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Abstract

Objective—To use diffusion tensor imaging (DTI) to compare white matter microstructure in
adolescents with d-transposition of the great arteries (d-TGA) who underwent the arterial switch
operation in early infancy with typically developing control adolescents. We also examined
correlates between patient and medical risk factors and white matter as assessed by regional
fractional anisotropy (FA) values.

Methods—We studied 49 adolescents with d-TGA and 29 control adolescents with magnetic
resonance imaging (MRI). MRI data, including whole brain DTI and conventional anatomic MRI,
were acquired from each subject. Each subject’s data were analyzed using random effects analysis
to evaluate regional white matter differences in FA between d-TGA and control adolescents.

Results—While multifocal punctate MRI hypointensities on T1-weighted (T1W) imaging
suggestive of mineralization were found, other evidence of gross white matter injury was absent.
Eighteen discrete regions of significantly reduced FA in d-TGA adolescents compared to controls
were observed in deep white matter of cerebral hemispheres, cerebellum, and midbrain. Among d-
TGA adolescents, lower FA correlated with younger gestational age, shorter duration of
intraoperative cooling, higher intraoperative minimum tympanic temperature, longer intensive
care unit stay after repair and greater total number of open heart operations.

Conclusions—Despite scant white matter injury on conventional brain MRI, adolescents with
d-TGA repaired in infancy demonstrate significant white matter FA reduction that may relate to
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their reported neurocognitive deficits. Among d-TGA adolescents, FA values are associated with
patient and perioperative factors, some of which are modifiable.

Methods
Subjects

Advances in prenatal diagnosis, surgical treatment, and postoperative management of
children born with congenital heart disease (CHD) have dramatically improved their
survival. Currently, the adult population with CHD in the United States numbers just under
3 million.! Yet, survivors often demonstrate neurodevelopmental morbidity for which the
neuroanatomic correlates remain obscure.?

Ample evidence supports a relationship between CHD and adverse consequences upon the
developing brain. Neuropathological evaluation of brain in neonates who died shortly after
cardiac surgery demonstrated deep white matter injury, particularly periventricular
leukomalacia (PVL).3 Indeed, children whose CHD was repaired as neonates were more
likely to develop PVL following surgery than those undergoing surgery when older.*

Brain magnetic resonance imaging (MRI) of infants following corrective surgery for CHD
demonstrates a relationship between reduced gray matter volume and several risk factors
including low preoperative cerebral blood flow, severity of perioperative hypoxia, and
reduced mean blood pressure in the first postoperative day.>~" Among a cohort of children
with d-TGA, white matter injury was detected before surgical correction.8 Preoperative
delayed cerebral maturation has been observed in neonates with single ventricle defects and
d-TGA.? Indeed, radiologic features of PVL have been observed in term neonates with CHD
before and shortly after surgery only to resolve 4 to 6 months thereafter.10 However, the
possibility that alteration of white matter persists at later ages despite resolution of these
features has not yet been investigated.

The cognitive and behavioral deficits of children and adolescents born with d-TGA and
treated surgically have been well documented.1! Scant information exists about brain
structural features that accompany such deficits found in homogeneous groups of children
with CHD. We employed diffusion tensor imaging (DTI) to compare white matter
microstructure in a group of ado/escentsborn with d-TGA, enrolled in the Boston
Circulatory Arrest Study and corrected surgically in early infancy with typically developing
control adolescents. Further, we explored patient and medical covariates associated with
white matter microstructure within the d-TGA adolescent group.

The Boston Circulatory Arrest Study (BCAS) enrolled and examined subjects with d-TGA
undergoing the arterial switch procedure before three months of age between April 1988 and
February 1992. We have previously published both trial methods, as well as
neurodevelopmental findings in the perioperative period and at ages 1, 4, 8, and 16 years.11
For the current study, we recruited adolescents from the BCAS born with d-TGA, who had
undergone the arterial switch procedure before three months of age.

