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Abstract
Objective—Magnetic Resonance Imaging (MRI) has defined neurologic abnormalities in infants
with congenital heart disease (CHD) including pre-operative injury and delayed brain maturation.
This study utilized qualitative scoring, cerebral biometry, and diffusion imaging to characterize
pre-operative brain abnormalities in infants with CHD, including the identification of regions of
greater vulnerability.

Methods—Sixty-seven infants with CHD had pre-operative MRI with analysis for brain injury
by qualitative scoring and brain development by qualitative scoring, metrics and diffusion
imaging.

Results—Qualitative abnormalities were common, with 42% of infants having pre-operative
focal white matter lesions. Infants with CHD had smaller brain measures in the frontal lobe,
parietal lobe, cerebellum and brainstem (p<.001); with the frontal lobe and brainstem displaying
the greatest alterations (p<.001). Smaller brain size in the frontal and parietal lobes correlated with
delayed white matter microstructure reflected by diffusion imaging.

Conclusion—Infants with CHD commonly display brain injury and delayed brain development.
Regional alterations in brain size are present, with the frontal lobe and brainstem demonstrating
the greatest alterations, which may reflect a combination of developmental vulnerability and
regional differences in cerebral circulation.
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Introduction
Congenital heart disease (CHD) is the commonest congenital lesion in the term infant and
has long lasting neurodevelopmental consequences during childhood and adolescence with
motor, cognitive, and behavioral impairments.1,2 To provide insight into the nature of
cerebral abnormalities in infants with CHD, neuroimaging with Magnetic Resonance
Imaging (MRI) has been undertaken in several cohorts. These studies have demonstrated
focal white matter abnormalities, periventricular leukomalacia, and infarct in up to 39% of
infants prior to surgery.3–6 In addition, evaluations of brain maturation by qualitative
scoring7, MR spectroscopy4,6 and diffusion tensor imaging (DTI)6 suggest delays or
impairment in brain development. DTI provides information regarding tissue microstructure
and development using the measures of Mean Diffusivity (MD) and Fractional Anisotropy
(FA).8 With cerebral maturation, MD decreases while FA increases. In contrast, both MD
and FA decrease with acute injury.9,10 Infants with CHD have demonstrated higher MD and
lower FA compared to healthy controls, consistent with maturational delay.6 In addition,
volumetric analysis has been applied to fetal and neonatal MRI of infants with CHD
demonstrating reductions in brain volume during the third trimester of pregnancy11 and
post-operatively, particularly within the frontal lobe.12

Our study aimed to utilize qualitative scoring, cerebral biometry (a relatively simple
measurement technique that bears a strong correlation with volumetry13), and DTI on pre-
operative MRI scans to define the nature of pre-operative brain abnormalities in infants with
complex CHD. We hypothesized that infants with CHD would display regional alterations in
brain growth and abnormalities in white matter microstructure that may differ in relation to
their primary cardiac diagnosis. This study is part of a larger prospective longitudinal cohort
of CHD infants who underwent MRI pre-operatively, post-operatively, and at 3 months of
age, as well as neurodevelopmental follow-up at two years of age.

Methods
Patients

This is a prospective longitudinal study conducted between March 2005 and November
2008 at Starship Children’s Hospital in Auckland, New Zealand involving infants with
complex CHD who underwent cardiac surgery at less than 8 weeks of age. Patients were
excluded if they were less than 36 weeks gestation or greater than 48 weeks post-menstrual
age, had a pre-existing neurologic deficit unrelated to the cardiovascular defect, had a
chromosomal abnormality or syndrome, had moderate or severe extracardiac anomalies, had
previous cardiac surgery, required ECMO pre-operatively, or were unable to have a pre-
operative MRI performed. Infants were separated into one of four cardiac diagnostic
groupings based on a classification previously described by Clancy et al: single ventricle
circulation (SV), single ventricle circulation with aortic arch anomaly (SVA), two ventricle
circulation (2V), and two ventricle circulation with aortic arch anomaly (2VA).14 Informed
consent was obtained from all parents, and the study was approved by the ethics committees
for Starship Children’s Hospital and Washington University in St. Louis. Thirty-six healthy
term infants from Royal Children’s Hospital, Melbourne were recruited for control purposes
and underwent brain MRI at that time.

