan.

This categorization was necessary 1) to avoid comparing newborns

with one pattern of injury to a reference group that included “normal”

newborns as well as those with other injury patterns (e.g., comparing

newborns with WMI to a reference group that included newborns

with normal MRI and those with stroke or IVH), and 2) some

newborns had multiple injuries on a single scan (see e-Methods).

Diffusion tensor imaging and 3D magnetic resonance
spectroscopic imaging analysis. Diffusion tensor imaging

(DTI) provides a sensitive measure of regional brain microstruc-

ture and characterizes the 3D spatial distribution of water diffu-

sion. With increasing maturity of the brain, average diffusivity

(Dav) decreases by developing neuronal and glial cell membranes

that restrict water diffusion.23,29,30 Fractional anisotropy (FA), a

measure of the directionality of water diffusion, increases with

white matter maturation, particularly with the maturation of

the oligodendrocyte lineage and early events of myelination.23,31

Dav and FA were calculated from 7 regions of interest bilaterally

using prespecified anatomic references.19 Correct region of inter-

est placements were confirmed by neuroradiologists (A.J.B., K.

P.). Magnetic resonance spectroscopic imaging (MRSI) is used to

assess metabolic measures of brain development: N-acetylaspar-
tate (NAA) and lactate.19 NAA, an acetylated amino acid found in

high concentrations in neurons, increases with advancing cerebral

maturity and decreases with neuronal injury.32 Lactate is elevated

with disturbances in cerebral energy substrate delivery and oxida-

tive metabolism.33 NAA/choline and lactate/choline were ana-

lyzed from the same brain regions as those used for DTI, as

described previously.19

Data analysis. Clinical variables between the 2 centers were com-

pared using the 2-sample Wilcoxon rank-sum (Mann-Whitney)

test (continuous data) and the Fisher exact test or x2 test (cat-

egorical variables) as appropriate using Stata 9 (Stata Corpora-

tion, College Station, TX). Significance level was defined at a

level of ,0.05.

We used R for generalized least-squares models to examine

the associations between the brain injury score and Dav, FA,

NAA/choline, and lactate/choline, accounting for each subject’s

2 scans and multiple regions of interest.34 In these models we

adjusted for center, gestational age at MRI, and sex. In addition,

regression analyses for the postoperative brain injury score

included a term for the preoperative injury score. Given the

differences in the distribution of congenital heart diagnoses across

centers, and because study subjects were imaged in different MRI

scanners at each center, an interaction term for site (UCSF or

UBC) by region of interest was included in all analyses of the
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MRI data. The interaction term for site by region of interest

allows for the MRSI and DTI values in each region to vary by

site. A log-transformed outcome variable was used in all regres-

sions to examine percent differences in the quantitative MRI

measures. Using comparable models, we examined the association

of select clinical variables, previously identified as risk factors for

brain injury, with BIS: resuscitation score, Score for Neonatal

Acute Physiology–Perinatal Extension (SNAP-PE), presence of

preoperative hypotension, preoperative lowest saturation level

(arterial), balloon atrial septostomy, bypass type, deep hypother-

mic circulatory arrest time, postoperative lowest mean, diastolic

and systolic blood pressure, and days of inotropic support.

RESULTS Study subjects and clinical condition. The
cohort of 120 term newborns with CHD comprised
71 with transposition of the great arteries (TGA), 36
with single ventricle physiology (SVP), and 13 (UBC
n 5 4, UCSF n 5 9) with other cardiac lesions (aortic
coarctation [n5 6], pulmonary atresia [n5 3], tetralogy
of Fallot [n 5 2], truncus arteriosus [n 5 1], and total
anomalous pulmonary venous connection [n 5 1]).
Patient and clinical characteristics of the newborns at
each center for the newborns with TGA and SVP are
presented in tables e-1 and e-2 in e-Methods. Apart from
a few practice pattern variations across centers
(e.g., lower rate of cesarean delivery at UBC), differences
in clinical variables were minor. The burden of brain
injury did not differ across site on either preoperative
or postoperative scans (stroke: preoperative p 5 0.39,
postoperative p 5 0.090; WMI: p 5 0.17, p 5 0.28;
IVH: p 5 0.42, p 5 0.72; BIS: p 5 0.51, p 5 0.07).