Adolescents recruited to the control group met criteria adapted from those used in the NIH
MRI study of normal brain development.12 Children with known risk factors for brain
disorders (e.g., intra-uterine exposure to toxicants; histories of closed head injury with loss
of consciousness, language disorder or Axis 1 psychiatric disorder, first degree relative with
a lifetime history of an Axis 1 psychiatric disorder; or abnormality on neurological
examination) were excluded. We excluded subjects for whom MRI was contraindicated
(e.g., pacemaker, metal implants), those with Trisomy 21, adolescents with other forms of
CHD requiring surgical correction, and subjects whose primary language was not English.
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This study was approved by the Boston Children’s Hospital Institutional Review Board and
adhered to institutional guidelines. Parents provided informed consent, and adolescents
provided assent.

Image acquisition—Subjects were scanned on a GE Twin 1.5T system (General Electric,
Milwaukee, WI) at Boston Children’s Hospital using a quadrature head coil. Acquisition
parameters were matrix 64 x 64, TR/TE = 13000ms/108ms, slice thickness = 4mm, b-factor
= 750 sec/mm?, # of diffusion-weighted directions = 6, FOV = 240mm. Slices were obtained
axially, aligned parallel to the anterior commissure-posterior commissure plane. Repeated
acquisitions were obtained for each subject. Due to unacceptable artifact, some subjects
contributed fewer acquisitions to the analyses than others; an analysis of variance showed
that there was no significant effect of series number (data not shown). Data from 55 subjects
were resampled at the scanner to produce images at a resolution of 256 x 256. All remaining
data were resampled to 256 x 256 using a trilinear interpolation. Examination of pre- and
post-resampled images revealed no significant difference; therefore, all images were
analyzed together.

The images were first inspected by a neuroradiologist (R.L.R.) blinded to participant group
and who used a rating form that coded information about the quality of MRI data and the
presence of structural abnormality. Abnormalities were classified with respect to origin
(acquired or developmental), type (infarction, mineralization, iron deposition, myelination
delay, ventriculomegaly, abnormal signal characteristics), extent (focal or diffuse), and
anatomic location.

Image analysis—Images were first processed with in-house software developed using the
commercially available IDL programming language (http://www.ittvis.com, Boulder, CO) to
create b0, fractional anisotropy (FA), and apparent diffusion coefficient (ADC) images. The
b0 image provides tissue contrast similar to a conventional T2-weighted (T2W) image.
Next, images were analyzed using Matlab (The MathWorks, Natick, MA) and SPM5
software (http://www.fil.ion.ucl.ac.uk/spm/) following a method similar to the optimized
VBM protocol used in other published protocols utilizing SPM5 for DTI analysis.13 14 First,
b0 images were segmented into gray matter, white matter, and cerebrospinal fluid images to
represent the probability that each voxel falls into one of the three tissue types. We used
tissue probability maps in SPM5 provided by the International Consortium for Brain
Mapping (ICBM), based on 452 T1-weighted (T1W) young adult images (http://
www.loni.ucla.edu/ICBM/) and placed in standard Montreal Neurologic Institute (MNI)
space. To remove extra-brain tissue, all images were skullstripped. Only voxels exceeding a
95% probability of being gray matter, white matter, or cerebrospinal fluid were included in
subsequent steps. Next, b0 images were normalized to MNI space using parameters obtained
during tissue segmentation. Subsequently, a mean image was created from the normalized
b0 images. Thus, a study-specific b0 template image was created from all control subjects
and all d-TGA subjects. Next, FA images from each subject were nonlinearly registered to
the template image using SPM5’s Normalise function.1® Finally, the normalized FA images
were smoothed with a Gaussian kernel with a full-width half-maximum (FWHM) of 4mm?3
to improve the signal-to-noise ratio.

Individual FA data sets were entered into random effects analysis in SPM5 to identify
regions in which control FA was significantly greater than d-TGA FA thresholded above FA
= 0.15. The resulting statistical map was thresholded to indicate voxels surviving a P <
0.0001 (uncorrected) with a spatial cluster extent of 20 voxels or more.

