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Abstract

Purpose: Single ventricle heart disease (SVHD) patients show injury in brain sites that regulate 

autonomic, mood, and cognitive functions. However, the nature (acute or chronic changes) and 

extent of brain injury in SVHD are unclear. Our aim was to examine regional brain tissue damage 

in SVHD over controls using DTI-based mean diffusivity (MD), axial diffusivity (AD), radial 

diffusivity (RD), and fractional anisotropy (FA) procedures.

Methods: We collected two DTI series (3.0–Tesla MRI), mood and cognitive data from 27 

SVHD and 35 control adolescents. Whole-brain MD, AD, RD, and FA maps were calculated from 

each series, realigned and averaged, normalized to a common space, smoothed, and compared 

between groups using ANCOVA (covariates, age and sex; false-discovery-rate, p<0.05). Region-

Addresses for Correspondence: Rajesh Kumar, PhD, Department of Anesthesiology, 56-141 CHS, 10833 Le Conte Aves, David 
Geffen School of Medicine at UCLA, University of California at Los Angeles, Los Angeles, CA 90095-1763, USA, Tel: 
310-206-1679, 6133, Fax: 310-825-2236, rkumar@mednet.ucla.edu.
*= Equal contribution

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of a an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

Conflict of Interest: The authors declare that they have no conflict of interest.

Ethical approval: All procedures performed in studies involving human participants were in accordance with the ethical standards of 
the institutional research committee.

Informed consent: Informed consent was obtained from all individual participants included in the study.

HHS Public Access
Author manuscript
Neuroradiology. Author manuscript; available in PMC 2020 July 01.

Published in final edited form as:
Neuroradiology. 2019 July ; 61(7): 811–824. doi:10.1007/s00234-019-02208-x.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of-interest analyses were performed to calculate MD, AD, RD, and FA values for magnitude 

assessment between groups.

Results: SVHD patients showed impaired mood and cognitive functions over healthy 

adolescents. Multiple brain sites in SVHD showed increased MD values, including the insula, 

caudate, cingulate, hypothalamus, thalamus, medial prefrontal and frontal cortices, para-

hippocampal gyrus, hippocampus, precentral gyrus, amygdala, cerebellum, corpus callosum, 

basal-forebrain, mammillary bodies, internal capsule, midbrain, fornix, and occipital, parietal, and 

temporal cortices, indicating chronic tissue changes. Similar areas showed either increased AD or 

RD values, with RD changes more enhanced over AD in SVHD compared to controls. Few brain 

regions emerged with increased or decreased FA values in SVHD patients over controls.

Conclusions: SVHD adolescents, more than a decade from their last surgical procedure, show 

widespread brain abnormalities in autonomic, mood, and cognitive regulatory areas. These 

findings indicate that brain injury is in a chronic stage in SVHD with predominantly myelin 

changes that may result from previous hypoxia/ischemia- or developmental-induced processes.

Keywords

Single ventricle heart disease; diffusion tensor imaging; cognition; brain injury

INTRODUCTION

Single ventricle heart disease (SVHD) is a subgroup of complex congenital heart disease 

that typically requires three staged palliative heart surgeries at a young age with the 

culmination being the Fontan procedure. Adolescents with SVHD show brain tissue injury 

[1–3], in particular gray and white matter damage in sites that regulate autonomic, mood, 

and cognitive functions, which are commonly deficient in the condition. Various magnetic 

resonance imaging (MRI) procedures, including the diffusion tensor imaging (DTI)-based 

fractional anisotropy (FA), have been used to assess brain tissue changes in SVHD 

adolescents. Lower FA values have shown in multiple white matter (WM) areas in infants 

and adolescents with congenital heart disease [1,3]. Although FA measures are known to be 

highly sensitive for identification of microstructural tissue changes, the procedures are not 

very specific for determination of nature (e.g., acute or chronic) and types of brain changes 

(e.g., axonal or myelin changes). Decreased FA values are reported in both acute, as well as 

in chronic conditions in patients with liver failure [4] and optic neuritis [5]. Thus, the nature 

(whether acute or chronic tissue changes) and types (axonal or myelin changes) of brain 

injury at the microstructural level in SVHD subjects are unclear. Other DTI indices, 

including mean diffusivity (MD), and axial diffusivity (AD) and radial diffusivity (RD) can 

determine nature and types of brain injury more precisely in SVHD adolescents.