Brain injury severity and its association with brain

development.Newly acquired brain injury was common

on the preoperative and postoperative MRI scans, with
a predominance of stroke and WMI (table 1). Only
one infant at UBC had a watershed pattern of injury
before heart surgery, characteristic of global hypoxia-
ischemia in the term newborn. Grade 3 or 4 IVH was
not diagnosed in this cohort. The severity of newly
acquired brain injuries did not differ on the preopera-
tive and postoperative scans (p 5 0.28).

Cross-sectional analyses examining brain injury severity

and brain development. In preoperative cross-sectional
analyses, we examined the association of preoperative
BIS with preoperative FA, Dav, NAA/choline, and
lactate/choline. An increasing preoperative brain
injury score was associated with lower white matter
FA (ratio was 3.0% lower for each point increase in
injury score, p 5 0.005) and lower NAA/choline
(1.2% lower for each point increase in injury score,
p 5 0.01) (table 2). In similar postoperative cross-
sectional analyses, an increasing severity of newly
acquired postoperative brain injuries was associated
with lower postoperative white matter FA (0.9%
lower for each point increase in injury score, p 5

0.04), but not other metrics of brain development
(table 3).

Longitudinal analyses examining brain injury severity and

brain development. In the preoperative longitudinal anal-
yses, we examined whether preoperative BIS predicted
postoperative DTI andMRSI values. An increasing pre-
operative brain injury score was associated with higher
postoperative Dav (p5 0.002) (figure) and higher lactate/
choline (p 5 0.008). In the postoperative longitudinal

Table 1 Timing and classification of brain injury on MRIa

Brain injury severity score, n (%)b

0 (None)

1

2 (Stroke) 3 (WMI moderate–severe)WMI minimal IVH grade 1/2

Preoperative injury TGA (n 5 71) 39 (55) 11 (16)c 0 17 (24) 4 (6)

SVP (n 5 36) 22 (61) 1 (3) 1 (3) 6 (17) 6 (17)

Otherd (n 5 13) 10 (77) 1 (8) 0 0 2 (15)

New postoperative injury TGA (n 5 65) 47 (72) 9 (14) 2 (3) 4 (6) 3 (5)

SVP (n 5 29) 20 (69) 0 0 5 (17) 4 (14)

Otherd (n 5 10) 6 (60) 0 0 1 (10) 3 (30)

Cumulative incidence at postoperative
MRI (n 5 104), all lesions, including new
preoperative and postoperative injury

20 (19) 3 (3) 32 (31) 21 (19)

Abbreviations: HI 5 hypoxic ischemic; IVH 5 intraventricular hemorrhage; SVP 5 single ventricle physiology; TGA 5 transposition of the great arteries;
WMI 5 white matter injury.
aWatershed injury (HI injury) is not included in the table as this pattern was observed in only one newborn with TGA (in addition to stroke and WMI). Some
newborns had multiple types of injury; only the most severe pattern of injury is noted.
bBrain injury score: a measure of overall brain injury severity, range 0–3, with higher scores indicating more severe brain injury (0 5 normal, 1 5 minimal
injury [minimal WMI and IVH grade 1/2], 2 5 stroke [all stroke], and 3 5 moderate–severe injury [moderate and severe WMI, IVH grade 3, and HI injury]); the
newborn received the highest score for the lesions identified at each scan; the postoperative brain injury score reflects only new lesions.
c Four infants with WMI also had IVH grade 1/2 (data not shown).
dAortic coarctation, pulmonary atresia, tetralogy of Fallot, truncus arteriosus, total anomalous pulmonary venous connection.
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analyses, we examined whether postoperative BIS
was preceded by differences in preoperative DTI
and MRSI values. Postoperative BIS was not pre-
dicted by preoperative DTI and MRSI measures
(table 2).