Eighteen regions of interest demonstrated significant reduction in FA in d-TGA patients
compared to controls. For each subject, the mean FA value was calculated for each ROI.
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Intergroup statistical analyses between d-TGAs and controls were performed using mean FA
values for each ROI. Subsequently, FA values for ROIs within particular regions of brain
were averaged to generate 9 composite FA values. For example, the frontal composite FA
value consisted of the mean FA values derived from right frontal, right precentral, right
anterior cingulate, and right insula ROIs identified in the initial analysis. Similarly,
composite FA values were calculated for parietal, temporal, deep subcortical, cerebellar,
midbrain, cerebellar-midbrain-deep subcortical, right hemisphere, and left hemisphere
domains (see Table 1).

Statistics—Descriptive statistics included means, standard deviations, medians and
interquartile ranges as well as ranges for continuous variables, frequency counts and
percentages for categorical variables. Sociodemographic variables comprised gender, race,
birth weight, gestational age at birth (in weeks), age at MRI (in years) and socioeconomic
status. For d-TGA subjects medical covariates measured before and during the arterial
switch operation included Apgar scores at 1 minute and 5 minutes; presence of a VSD; age
at surgery (> 30 days vs. < 30 days); and total cooling duration, total duration of deep
hypothermic cardiac arrest (DHCA), total support time, total time on cardiopulmonary
bypass and lowest tympanic temperature during surgery. Covariates collected in the
postoperative period included history of hospital seizures (EEG or clinical), days intubated,
number of days in the cardiac intensive care unit (CICU) and number of hospital days.
Finally, the total numbers of cardiac operations, open operations, closed operations, and
catheterizations after the arterial switch operation were considered.

Wilcoxon or Fisher’s exact tests were used to compare d-TGA and control groups with
respect to demographic variables and structural MRI findings. We used generalized
estimating equation models assuming working independence to adjust p-values comparing
ROIls between groups to accommaodate repeated FA values per subject. Spearman
correlations and linear regressions were used to analyze the associations between composite
FA values and perioperative medical variables for the d-TGA patients. The Wilcoxon test
was used to compare the composite FA values by categorical variables.

Table 2 presents the demographic and key medical characteristics of the d-TGA and control
subjects from whom DTI data were acquired. Supplemental Table S1 presents additional
medical characteristics of the d-TGA group. In all, 49 d-TGA subjects (41M, 8F) who
contributed 178 individual DTI data series (mean, 3.6 per subject; SD = 1.4) and 29 controls
(15M, 14F), who contributed 99 individual DTI data series (mean 3.4 per subject; SD = 1.3)
were included in the final data analysis. The controls” average age was 15.0 years (SD 1.1
years) while that of d-TGAs was 16.1 years (SD 0.5 years). Datasets of an additional 33 d-
TGAs and 11 controls were excluded due to unacceptable signal artifact. These excluded
subjects did not differ significantly from those included in the final analysis with respect to
demographic characteristics of gestational age at birth, sex, race or age at MRI acquisition.
Further, they did not differ significantly from those included in the final analysis in their
neurocognitive profile as defined by Wechsler Individual Achievement Tests (WIAT)
reading and mathematics composite scores, executive function summary score, Parent
Connors Attention Deficit and Hyperactivity disorder (ADHD) Index T score, Wechsler
Full-Scale 1Q (at age 8 years) and seizure occurrence.

Structural imaging characteristics

Subjects with d-TGA, compared to control subjects, were more likely to have an
abnormality on structural MRI (35% vs 3%, P = 0.002; see Table 3), especially focal or
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multifocal abnormalities (22% vs 0%, P = 0.005). Three d-TGA adolescents and no controls
had chronic focal infarction or atrophy. White matter-based, T1W punctate abnormal signal
intensities indicating brain parenchymal mineralization were more prevalent in the d-TGA
group (20% vs. 0%, P = 0.01). No significant differences between d-TGA and control
groups existed in occurrence of diffuse, generalized, or developmental structural
abnormalities.