MRI Acquisition
Pre-operative MRI scans were performed when the infants were clinically stable. Those who
had balloon atrial septostomy had an MRI after the septostomy was performed. MRIs were
performed on a 1.5T Magnetom Avanto (Siemens, Erlangen, Germany) with the following
sequences: 1) Coronal T2-weighted turbo-spin echo sequences; 2-mm slice thickness;
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repetition time (TR) = 4510 ms; echo time (TE) = 79 and 158 ms; flip angle = 150°; field of
view (FOV) = 192×192. 2) Transverse T2-weighted sequences; 3-mm slice thickness; TR =
4140 ms; TE = 158 ms; flip angle = 150°; FOV = 160×160. 3) Coronal 3D-FLAIR T1-
weighted images with 1-mm slice thickness; TR = 10 ms; TE = 4.8 ms; flip angle = 15°;
FOV = 192×192. 4) Diffusion weighted images (DWI); 4-mm slice thickness in 20
directions with b amplitudes of 0 and 1000 mm2/s; TR = 3200–3600 ms; TE = 96 ms; flip
angle = 90°; FOV = 128×128. Control data from 36 healthy-term infants were used for
comparison in metric analysis (T2-weighted images only). The images were obtained using
a 1.5T Sigma System MR imaging system (GE Healthcare, Milwaukee, Wis) with T2-
weighted, dual-echo, fast spin-echo sequences; 2-mm slice thickness; TR = 4000 ms; TE =
60/160 ms; FOV = 220×160. No data for the DTI acquisition from term born controls
without CHD were acquired or available.

Qualitative Scoring
A standardized scoring system was utilized to evaluate ten different variables within the
white and gray matter for brain injury and maturation.15,16 Two independent raters (CO, TI)
assessed the white matter for focal white matter signal abnormality, diffuse excessive high
signal intensity (DEHSI), hemorrhage, ventricular size, white matter volume, and
myelination in the posterior limb of the internal capsule (PLIC). Gray matter was assessed
for amount of extra-axial space, maturation of gyrification, abnormality in the deep nuclear
gray matter, and other abnormality. A score of 1–4 was assigned to each variable, with 1
being normal, 2 mild abnormality, 3 moderate abnormality, and 4 severe abnormality
(Figure 1). For focal white matter signal abnormality, one or two focal lesions was
considered mild, three-five lesions was considered moderate, and greater than five lesions
was considered severe.

Brain Metrics
Simple brain metrics were measured on T2-weighted images as described previously.13 Two
independent raters (JL, CO) measured 19 parameters of nine tissue distances (right and left
frontal height, right and left frontal length, bifrontal diameter, bone biparietal diameter,
brain biparietal diameter, transverse cerebellar diameter, and brainstem area) and ten fluid
distances (third ventricle, interhemispheric distance, right and left extra-axial fluid space,
right and left cranio-caudal interopercular distance, right and left antero-posterior
interopercular distance, and right and left ventricular diameter) across five slices in the
coronal or axial view (Figure 1). Simple brain metrics were also performed on thirty-six
healthy term control infants.

Diffusion Imaging
The diffusion images were registered to a term control neonatal atlas and reconstructed to
2×2×2 mm3. Parametric maps were generated for mean diffusivity (MD), relative anisotropy
(RA), fractional anisotropy (FA), and eigenvalues (λ1, λ2, and λ3). Measures of axial (λ1)
and radial ((λ2+λ3)/2) diffusivity were recorded. Diffusion encodings corrupted by subject
motion were automatically removed and a residual map was created to determine variance in
the reconstructed data. DTI parameter sampling was performed using Analyze 9.0 (Mayo
Clinic, Rochester, MN) and regions of interest were placed in seven white matter regions:
genu and splenium of the corpus collosum, posterior limb of the internal capsule, frontal
white matter, subcortical white matter, optic radiation, and centrum semiovale (Figure 1).
Inter-rater reliability testing on nine infants provided an intra-class correlation coefficient of
0.98 (95% confidence interval 0.97 – 0.98).
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Statistics
Statistical analysis was performed using SPSS version 17.0 (Chicago, Illinois) and SAS
version 9.2 (Cary, North Carolina). Comparisons between CHD infants and control infants
were done using a t-test for continuous variables and chi square test or fisher’s exact test for
categorical variables. Comparisons across groups of CHD infants were performed using an
ANOVA with Bonferroni correction for continuous variables and chi square analysis for
categorical variables. ANCOVA was performed to control for covariates, with brain metrics
as the dependent variable and postmenstrual age at the time of MRI, birth weight, and
gender as the covariates. Brain diameters were also analyzed with a mixed model approach
to assess for regional variations. The variables of group, region, and the group by region
interaction were fixed effects, and infant within group was a random effect. The brainstem
area was analyzed with ANOVA on group. Pearson’s correlations were done for diffusion
values, focal signal abnormality, and metrics; and then partial correlations were performed
on significant correlations to control for postmenstrual age at the time of MRI.