Clinical predictors of brain injury severity. Clinical pre-
dictors of BIS are detailed in table 4. Preoperative BIS
was predicted by SNAP-PE (p 5 0.03), lower preop-
erative oxygen saturation (p5 0.002), the presence of
preoperative hypotension (p , 0.001), and balloon
atrial septostomy (p5 0.002). BIS was lower in new-
borns with prenatal diagnosis of CHD, but there was
no association (p 5 0.43). In newborns with TGA,
preoperative stroke was highly related to balloon atrial
septostomy (p 5 0.001) but not site (p5 0.78). The
severity of postoperative brain injuries was associated
with postoperative lowest mean (p 5 0.05) and

systolic blood pressure (p 5 0.03). The severity of
postoperative brain injuries was not predicted by CPB
type (p 5 0.11), even after stratifying by CHD type
(p 5 0.20).

DISCUSSION In the present study, we found that
impaired metrics of microstructural and metabolic
brain development are associated with increasing
BIS, especially preoperatively in term newborns with
CHD. Additionally, preoperative brain injuries are
associated with further abnormal brain microstruc-
ture and metabolism postoperatively, attesting to
the longer-term impact of these injuries. Both preop-
erative and postoperative brain injuries are related to
potentially modifiable clinical risk factors.

The predominance of WMI in this cohort of term
newborns with CHD, a pattern of brain injury

Table 2 Cross-sectional analyses of the preoperative and postoperative brain injury and its association with MRSI and DTI measures of brain
development before and after heart surgery, adjusted for center, gestational age at MRI, sex, and region of interest

Preoperative DTI, coefficients (p value)a Preoperative MRSI, coefficients (p value)a

Fractional anisotropy Average diffusivity NAA/choline Lactate/choline

Preoperative brain injury scoreb 20.030 (0.005)c 0.0004 (0.90) 20.012 (0.01)c 20.011 (0.3)

Postoperatived DTI, coefficients (p value)a Postoperatived MRSI, coefficients (p value)a

Fractional anisotropy Average diffusivity NAA/choline Lactate/choline

Postoperative brain injury scoreb 20.009 (0.04)c 0.006 (0.2) 20.004 (0.6) 20.023 (1.0)

Abbreviations: DTI 5 diffusion tensor imaging; HI 5 hypoxic ischemic; IVH 5 intraventricular hemorrhage; MRSI 5 magnetic resonance spectroscopic
imaging; NAA 5 N-acetylaspartate; WMI 5 white matter injury.
aGeneralized least-squares model.
b Brain injury score: a measure of overall brain injury severity, range 0–3, with higher scores indicating more severe brain injury (0 5 normal, 1 5 minimal
injury [minimal WMI and IVH grade 1/2], 2 5 stroke [all stroke], and 3 5 moderate–severe injury [moderate and severe WMI, IVH 3, and HI injury]). The
postoperative brain injury score reflects only new lesions.
c Significant difference.
dAdjusted for preoperative DTI and MRSI.

Table 3 Longitudinal analyses of the preoperative and postoperative brain injury and its association with MRSI and DTI measures of brain
development before and after heart surgery, adjusted for center, gestational age at MRI, sex, and region of interest

Postoperativea DTI, coefficients (p value)b Postoperativea MRSI, coefficients (p value)b

Fractional anisotropy Average diffusivity NAA/choline Lactate/choline

Preoperative brain injury scorec 20.010 (0.60) 0.013 (0.002)d 20.013 (0.14) 0.044 (0.008)d

Preoperativea DTI, coefficients (p value)b Preoperativea MRSI, coefficients (p value)b

Fractional anisotropy Average diffusivity NAA/choline Lactate/choline

Postoperativee brain injury scorec 20.484 (0.9) 21.364 (0.9) 20.004 (0.6) 20.002 (0.7)

Abbreviations: DTI 5 diffusion tensor imaging; HI 5 hypoxic ischemic; IVH 5 intraventricular hemorrhage; MRSI 5 magnetic resonance spectroscopic
imaging; NAA 5 N-acetylaspartate; WMI 5 white matter injury.
a Adjusted for preoperative DTI and MRSI.
bGeneralized least-squares model.
c Brain injury score: a measure of overall brain injury severity, range 0–3, with higher scores indicating more severe brain injury (0 5 normal, 1 5 minimal
injury [minimal WMI and IVH grade 1/2], 2 5 stroke [all stroke], and 3 5 moderate–severe injury [moderate and severe WMI, IVH grade 3, and HI injury]). The
postoperative brain injury score reflects only new lesions.
dSignificant difference.
e Adjusted for the presence of preoperative injuries.
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expected in the premature newborn, is consistent
with previous findings.11,13–17,35,36 While WMI is
identified in 23%–40% of preoperative scans,10,25 it
has not yet been reported on fetal imaging.20,37 Within
the preoperative cross-sectional analyses, lower FA and