Intergroup ROI fractional anisotropy difference

We identified eighteen ROIs in which mean FA values of controls significantly exceeded
those of d-TGA adolescents (see Table 4). All images were evaluated for location of focal,
multi-focal, developmental and diffuse abnormalities. None was located in any of the ROIs
used for analysis of FA in both d-TGA and control groups. No ROI involved white matter at
the white matter-cerebrospinal fluid interface. Areas of FA difference between the two
groups localized to four brain domains: frontal, temporal, parietal, and cerebellar/midbrain
(see Figures 1 and 2). All were located in deep white matter, deep to the gray matter-white
matter junction. Five ROIs were located in white matter of the frontal lobes, 4 in parietal
lobes, 2 in temporal lobes, 2 in cerebellum, 2 in midbrain, and 3 in deep subcortical white
matter. Twelve of the ROIs were found in the right side of cerebral or cerebellar hemisphere
or brainstem while 6 were found in the left. The regions of greatest FA difference between
controls and d-TGA adolescents were found bilaterally in the parietal lobes, midbrain, and
cerebellum, as well as in corpus callosum.

Correlation analyses between composite FA values and demographic/medical variables
for d-TGA patients

Lower mean composite cerebellar FA value correlated significantly with younger gestational
age (r =0.46, P = 0.001). Similarly, both lower composite mean values for temporal and
cerebellar-midbrain-deep subcortical regions tended to be associated with younger
gestational age (r = 0.25, P =0.08; r =0.27, P = 0.07, respectively).

We also analyzed the correlation of composite FA values with perioperative medical
variables. Shorter total cooling duration during the arterial switch operation was
significantly associated with lower mean composite FA values of both deep subcortical and
cerebellar-midbrain-deep subcortical regions (r = 0.29, P = 0.046; r = 0.31, P = 0.03,
respectively; see Figure 3); a trend toward significance was found for mean cerebellar FA (r
=0.28, P = 0.052). Further, as the lowest tympanic temperature during surgery declined, FA
rose in mean deep subcortical and mean cerebellar white matter (r = -0.32, P =0.03; r =
-0.33, P =0.02, respectively; see Figure 3). Additionally, as the number of open operations
increased, mean composite parietal FA declined (r = —0.30, p = 0.04). Finally, mean FA for
deep subcortical white matter declined with longer CICU length of stay following the
arterial switch operation (r = -0.30, P = 0.04; see Figure 3).

Discussion

We found that adolescents with d-TGA repaired with the arterial switch operation in early
infancy had regions of significantly lower FA, indicating abnormalities of white matter
microstructure compared to control subjects of similar age. Among the d-TGA adolescents
we studied, lower composite FA values significantly related to younger gestational age,
shorter cooling duration during the arterial switch procedure, warmer intraoperative
minimum tympanic temperature, longer CICU stay after the arterial switch operation, and
greater total number of open heart operations. The FA differences did not appear to be
directly related to obvious structural abnormalities such as regional infarction or gliosis.
Importantly, the white matter regions of FA reduction found among the d-TGA adolescents
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harbored none of the structural abnormalities found in these subjects. Similarly, none of the
punctate T1W signal abnormalities consistent with white matter mineralization, previously
shown to be associated with catheterization exposure and to total bypass time during the
arterial switch procedure in this cohort were found in the identified regions of FA reduction
in the d-TGA group.1!

Evidence of altered white matter structure has been reported among children with CHD.
Infants with d-TGA and studied with MRI have demonstrated reduced FA in cerebral white
matter even before the arterial switch operation.18 MRI performed in newborns with CHD
before and after corrective heart surgery identified white matter injury in advance of surgery
in some patients, while in others such injury was seen only after surgery.8 Recently, a brain
MRI study of adolescents with either cyanotic or noncyanotic CHD revealed white matter
signal abnormality or evidence of infarct on anatomic images.1” Our study is the first to
demonstrate altered deep white matter microstructure in regions without obvious white
matter abnormality on routine anatomic brain MRI in adolescents with CHD.