Results
Patient Population

There were 71 infants consented and enrolled in the study. One infant was excluded for a
previously undiagnosed genetic abnormality (45XY, der (13; 14) (q10; q10)) and three were
excluded for poor quality MRI, resulting in a total of 67 subjects available for analysis.

Ten infants were classified as SV, of which nine infants had pulmonary atresia (six isolated,
two with tetrology of fallot, and one with Ebstein’s anomaly) and one infant had complex
heterotaxy, total anomalous pulmonary venous drainage, and atrioventricular canal. Sixteen
infants were classified as SVA, with 14 infants having hypoplastic left heart syndrome
(HLHS) and two infants having more complex lesions. Twenty-seven infants were classified
as 2V, with the majority (n = 24) having transposition of the great arteries (TGA), of whom
only four infants had a ventricular septal defect. Two infants had double outlet right
ventricle and one had total anomalous pulmonary venous drainage. Fourteen infants were
classified as 2VA, one with truncus arteriosus and interrupted aortic arch; five with
coarctation; four with interrupted aortic arch; and four with hypoplastic aortic arches. SVA
infants were more likely to be diagnosed antenatally (p<.01). There were no differences in
any other patient characteristics across CHD diagnostic groupings (Table 1 – online
supplement).

Infants with CHD did not differ in gestational age, gender, birth weight, or weight at the
time of MRI compared to term born infants without CHD. Infants with CHD underwent
MRI scanning at an earlier postnatal age compared to control infants (CHD 8 days vs.
control 15 days, p <.001).

MRI Qualitative Scoring
Focal white matter signal abnormalities were present in 42% (n=28) and DEHSI was present
in 96% (n=64) of infants, of which most were mild abnormalities. Of infants with focal
white matter signal abnormalities, 75% (21/28) had mild abnormality, 14% had moderate
abnormality (4/28), and 11% had severe abnormality (3/28). Hemorrhage occurred in two
infants, both of which were small intraventricular hemorrhages (Table 2). Increased extra-
axial fluid space was present in 51% of infants (n=34), and delayed gyrification was present
in 64% (n=43) (Table 3). No infants had infarcts pre-operatively. Three infants had
abnormalities classified as “other”: one infant with sinus venous thrombosis, one infant with
isolated temporal lobe diffusion restriction that was not typical in its distribution for focal
infarction, and one infant with cerebellar hemorrhage. There was no difference between the
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cardiac groups for the individual scoring variables. None of the MRIs were performed based
on clinical neurologic concerns, and infants with abnormalities on MRI did not display any
obvious symptomatology.

Brain Metrics
After controlling for birth weight, postmenstrual age at scan, and gender, CHD infants
displayed smaller brain tissue measures than control infants in the frontal lobe, parietal lobe,
cerebellum, and brainstem (Table 4). CHD infants had smaller measures of the left extra-
axial fluid space (p<.001), but larger fluid measures in the right (p<.01) and left (p<.001)
cranio-caudal interoperculum.

To evaluate for regional differences in brain size, the relative difference was calculated for
the bifrontal diameter, biparietal diameter, transverse cerebellar diameter, and brainstem
area in CHD infants, with reference to control infants. Although CHD infants had smaller
measures in all of these regions, the greatest effect was seen in the frontal lobe (p<.001) and
brainstem (p<.001) (Figure 2). There was a strong correlation between the frontal and
parietal (r = 0.73, p<.001), frontal and cerebellar (r = 0.47, p<.001), and parietal and
cerebellar (r = 0.54, p<.001) measures. In contrast, the brainstem area had weaker
correlations with the parietal (r = 0.27, p <.05) and cerebellar (r = 0.29, p<.05) measures and
no correlation to the frontal measure (r = 0.02, p = NS).

When cardiac groups were compared, SV infants had a smaller brainstem area than 2V
infants (p<.05). However, after controlling for birth weight, postmenstrual age at scan, and
gender, there were no differences in brain metrics between cardiac groups (Table 4).