Using DTI data, along with FA, several other DTI measures, including the MD, AD, and RD 

indices can be calculated and may be helpful to examine tissue changes. Mean diffusivity 

measures the average motion of water molecules within the tissue and shows reduced values 

in acute and increased values in chronic condition [6–8]. In addition, AD measures water 

diffusion parallel to fibers and indicates axonal changes, and RD assesses water diffusion 

perpendicular to fibers and shows myelin changes [9]. Multiple studies, including those 
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examining multiple sclerosis [10], Alzheimer disease [11], traumatic brain injury [12], 

obstructive sleep apnea [13], heart failure [14], and congenital central hypoventilation 

syndrome [15] have successfully used MD, AD, and RD procedures to characterize the 

nature and types of brain microstructural changes, and thus, may be useful in SVHD 

adolescents for such assessment.

Our aim was to examine the nature and types of tissue injury in the same brain sites in 

adolescents with SVHD who have undergone surgical palliation with Fontan completion 

compared to healthy adolescents using MD, AD, RD, and FA procedures. We hypothesized 

that SVHD adolescents will show increased MD values and predominantly higher AD, and 

RD values, and altered FA values over healthy control subjects in brain areas that regulate 

autonomic, mood, and cognitive functions.

METHODS

Study Sample

We studied 62 adolescents which include 27 SVHD and 35 controls. Demographic and 

clinical data for SVHD and control subjects are summarized in Table 1. Single ventricle 

heart disease participants (age range, 14–18 years), who have undergone surgical palliation 

with Fontan completion, were recruited via flyers or provider referrals from the University 

Hospital and pediatric cardiology clinics. Control subjects were screened as healthy with no 

medical or psychiatric disorders, taking no medications, or history of previous head injury 

(e.g. concussions, trauma) and were recruited from the local community. Exclusion criteria 

for SVHD and control adolescents were claustrophobia, non-removable metal (such as 

dental braces, pacemakers), developmental delay precluding active study participation or 

ability for self-report (e.g. cerebral palsy or severe hypoxic-injury), diagnosis of depression, 

premature birth (< 37 weeks gestation), history of extracorporeal membrane oxygenation 

(ECMO) use, stroke, and cardiac arrest. Clinical and demographic details of SVHD and 

controls were collected from self-report and medical records. The study was approved by the 

Institutional Review Board. Parental permission and assent were obtained for participants 

under 18 years, and informed consents were obtained from participants over 18 years before 

data collection.

Assessment of Depression and Anxiety

Anxiety and depressive symptoms were assessed in all subjects using self-reported 

questionnaires, the Beck Anxiety Inventory (BAI) [16], and the Patient Health 

Questionnaire-9 (PHQ–9) [17], respectively. The BAI score ranges from 0–63 based on 

symptom severity, and more than 9 is considered with anxiety symptoms [16]. Similarly, the 

PHQ–9 score ranges from 0–27, and scores from 5–9, 10–14, 15–19, and > 20 are 

considered with minimal, moderate, moderately-severe, and severe depressive symptoms, 

respectively [17].

Cognition Assessment

The Montreal Cognitive Assessment (MoCA) test, which is used to screen various cognitive 

domains, including attention and concentration, executive functions, language, memory, 
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visuoconstructional skills, conceptual thinking, calculations and orientation [18], was 

administered in all SVHD and control subjects. The global MoCA score ranges from 0–30, 

and a score of < 26 is considered abnormal. Although the MoCA test is a screening tool, this 

instrument has been validated in adolescents and young adults with CHD [19] and showed 

95% agreement with standard cognition test.

We also administered the Wide Range Assessment of Memory and Learning, 2nd Edition 

(WRAML2) in SVHD and controls for assessment of memory and learning functions. The 

WRAML2 measures various domains of memory, including the verbal and visual memory, 

attention/concentration, working memory, and visual and verbal recognition. The core 

battery consists of six subtests: story memory, verbal learning, design memory, picture 

memory, short-term memory of a visual sequential pattern, and numbers/letters that 

combined to yield a general memory index (GMI) score. Additionally, the other subtests 

include working memory and memory recognition and yield the general memory recognition 

index (GRI) score. A score of < 85 in either measurement is considered abnormal [20].