Our data complement other pediatric publications to demonstrate that DTI may detect
altered white matter microstructure in the absence of more obvious MRI signs of white
matter abnormality. DTI in premature, as compared to term infants, revealed reduced white
matter FA without evidence of injury on conventional MRI.18 Importantly, these differences
persist into later life.19

Regions of reduced FA in the d-TGA group, compared to control adolescents, were located
in both hemispheres and were distributed relatively symmetrically, involving frontal,
parietal, and temporal lobes as well as cerebellar and pontomesencephalic regions. Overall,
these regions were found in deeper white matter regions. We speculate that the regional
reductions in FA contribute to recently reported cognitive deficits found in this adolescent d-
TGA group.1! The spatial coordinates of the regions of FA reduction in our cohort include
those reported to be traversed by superior longitudinal fasciculus, inferior longitudinal
fasciculus, inferior occipitofrontal fasciculus, and uncinate fasciculus.2% These long white
matter tracts play critical roles in visual attentiveness, visual-spatial analysis and working
memory.20 Further research is required to examine how FA correlates with measured
cognitive and behavioral function in children with CHD.

The etiology of FA reduction in our cohort is uncertain. Risk may accrue from genetic
alterations common to congenital heart disease and brain formation, or to altered fetal
cerebral hemodynamics. Hypoxia, ischemia, or other stressors encountered during the pre/
perinatal or perioperative periods could adversely affect cellular constituents of nascent
cerebral tissue. Both abnormal myelin production and arrested oligodendrocyte development
have been found in premature infants demonstrating reduced white matter FA.21
Additionally, diffuse axonal injury may occur across broad areas of white matter in
prematures.22 Recently, Ishibashi et al using a cardiac bypass model that included
hypothermia and cardiac arrest in 3 week-old piglets demonstrated increased proliferation of
oligodendrocyte precursors, subsequent delayed oligodendrocyte maturation and evidence of
long-term axonal injury in subcortical and periventricular white matter regions.23
Derailment of oligodendroglial and axonal development could result in enduring
compromise of white matter microstructure. Notably many of the regions of reduced FA
found in the white matter of adolescents in the d-TGA cohort we report reside in subcortical
and periventricular regions of white matter.

Several risk factors correlated with altered white matter microstructure in our study have
also been reported as risk factors for adverse neurodevelopmental outcome following
neonatal open heart surgery, including younger gestational age, shorter cooling duration and
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longer length of stay in the CICU.24 25 In addition, we have identified higher intraoperative
minimum tympanic temperature as a risk factor for altered FA in d-TGA adolescents.
Cooling duration during hypothermic cardiopulmonary bypass and intraoperative tympanic
temperature represent the most easily modifiable features of care that appear to be related to
white matter microstructure in our cohort. Specifically, our data suggest that longer cooling
duration and lower intraoperative temperature in neonates undergoing open-heart surgery
using DHCA or low-flow bypass protects immature white matter and improves white matter
microstructure later in life.

Our study should be interpreted in light of its limitations. The d-TGA cohort had more males
than the control group. Consequently, a gender-specific effect cannot be excluded.
Additionally, the d-TGA group was slightly older than controls at MRI. Since FA increases
in select regions of white matter during adolescence, the slightly older age of d-TGA
subjects would have tended to diminish rather than augment differences between the two
groups.28 Third, the number of patients in our study limited the power to support
multivariable analysis. Consequently, we explored associations between regional FA and
subject risk factors using univariate analysis. Fourth, while we found that cooling duration
and lowest intraoperative tympanic temperature were related to regional white matter
microstructure measured by FA in the d-TGA group, these relationships appeared to be
linear preventing us from identification of a threshold for safe cooling. Finally, although
socioeconomic status was slightly higher among controls than d-TGAs, it was not a
predictor of FA within the d-TGA group.

In conclusion, we demonstrate for the first time that adolescents with d-TGA repaired by the
arterial switch operation in early infancy harbor white matter microstructure abnormalities in
a multifocal pattern of FA reduction in bihemispheric cerebral deep white matter, brainstem,
and cerebellum. Moreover, the severity of FA reduction is related to patient and medical
factors, some of which are modifiable and potentially addressed by neuroprotective
strategies.
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Figure 1.