Relationship between injury and brain maturation and growth
The presence of focal white matter signal abnormalities did not relate to the presence of
increased extra-axial space (p=0.70), delayed gyrification (p=0.30), or myelination in the
PLIC (p=0.98). In addition, focal white matter signal abnormalities did not relate to brain
metrics in the bifrontal diameter (p=0.53), biparietal diameter (p=0.97), transverse cerebellar
diameter (p=0.95), or brainstem area (p=0.51).

Diffusion Imaging
Of the 67 infants included in the study, 26 had 20-direction diffusion data acquired, of which
seven were excluded due to poor quality, leaving 19 infants’ data sets for analysis. Clinical
characteristics of infants with DTI data did not differ from characteristics of all CHD
infants. There was a strong correlation between diffusion values from the right and left
hemispheres, therefore, further analysis was only performed on measures from the left
hemisphere. As no data were available utilizing this DTI acquisition in term born control
infants, we cannot evaluate the impact of CHD on DTI. However, within the CHD cohort,
we evaluated the relationship of focal white matter signal abnormality and brain growth with
DTI microstructural measures. After controlling for postmenstrual age at the time of scan,
there were no relationships between focal signal abnormality and diffusion measures.
Analysis of the four regional brain metrics described above revealed that smaller brain
measures in the frontal lobe and parietal lobe correlated with higher MD and radial
diffusivity and lower FA values, which were most consistent in the PLIC (Table 5: online
supplement). Analysis between cardiac groups was not undertaken for diffusion measures
due to small sample size.
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Discussion
This study confirms and extends previous reports demonstrating that infants with CHD have
high rates of focal white matter lesions and less mature brains pre-operatively. Importantly,
our study is the first to demonstrate pre-operative regional variation in impaired growth,
with the frontal lobes and brainstem being the more severely affected areas. In addition, we
confirm the lack of relationship between white matter injury and any measure of delayed
brain growth or maturity suggesting that influences on impaired brain growth occur
independently of focal white matter injury.

Pre-operative cerebral abnormalities are common in infants with CHD, including focal white
matter injury, periventricular leukomalacia, and infarct.3–6 We identified a high rate of pre-
operative focal white matter lesions, occurring in 42% of our cohort. It is important to note
that our previously published data demonstrated white matter injury in 27% of infants;
however this included our cohort and infants from another center (Royal Children’s
Hospital, Melbourne, Australia) and excluded infants with 2VA physiology.3 In the current
cohort, we also evaluated DEHSI and found this form of signal abnormality in 96% of CHD
infants. The presence of DEHSI appears to relate to diffusion measures in preterm infants17,
but the visual assessment of this signal abnormality has low inter- and intra-observer
agreement.18 In addition, the neurodevelopmental significance of DEHSI remains unclear.
Thus, we limited our definition of white matter injury to focal signal abnormalities rather
than including DEHSI.

Delay in cerebral development on MRI has been classified using a variety of techniques in
infants with CHD. Using a maturation scoring system, term infants with CHD have been
shown to have a 4 week delay in development.7 Maturational delay in brain microstructure,
with an increase in average diffusivity and a decrease in FA, has also been shown at term in
CHD infants and found to be unrelated to visible injury.6 This delay in brain development
appears to evolve in the third trimester of pregnancy suggesting slowed growth as early as
the fetal setting.11

In our study, extra-axial space and maturation of gyrification were used to qualitatively
evaluate growth and demonstrated abnormalities in 51% and 64% of our infants,
respectively. We also evaluated growth with simple brain metrics and demonstrated a
smaller brain size in infants with CHD. Focal white matter signal abnormality did not
correlate with impaired brain growth, suggesting that the reduction in brain size occurred
independently of visible qualitative abnormalities. There was a relationship between frontal
and parietal measures and diffusion measures, suggesting that delayed maturation at the
microstructural level in these supratentorial regions accompanies poor growth.

Our data report new findings in relation to the regional nature of alterations in brain size pre-
operatively, with the frontal lobe and brainstem having the greatest alterations. There are
limited data on the regional effects in CHD. A post-operative study at 15 months of age
showed reduction in gray matter volume, most prominently in the frontal lobe, and a
decrease in frontal lobe white matter.12 Our data are consistent with this study suggesting
regional vulnerability in the frontal lobe.12 In addition, we also found a major difference in
the brainstem area. Importantly, these findings were present pre-operatively. The
consequences of these regional alterations remain unclear.