NAA/choline, consistent with delayed brain develop-
ment, were associated with an increasing severity of
brain injury. One explanation for this finding, as docu-
mented previously in this population and in the pre-
term neonate, is that focal brain injuries on MRI are
associated with more widespread brain abnormalities
detected with DTI and MRSI (see reference 21 for
review). Yet abnormalities in brain development
(decreased total brain volume and NAA) have been
recently documented during the third trimester of
gestation in the fetus with CHD without focal brain
injury.20 Considering this delayed fetal brain devel-
opment and the very short postnatal time period, it
seems very likely that abnormal brain development
measured after birth precedes the acquisition of pre-
operative brain injury. In contrast, abnormalities in
preoperative brain development did not predict new
postoperative injuries.

Longitudinal studies in the developing fetus and
preterm newborn have described distinct patterns of
change over time in quantitative MRI parameters.
Theoretical understanding of the physical (i.e., water
diffusion) and chemical (i.e., metabolite concentra-
tions) processes influencing these parameters com-
bined with experimental knowledge of certain brain
cellular and molecular developmental events offer a
simplistic paradigm for assessing brain development
with diffusion and spectroscopic MRI. For certain
neurodevelopmental processes (e.g., myelination),

Figure Association between preoperative brain injury score and average diffusivity before and after bypass surgery

Box plots of average diffusivity before and after bypass surgery are presented by the preoperative brain injury score. This figure illustrates the decrease in average
diffusivity (in mm2/sec 3 1026, adjusted for postmenstrual age) between the 2 time points, before and after surgery. Average diffusivity is expected to decrease
over time. Note the blunted decrease in average diffusivity in neonates with brain injury, particularly when moderate–severe. MR 5 magnetic resonance.

Table 4 Clinical predictors of brain injury severity, stratified for center

Clinical predictors of brain injury severity
UBC (n 5 36),
median (range) or n (%)

UCSF (n 5 84),
median (range) or n (%)

Perinatal variables

SNAP-PEa 5 (0–32) 15 (4–59)

Preoperative variables

Preoperative hypotensionb 7 (20) 38 (48)

Lowest oxygen saturation level
preoperative (arterial)

64 (30–97) 70 (20–97)

Balloon atrial septostomy 26 (75) 28 (33)

Postoperative variables

Lowest mean blood pressure
postoperative day 1 (mm Hg)

41 (24–53) 43 (30–86c)

Lowest systolic blood pressure
postoperative day 1 (mm Hg)

55 (35–70) 55 (36–126c)

Abbreviations: SNAP-PE 5 Score for Neonatal Acute Physiology–Perinatal Extension;
UBC5 British Columbia Children’s Hospital, University of British Columbia; UCSF5 University
of California San Francisco Benioff Children’s Hospital.
a A measure of overall illness severity, range 0–$70, with higher scores indicating more
severe illness.12
b Preoperative hypotension requiring treatment (saline bolus or vasopressor).
c The range includes a single subject with tetralogy of Fallot, pulmonary atresia with marked
hypertension on postoperative day 1.
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this concept is both logical and supported by animal
studies combining imaging and brain histology.
Acquired brain injuries may differentially influence
quantitative MRI measurements based on severity
(i.e., chronic mild vs acute severe), timing, and mech-
anism. While many neurodevelopmental processes
are not measured by diffusion and spectroscopic
imaging (e.g., specific axonal targeting, synapse for-
mation, or maturation of glial/neuronal signaling
pathways), this simple paradigm presents an opportu-
nity to discern the complex relationships between
brain development and acquired brain injury in a lon-
gitudinal study of newborns with CHD.