Orthogonal collapsed views of brain map for significant differences in fractional anisotropy
for d-TGA vs. control subjects. Note that regional differences organize into 4 regions:
frontal (orange enclosure), temporal (turquoise enclosures), parietal (red enclosures), and
cerebellar/midbrain (green enclosure). d-TGA indicates d-transposition of the great arteries.
(P <0.001, extent 20 voxels)
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Figure2.

Examples of white matter regions demonstrating higher fractional anisotropy (FA) on
intergroup statistical FA map for controls vs. d-TGA subjects. (A-C) show orthogonal slices
at 3D spatial coordinates, (x = 35, y =29, z =7) in right hemisphere with cross-hairs
centered on a right temporoparietal region where FA for controls exceeds that found in d-
TGA subjects. Similar white matter regions of intergroup difference are seen in right frontal
(turquoise arrow; A, C), anterior corpus callosum (green arrow; B, C) and superior temporal
regions, bilaterally (yellow arrows; A-C). (D-E) show orthogonal slices at the same 3D
spatial coordinates (x = =30, y = =53, z = 35) in left hemisphere with cross-hairs centered on
a left parietal region where FA for controls exceeds that found in d-TGA subjects. Similar
regions of intergroup difference where white matter FA measures of controls exceed
significantly those of d-TGA subjects are seen throughout the parietal lobe (aqua arrows; D—
F). Analyses conducted at threshold of P < 0.001; cluster extent threshold of 20. Color bars
provide key to t scores associated with regions in which control-FA > d-TGA-FA. R =right,
L = left, d-TGA = d-transposition of the great arteries.
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Regression lines (with 95% confidence intervals) demonstrating the correlation between FA
for white matter regions and medical characteristics in the d-TGA group. A) Cerebellar-
midbrain-deep subcortical white matter FA increases as total cooling duration increases
(Spearman r = 0.31, P = 0.03). B) Deep subcortical white matter FA decreases as lowest
tympanic temperature during surgery increases (Spearman r = —=0.32, P = 0.03). C) Deep
subcortical white matter FA decreases as days spent in the intensive care unit increase
(Spearman r = —0.30, P = 0.04). FA = fractional anisotropy; d-TGA = d-transposition of the
great arteries.; ICU = intensive care unit.
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Table 1

Composite Regions of Interest Employed for Analysis of Correlation Between FA Values and Demographic
and Medical Characteristics of the d-TGA Group

Composite ROI region

Description

Frontal

Parietal

Temporal

Deep subcortical

Cerebellar

Midbrain

Cerebellar-midbrain-deep subcortical

Right hemisphere

Left hemisphere

R frontal, R precentral, R anterior cingulate, R insula

R parietal, L parietal

R temporal, L temporal

R PLIC, anterior body of CC, basal ganglia

R cerebellum, L cerebellum

R midbrain, L midbrain

R cerebellum, L cerebellum, R midbrain, L midbrain, R PLIC, anterior body of CC, basal ganglia

R midbrain, R cerebellum, R parietal , R temporal, R PLIC, R anterior cingulate, R precentral, R
frontal, R insula, R basal ganglia

L midbrain, L cerebellum, L parietal , L temporal

FA indicates fractional anisotropy; d-TGA, d-transposition of the great arteries; ROI, region of interest; R, right; L, left; PLIC, posterior limb of the

internal capsule; CC, corpus callosum.
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Table 2

Demographic and Medical Characteristics of d-TGA and Control Subjects from Whom DTI Data Was
Acquired at 16 Years of Age

d-TGA Control .
Variable (n=49) (n=29) P
Birth weight, kg 3.7 (3.3-3.9) 35(2.9-3.7) 0.045
Gestational age, wk 40 (39.5-40) 40 (39-40) 0.28
Male, % 84 52 0.004
White, % 92 83 0.28
Age at MRI, y 16.2 (16.0-16.4) 14.9 (14.2-16.1) < 0.001
Social class at 16 y of age 1 48 (36-56) 57 (53-61) 0.001
VSD diagnosis, N (%) 11 (22)
Low-flow treatment group, N (%) 26 (53)
Total cooling duration, minutes 15 (13-20)
Duration of deep hypothermic circulatory arrest, minutes 41 (18-56)
Lowest tympanic temperature during surgery, °C 14.5 (12.2-15.5)
Days in intensive care unit 5 (4-6)