With regards to the regional vulnerability of the frontal lobes, one may hypothesize that such
vulnerability is related to differences in the rates of brain development, with the frontal lobe
being an area of relative immaturity at term equivalent postmenstrual age. Synaptogenesis
occurs from the third trimester throughout the first two years of life and is followed by
pruning (or synapse elimination), both of which are most protracted in the prefrontal
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cortex.19 Peak FA values on diffusion imaging occur later in the frontal lobe than other
regions and remain higher at term gestation, suggesting greater immaturity within this region
at term, with a more protracted developmental trajectory.20 Volumetric studies have
supported these frontal lobe findings, showing peak volumes of frontal lobe gray matter
occurring around puberty.21 This immaturity and delayed trajectory may predispose this
region to injury.22 Nonetheless, the impact of impairment in frontal growth in infants with
CHD at term equivalent on later expansion of the frontal lobe and its function are unknown.

An additional mechanism of vulnerability to the frontal lobe regions may relate to selective
alterations in the anterior cerebral circulation in infants with CHD. Reduced pulsatility index
in the middle cerebral artery is a marker of cerebral blood flow redistribution and is
associated with adverse perinatal outcome and abnormal neurobehavior in small for
gestational age infants.23 Infants with CHD have been shown to have a decrease in the
cerebral-to-placental resistance ratio, which has been associated with smaller head
circumference at birth.24 However, regional blood flow measures have not been undertaken
in infants with CHD and are worthy of future investigation.

The etiology of the sensitivity of the brainstem to growth alterations remains unclear. In an
effort to better delineate whether brainstem size reflected delayed growth in other brain
regions, we examined correlations between the brainstem and other measures. Brainstem
size had no correlation to the size of the frontal lobe, and was only very weakly correlated
with the size of the parietal lobe and cerebellum, suggesting that there may be independent
mechanisms influencing the development of the brainstem. To further support evidence of
different mechanisms of growth impairment within the supra- and infratentorial regions in
infants with CHD, we found differential correlations between smaller brain measures and
altered white matter diffusion. Disturbances in white matter microstructure related to
cerebral growth in the frontal and parietal regions, but not to cerebellar or brainstem growth.
This emphasizes the importance of regional investigations of cerebral development.

We did not find any relationship between white matter injury and delayed brain growth or
maturity. This finding appeared to be consistent across all assessments of growth and
maturity – qualitative scoring, quantitative brain metrics, and diffusion measures. Miller et
al described similar findings with evidence of delayed maturation by diffusion and
spectroscopy that was unrelated to brain injury.6 However, an association between cerebral
immaturity and white matter injury has been described in other data.25

It is currently unclear how these pre-operative findings impact clinical and
neurodevelopmental outcome. Alterations in frontal lobe volume in infants with CHD at 15
months of age appear to relate to motor performance. 12 However, there are no data
reporting the relationship between pre-operative brain MRI findings (injury or maturation)
to neurological outcome, making this an area worthy of future investigation. The ability to
fully characterize the nature and timing of cerebral abnormalities and the long-term impact
of these lesions may provide insight into practice changes or potential neuroprotective
interventions.

The primary limitation of this study is the lack of term born control infants with diffusion
imaging. Because our control infants had different MRI acquisitions, we could not reliably
compare diffusion values. There may also be regional or lesion specific differences in
diffusion that we were not able to delineate due to small sample size.

In conclusion, our findings confirm that pre-operative cerebral abnormalities, including
delayed maturation and white matter injury, are common in infants with CHD. Our
additional new findings include regional vulnerability with more pronounced abnormalities
in the frontal lobe and brainstem. This may be secondary to the regional differences in
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normal brain development and/or regional alterations in cerebral circulation. However,
further studies are needed to investigate the mechanisms and timing of these abnormalities
and how they relate to clinical and neurological outcomes.
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Figure 1.
A–D: Qualitative Scoring Abnormalities A. T1-weighted image with abnormalities that
include focal signal abnormality, delayed myelination in PLIC, increased extra-axial space,
delayed gyrification. B. T1-weighted image with bilateral focal signal abnormalities,
delayed gyrification. C. T2-weighed image with ventriculomegaly, DEHSI, increased extra-
axial space, moderate-severe delay in gyrification. D. T2-weighted image with DEHSI. E–
H: Subset of Brain metrics. 1) Bifrontal diameter 2a) Right frontal height 2b) Left frontal
height 3a) Brain biparietal diameter 3b) Bone Biparietal Diameter 4) Interhemispheric
distance 5) Transverse cerebellar diameter 6a) Right ventricular diameter 6b) Left
ventricular diameter 7) Brainstem area. I–K: Diffusion Imaging. I. Mean diffusivity J.
Fractional Anisotropy K. RGB color plot. Regions of interest are the same for each image
(from top to bottom): left and right frontal white matter, genu of the corpus collosum, left
and right posterior limb of the internal capsule, splenium of the corpus collosum, left and
right subcortical white matter, left and right optic radiations
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Figure 2.
Relative Difference in Regional Brain Metrics. *p<.001 compared to brain biparietal
diameter and transverse cerebellar diameter