Magnetic Resonance Imaging

Brain imaging studies were performed using a 3.0–Tesla MRI scanner (Siemens, Magnetom 

Prisma, Erlangen, Germany). Foam pads were used on both sides of the head to minimize 

head motion during data acquisition. High-resolution T1-weighted images were collected 

using a MPRAGE pulse sequence (TR = 2200 ms; TE = 2.4 ms; inversion time = 900 ms; 

flip angle = 9°; matrix size = 320×320; FOV = 230×230 mm; slice thickness = 0.9 mm; 

number of slices = 192). Proton density (PD) and T2 weighted images [TR = 10,000 ms; 

TE1, 2 = 17, 134 ms; flip angle = 130°] were also acquired simultaneously using a dual-echo 

turbo spin-echo pulse sequence in the axial plane, with a 256×256 matrix size, 230×230 mm 

FOV, 3.5 mm slice thickness, and no inter-slice gap. DTI data were collected using a single-

shot echo planar imaging with twice-refocused spin-echo pulse sequence (TR = 12,200 ms; 

TE = 87 ms; flip angle = 90°; bandwidth = 1,345 Hz/pixel; matrix size = 128×128; FOV = 

230×230 mm; slice thickness = 1.7 mm, diffusion values = 0 and 800 s/mm2, diffusion 

directions = 30, separate series = 2). The parallel imaging technique, generalized auto-

calibrating partially parallel acquisition (GRAPPA), with an acceleration factor of two, was 

used for all MRI data collection.

Clinical evaluation

High-resolution T1–weighted, PD- and T2-weighted images of all SVHD and controls were 

examined by a neuroradiologist blinded to group assignment for any visible brain tissue 

pathology, such as tumors, cysts, or any other major mass lesions. These findings are 

tabulated in Table 2.

Data Processing

The statistical parametric mapping package SPM12 (http://www.fil.ion.ucl.ac.uk/spm/), 

Diffusion Toolkit [21], MRIcroN, and MATLAB-based (http://www.mathworks.com/) 

custom software were used for data processing and analyses, as well as visualization. 

Diffusion and non-diffusion weighted images of all SVHD and controls were also assessed 

for any head-motion related or other imaging artifacts before MD, AD, and RD calculations.
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MD, AD, RD, and FA calculation—To determine diffusion tensor matrices using the 

Diffusion Toolkit software [21], we used diffusion-weighted (b = 800 s/mm2) and non-

diffusion weighted images (b = 0 s/mm2). The diffusion tensor matrices were diagonalized, 

and principal eigenvalues (λ1, λ2, and λ3) were calculated [6]. These principal eigenvalues 

were used to calculate MD [λ = (λ1 + λ2 + λ3)/3], AD (λ‖‖ = λ1), RD [λ⊥ = (λ2 + 

λ3)/2], and FA
3 (λ1 − λ)2 + (λ2 − λ)2 + (λ3 − λ)2

2 λ12 + λ22 + λ32  values at each voxel [22,6], with voxel 

intensities on the MD, AD, RD, and FA maps showing the corresponding diffusion values. A 

fixed threshold value was used to mask-out background noise on MD, and FA maps in 

Diffusion Toolkit software. For AD and RD maps, non-brain regions were suppressed in all 

participants using individual brain masks created from non-diffusion weighted images using 

the SPM12 software.

Averaging, normalization, and smoothing—We used the MATLAB-based SPM12 

software for pre-processing of the MD, AD, RD, and FA maps. Firstly, the MD, AD, RD, 

and FA maps, derived from each DTI series, were realigned to remove any potential 

variation from head motion and averaged. Similarly, non-diffusion weighted images were 

also realigned and averaged. The averaged MD, AD, RD, and FA maps were normalized to 

Montreal Neurological Institute (MNI) space. Non-diffusion weighted (b0) images were 

normalized to MNI space using a unified segmentation approach [23], and the resulting 

normalization parameters were applied to corresponding MD, AD, RD, and FA maps. The 

normalized MD, AD, RD, and FA maps were smoothed with a Gaussian filter (8 mm).

Background image—MATLAB-based SPM12 software was used to generate background 

image. High-resolution T1-weighted images of all SVHD and controls were normalized to 

the MNI space template. The normalized images were averaged to create a mean anatomical 

image, which was used as a background image for anatomical identification.

Statistical Analyses

We used the statistical package for social sciences (SPSS v24) for assessment of 

demographic and clinical data. The numerical demographic data between groups were 

compared with independent samples t-tests, and categorical characteristics were compared 

using the Chi-square test. Statistical threshold values of p<0.05 were considered as 

significant differences.