The relationship between brain immaturity and
brain injury has been controversial in the literature
and may relate to the different metrics of brain develop-
ment applied in each study.14,25 Brain immaturity, as
reflected in the Total Maturation Index, was previously
associated with the risk of preoperative and postopera-
tive brain injury. In our current study, we observed a
relationship between preoperative brain immaturity and
preoperative brain injury but not postoperative brain
injury. These differences may be related to the method
for measuring brain development. MRSI and DTI pro-
vide dynamic metrics of brain development that exhibit
changes with acquired injury and with development in
the timescale from the preoperative to postoperative
periods.19,38 In contrast, the Total Maturation Index is
a qualitative scoring system based on gross morphologic
brain features (e.g., presence of fetal structures, gyral
development, and myelination) that may not evolve
as rapidly. Thus it is possible that the reported associa-
tion of the Total Maturation Index with postoperative
injuries may reflect the observed relationship with pre-
operative brain immaturity. While these brain metrics
may also reflect different aspects of brain development,
these modalities each suggest an approximate 4-week
lag in brain development measured preoperatively.

The severity of preoperative brain injury was asso-
ciated with higher postoperative Dav and lactate/cho-
line. This is consistent with our earlier finding of
abnormal corticospinal tract maturation from the pre-
operative to postoperative scans in newborns with
CHD and preoperative brain injury,24 as well as with
observations in the premature newborn with WMI.21

WMI and preoperative delayed brain maturity were
not related in a previous study using diffusion imag-
ing and simplified brain metrics.25 However, diffu-
sion imaging in this study was limited to a subset of
that cohort (n 5 19), and simplified brain metrics
may not be especially sensitive to the mild degree of
WMI observed. Taken together, the accumulated
data suggest that focal lesions (i.e., stroke and
WMI) in the rapidly developing newborn brain have
longer-term impacts not limited to the immediate
vicinity of the original lesion evident on MRI.

Consistent with previous observations, preoperative
and postoperative brain injuries are related to poten-
tially modifiable clinical risk factors. In keeping with
some previous studies,12,17,36 preoperative BIS was pre-
dicted by SNAP-PE, lower preoperative oxygen satu-
ration, hypotension, and balloon atrial septostomy.
These associations were significant for the entire
cohort, even though some risk factors, such as balloon
atrial septostomy, were specific to the subset of new-
borns with TGA. Postoperative lowest mean and sys-
tolic blood pressure were associated with the severity of
brain injuries after bypass surgery.26 Similarly, a strong
relationship between postoperative WMI and lowest
diastolic blood pressure has been previously reported.16

A recent study performed on adolescents with cor-
rected CHD in the neonatal period demonstrated that
white matter abnormalities and volume loss were pre-
sent on MRI scan at age 14 years.39 These long-term
brain abnormalities were also associated with neurode-
velopmental deficits at this age.39 Despite improvements
in perioperative care, rates of long-term neurodevelop-
mental deficits in children with CHD have remained
stable.2,5 Our findings point to complex relationships
between perioperative clinical factors, abnormal brain
development, and acquired brain injuries.

While a strength of this study is the dual-center
design, providing more practice variability than a sin-
gle-center cohort, the limited sample size among sub-
groups of CHD diagnoses prohibited our ability to
contrast risk factors between these groups. Region of
interest–based analysis of DTI and MRSI can be lim-
ited by reliable sampling of voxels between scans and
risk of partial averaging. Future advances inMRI acqui-
sition and analysis that allow for automatic segmenta-
tion and quantification of DTI and MRSI parameters
from the preoperative to postoperative periods may also
refine our ability to detect differences related to CHD
subgroups and critical illness. Studies addressing the in
utero interplay of brain development, brain injury, and
clinical factors are under way so that novel brain pro-
tection strategies can be considered before birth.

Our findings suggest that in term newborns with
CHD, delayed brain maturation is the substrate on
which preoperative brain injuries, notably WMI, occur.
In contrast, newly acquired postoperative brain injuries
may be more strongly influenced by perioperative fac-
tors. Our findings point to the need for in utero strate-
gies to promote optimal brain development, as well as
the potential for clinical interventions targeting hemo-
dycnamic stability and optimal oxygenation to reduce
the burden of preoperative and postoperative brain inju-
ries. The association of delayed brain maturation with
the impaired long-term neurodevelopmental outcome
in children with CHD undergoing heart surgery re-
mains unclear and is the focus of ongoing studies as
these newborns are followed through childhood.
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