Ortinau et al. Page 11

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 12

Ta
bl

e 
1

Pa
tie

nt
 C

ha
ra

ct
er

is
tic

s 
of

 C
H

D
 I

nf
an

ts

A
ll 

C
H

D
 (

n 
= 

67
)

SV
 (

n 
= 

10
)

SV
A

 (
n 

= 
16

)
2V

 (
n 

= 
27

)
2V

A
 (

n 
= 

14
)

M
al

e 
se

x 
n 

(%
)

38
 (

57
)

3 
(3

0)
10

 (
62

)
15

 (
56

)
10

 (
72

)

E
th

ni
ci

ty
: n

 (
%

)

 
E

ur
op

ea
n

37
 (

55
)

3 
(3

0)
11

 (
69

)
13

 (
48

)
10

 (
72

)

 
M

ao
ri

18
 (

27
)

5 
(5

0)
2 

(1
2)

10
 (

37
)

1 
(7

)

 
Pa

ci
fi

c 
Is

la
nd

8 
(1

2)
0 

(0
)

3 
(1

9)
3 

(1
1)

2 
(1

4)

 
A

si
an

4 
(6

)
2 

(2
0)

0 
(0

)
1 

(4
)

1 
(7

)

A
nt

en
at

al
 D

ia
gn

os
is

: n
 (

%
)

41
 (

61
)

6 
(6

0)
16

 (
10

0)
13

 (
48

)
6 

(4
3)

C
es

ar
ea

n 
D

el
iv

er
y:

 n
 (

%
)

13
 (

19
)

2 
(2

0)
2 

(1
3)

6 
(2

2)
3 

(2
1)

G
A

*  
at

 B
ir

th
 –

 w
ks

 M
ea

n 
(r

an
ge

)
39

 (
36

–4
2)

38
 (

36
–4

0)
39

 (
36

–4
1)

40
 (

37
–4

2)
39

 (
36

–4
1)

B
ir

th
 W

ei
gh

t –
 k

g 
M

ea
n 

(r
an

ge
)

3.
3 

(2
.1

–4
.7

)
3.

2 
(2

.3
–4

.7
)

3.
3 

(2
.7

–4
.5

)
3.

4 
(2

.6
–4

.2
)

3.
1 

(2
.1

–3
.8

)

SG
A

†  
n 

(%
)

7 
(1

1)
1 

(1
0)

2 
(1

2.
6)

1 
(4

)
3 

(2
1.

3)

H
C

‡  
at

 B
ir

th
 –

 c
m

 M
ea

n 
(r

an
ge

)
34

.9
 (

31
.0

–3
9.

0)
33

.7
 (

31
.9

–3
7.

0)
35

.0
 (

31
.0

–3
7.

0)
35

.0
 (

32
.0

–3
8.

0)
35

.1
 (

31
.5

–3
9.

0)

A
pg

ar
 S

co
re

 1
 m

in
 M

ea
n 

(r
an

ge
)

8 
(2

–1
0)

7 
(2

–9
)

8 
(2

–9
)

8 
(6

–9
)

8 
(5

–1
0)

A
pg

ar
 S

co
re

 5
 m

in
 M

ea
n 

(r
an

ge
)

9 
(7

–1
0)

9 
(7

–1
0)

9 
(9

–1
0)

9 
(7

–1
0)

9 
(8

–1
0)

A
ge

 a
t M

R
I 

– 
da

ys
 M

ea
n 

(r
an

ge
)

8 
(2

–2
3)

7 
(3

–2
0)

6 
(2

–1
7)

9 
(5

–2
3)

8 
(2

–1
9)

W
ei

gh
t a

t M
R

I 
– 

kg
 M

ea
n 

(r
an

ge
)

3.
3 

(2
.0

–4
.9

)
3.