Total number of open operations after arterial switch operation 0 (0-0)

d-TGA indicates d-transposition of the great arteries; DTI, diffusion tensor imaging; MRI, magnetic resonance imaging; VSD, ventricular septal
defect. Values are median (interquartile range) when appropriate.

*
Determined by Wilcoxon or Fisher exact tests.

fScore on Hollingshead Four Factor Index of Social Status, with higher scores indicating higher social status.
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Table 3

Structural Magnetic Resonance Imaging Findings for d-TGA and Control Subjects from Whom DTI Data Was
Acquired at 16 Years of Age

d-TGA Control
(n=49), (n=29),

*

Variable n (%) n (%) P
Any abnormality 17 (35) 1(3) 0.002
Focal or multifocal abnormality 11 (22) 0 0.005
Focal infarction or atrophy 3(6) 0 0.29
Brain mineralization/iron deposit 10 (20) 0 0.01
Diffuse abnormality t 2(4) 0 0.53
Generalized abnormality 0 0

Developmental abnormality? 4(8) 10 0.65

d-TGA indicates d-transposition of the great arteries; DTI, diffusion tensor imaging.
*
Determined by Fisher exact tests.

TAII diffuse abnormalities were abnormal T2 hyperintensities.

iAII developmental abnormalities were minor malformations [Chiari malformation, enlarged perivascular space in right parietal lobe, gray matter

heterotopia in right frontal lobe, and right thalamic signal abnormality (possible gliosis versus low-grade tumor) in the d-TGA group and
developmental venous anomaly in right parietal lobe in the control group].
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Table 4

White Matter Regions in Which Fractional Anisotropy (FA) Value Is Significantly Reduced Among d-TGA
Subjects as Compared to Control Subjects

d-TGA Control
Spatial coordinates (n=49), (n=29),
Region (MNI) mean FA mean FA P*

Left hemisphere FA value

Parietal 1 (=20, —46, 26) 0.3571 0.4115 <0.001
Parietal 2 (=28, -40, 22) 0.3521 0.4019 <0.001
Temporal (-40, -14, -10) 0.2030 0.2399 <0.001
Right hemisphere FA value
Parietal 1 (22, —46, 26) 0.4283 0.4712 <0.001
Parietal 2 (32, -38, 22) 0.4140 0.4439 0.006
Temporal (40, -16, -8) 0.2715 0.3168 <0.001
Precentral (26, -26, 52) 0.3183 0.3638 0.014
Frontal 1 (26, 18, 20) 0.3391 0.3735 <0.001
Frontal 2 (18, 38, 34) 0.3416 0.3757 0.004
Subcortical, cerebellar and deep white matter FA value
Midbrain 1 (left) (-6, -32, -16) 0.3612 0.4110 <0.001
Cerebellum 1 (left) (=22, -42, -30) 0.3002 0.3512 <0.001
Midbrain 2 (8, -32, -16) 0.3805 0.4388 <0.001
Cerebellum 2 (24, -38, -32) 0.3743 0.4426 <0.001
PLIC (26, -18, 6) 0.5824 0.6098 <0.001
Anterior cingulate (14, 26, 26) 0.2708 0.3089 <0.001
Insula (34,10, 4) 0.2613 0.2967 <0.001
Anterior body of CC (-2, 26, 14) 0.3284 0.3928 0.003
Basal ganglia (22, -4, 24) 0.3137 0.3420 0.016

FA indicates fractional anisotropy; d-TGA, d-transposition of the great arteries; MNI, Montreal Neurological Institute; PLIC, posterior limb of the
internal capsule; CC, corpus callosum.
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