2 
(2

.3
–4

.9
)

3.
3 

(2
.6

–4
.7

)
3.

5 
(2

.7
–4

.2
)

3.
1 

(2
.0

–3
.8

)

* G
A

 =
 g

es
ta

tio
na

l a
ge

,

† SG
A

 =
 s

m
al

l f
or

 g
es

ta
tio

na
l a

ge
,

‡ H
C

 =
 h

ea
d 

ci
rc

um
fe

re
nc

e

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 13

Ta
bl

e 
2

Q
ua

lit
at

iv
e 

Sc
or

in
g 

of
 W

hi
te

 M
at

te
r 

V
ar

ia
bl

es
.

W
hi

te
 M

at
te

r 
V

ar
ia

bl
e,

 n
SV

 (
n=

10
)

SV
A

 (
n=

16
)

2V
 (

n=
27

)
2V

A
 (

n=
14

)
T

ot
al

 (
n=

67
)

Fo
ca

l S
ig

na
l

N
or

m
al

5
10

17
7

39

M
ild

2
5

8
6

21

M
od

er
at

e
2

1
1

0
4

Se
ve

re
1

0
1

1
3

D
E

H
SI

*

N
or

m
al

1
1

0
1

3

M
ild

6
11

19
9

45

M
od

er
at

e
3

4
8

3
18

Se
ve

re
0

0
0

1
1

H
em

or
rh

ag
e

N
or

m
al

9
16

26
14

65

M
ild

1
0

1
0

2

M
od

er
at

e
0

0
0

0
0

Se
ve

re
0

0
0

0
0

V
en

tr
ic

ul
ar

 S
iz

e

N
or

m
al

5
7

13
4

29

M
ild

2
9

13
9

33

M
od

er
at

e
3

0
1

1
5

Se
ve

re
0

0
0

0
0

V
ol

um
e

N
or

m
al

6
10

9
8

33

M
ild

3
6

18
6

33

M
od

er
at

e
1

0
0

0
1

Se
ve

re
0

0
0

0
0

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 14

W
hi

te
 M

at
te

r 
V

ar
ia

bl
e,

 n
SV

 (
n=

10
)

SV
A

 (
n=

16
)

2V
 (

n=
27

)
2V

A
 (

n=
14

)
T

ot
al

 (
n=

67
)

M
ye

lin
at

io
n 

in
 P

L
IC

†

N
or

m
al

3
11

16
6

36

M
ild

6
4

11
7

28

M
od

er
at

e
1

1
0

1
3

Se
ve

re
0

0
0

0
0

* D
E

H
SI

 =
 d

if
fu

se
 e

xc
es

si
ve

 h
ig

h 
si

gn
al

 in
te

ns
ity

,

† PL
IC

 =
 p

os
te

ri
or

 li
m

b 
of

 th
e 

in
te

rn
al

 c
ap

su
le

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 15

Ta
bl

e 
3

Q
ua

lit
at

iv
e 

Sc
or

in
g 

of
 G

ra
y 

M
at

te
r 

V
ar

ia
bl

es
.

G
ra

y 
M

at
te

r 
V

ar
ia

bl
e,

 n
SV

 (
n=

10
)

SV
A

 (
n=

16
)

2V
 (

n=
27

)
2V

A
 (

n=
14

)
T

ot
al

 (
n=

67
)

E
xt

ra
-a

xi
al

 S
pa

ce

N
or

m
al

5
8

13
7

33

M
ild

5
7

14
6

32

M
od

er
at

e
0

1
0

1
2

Se
ve

re
0

0
0

0
0

M
at

ur
at

io
n 

of
 G

yr
if

ic
at

io
n

N
or

m
al

4
6

11
3

24

M
ild

4
9

16
10

39

M
od

er
at

e
2

1
0

1
4

Se
ve

re
0

0
0

0
0

D
ee

p 
N

uc
le

ar
 G

ra
y 

M
at

te
r

N
or

m
al

7
10

24
12

53

M
ild

3
5

3
2

13

M
od

er
at

e
0

1
0

0
1

Se
ve

re
0

0
0

0
0

O
th

er
 A

bn
or

m
al

ity

N
or

m
al

9
16

26
13

64

M
ild

1
0

1
0

2

M
od

er
at

e
0

0
0

1
1

Se
ve

re
0

0
0

0
0

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 16

Ta
bl

e 
4

C
om

pa
ri

so
n 

of
 P

re
-o

pe
ra

tiv
e 

B
ra

in
 M

et
ri

cs
 in

 C
on

tr
ol

s 
an

d 
In

fa
nt

s 
w

ith
 C

H
D

.

M
ea

su
re

m
en

t 
(m

ea
n 

in
 c

m
)

C
on

tr
ol

 (
n 

= 
36

)
SV

 (
n=

10
)

SV
A

 (
n=

16
)

2V
 (

n=
27

)
2V

A
 (

n=
14

)
A

ll 
C

H
D

 (
n 

= 
67

)
M

ea
n 

D
if

fe
re

nc
e*

 (
95

%
 C

I)
P

 V
al

ue

R
ig

ht
 F

ro
nt

al
 H

ei
gh

t
4.

98
3.

96
4.

08
3.

89
4.

11
3.

99
−

0.
99

 (
−

1.
24

 to
 −

0.
75

)
<

.0
01

L
ef

t F
ro

nt
al

 H
ei

gh
t

4.
93

3.
89

4.
07

3.
85

4.
03

3.
95

−
0.

99
 (

−
1.

23
 to

 −
0.

74
)

<
.0

01

B
if

ro
nt

al
 D

ia
m

et
er

7.
25

6.
12

6.
39

6.
18

6.
43

6.
27

−
0.

97
 (

−
1.

18
 to

 −
0.

76
)

<
.0

01

B
on

e 
B

ip
ar

ie
ta

l D
ia

m
et

er
8.

93
8.

28
8.

61
8.

56
8.

57
8.

53
−

0.
40

 (
−

0.
58

 to
 −

0.
22

)
<

.0
01

B
ra

in
 B

ip
ar

ie
ta

l D
ia

m
et

er
8.

53
7.

77
8.

12
8.

06
8.

16
8.

05
−

0.
48

 (
−

0.
67

 to
 −

0.
29

)
<

.0
01

T
ra

ns
ve

rs
e 

C
er

eb
el

la
r 

D
ia

m
et

er
5.

56
5.

18
5.

20
5.

33
5.

26
5.

26
−

0.
30

 (
−

0.
42

 to
 −

0.
19

)
<

.0
01

B
ra

in
st

em
 A

re
a

2.
74

2.
05

2.
20

2.
40

2.
22

2.
26

−
0.

48
 (

−
0.

62
 to

 −
0.

33
)

<
.0

01

* M
ea

n 
di

ff
er

en
ce

 r
ep

re
se

nt
s 

th
e 

di
ff

er
en

ce
 b

et
w

ee
n 

co
nt

ro
l i

nf
an

ts
 a

nd
 a

ll 
C

H
D

 in
fa

nt
s

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ortinau et al. Page 17

Table 5

Correlations of Brain Metrics and Diffusion Values.

Unadjusted r P value Adjusted r P value

Bifrontal Diameter

 PLIC*: MD −0.74 <.001 −0.70 <.01

 PLIC: RD −0.72 <.001 −0.68 <.01

 PLIC: FA 0.57 <.05 0.54 <.05

Brain Biparietal Diameter

 PLIC: MD −0.68 <.01 −0.64 <.01

 PLIC: RD −0.70 <.01 −0.66 <.01

 PLIC: FA 0.59 <.01 0.56 <.05

Transverse Cerebellar Diameter

 PLIC: MD −0.52 <.05 0.02 NS

 PLIC: RD −0.59 <.01 −0.28 NS

 PLIC: FA 0.55 <.05 0.43 NS

 Optic Radiation: MD (level of CSO†) −0.52 <.05 −0.41 NS

 Optic Radiation: RD (level of PLIC) −0.50 <.05 −0.28 NS

 Optic Radiation: RD (level of CSO) −0.54 <.05 −0.42 NS

 Corticospinal Tract: FA 0.55 <.05 0.28 NS

Brainstem Area

 PLIC: MD −0.53 <.05 −0.30 NS

 PLIC: RD −0.59 <.05 −0.45 NS

 PLIC: FA 0.55 <.05 0.51 NS

 Corticospinal Tract: FA 0.51 <.05 0.35 NS

Pearson’s correlation coefficients were adjusted for postmenstrual age at the time of MRI.

*
PLIC = posterior limb of internal capsule,

†
CSO = centrum semiovale

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2013 June 01.