For regional brain MD, AD, RD, and FA differences between groups, the smoothed MD, 

AD, RD, and FA maps were compared voxel-by-voxel using ANCOVA (SPM12; covariates, 

age and sex; false discovery rate, p<0.05). The statistical parametric maps showing brain 

sites with significant MD, AD, RD, and FA differences between groups were superimposed 

onto the mean anatomical image for structural identification using MRIcroN software.

Region of interest (ROI) and Percentage (%) change Analyses

Region of interest analyses were performed to calculate MD, AD, RD, and FA values to 

determine magnitude differences between groups. Regional brain masks were created based 
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on significant whole-brain voxel-by-voxel MD, AD, RD, and FA differences between groups 

for those regions, and values were extracted using these regional brain masks and smoothed 

MD, AD, RD, and FA maps of SVHD and controls with MATLAB-based custom software. 

To calculate percentage change in AD or RD values for each region, we subtracted the AD 

or RD values of SVHD from control subjects and divided by AD or RD values of control 

subjects.

RESULTS

Demographic and Clinical Characteristics

Demographic and clinical variables of SVHD and controls are presented in Table 1. No 

significant differences in age (p = 0.44), sex (p = 0.75), body mass index (BMI) (p = 0.62), 

or handedness (p = 0.45) appeared between groups. The majority of SVHD participants had 

a single right ventricle (67%), extra-cardiac Fontan procedure (78%) and were over a decade 

from their last surgical procedure. The PHQ-9 and BAI scores were significantly higher in 

SVHD over controls (PHQ–9, p = 0.005; BAI, p < 0.001). The global MoCA scores and 

majority of sub-scales were significantly reduced in SVHD compared to controls (p < 0.05). 

The GMI and GRI scores were significantly reduced in SVHD over controls (p < 0.001).

Clinical Evaluation

Brain changes based on visual examination by a neuroradiologist are outlined in Table 2. 

These changes in SVHD subjects included the cystic focus in right pterygoid space, 

periventricular white matter changes, Rathke’s cleft cyst, tissue loss with encephalomalacia, 

lacunar infarcts, ischemic changes, and Chiari I malformation.

Regional Brain MD Changes

Multiple brain regions showed significantly increased MD values, indicating chronic tissue 

injury in SVHD over controls, controlling for age and sex. No brain sites emerged with 

decreased MD values, showing acute tissue changes, in the SVHD group compared to 

controls. Brain sites that showed increased MD values in the SVHD group included, bilateral 

insular cortices (Fig.1a), caudate nuclei (Fig.1b), anterior (Fig.1f), mid (Fig. 1g), and 

posterior (Fig.1c) cingulate cortices, midbrain (Fig.1d), hypothalamus (Fig.1e), fornix (Fig.

1h), bilateral mid-corona radiata (Fig.1i), parietal cortices (Fig.1j), bilateral thalamus (Fig.

1k), medial prefrontal (Fig.1l), bilateral para-hippocampal gyrus (Fig.1m), bilateral 

hippocampus (Fig.1n), bilateral precentral gyrus (Fig.1o), bilateral frontal gyrus (Fig.1p), 

bilateral amygdala (Fig.1q), cerebellar cortices (Fig.1r), occipital cortices (Fig.1s), corpus 

callosum (Fig.1t), bilateral basal forebrain (Fig.1u), bilateral prefrontal cortices (Fig.1v), 

bilateral mammillary bodies (Fig.1w), bilateral internal capsule, bilateral temporal cortices, 

and cerebellar vermis.

Regional Brain AD and RD Values

Axial diffusivity and RD values were significantly increased in multiple brain regions in 

SVHD subjects (Fig. 2). These areas included the insular cortices, caudate nuclei, occipital 

cortices, anterior, mid, and posterior cingulate cortices, hypothalamus, mid-corona radiata, 

parietal cortices, thalamus, medial prefrontal, para-hippocampal gyrus, hippocampus, 
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precentral gyrus, frontal gyrus, amygdala, cerebellar cortices, corpus callosum, basal 

forebrain, prefrontal cortices, mammillary bodies, internal capsule, midbrain, fornix, 

temporal cortices, and cerebellar vermis (Fig.2).

Regional Brain FA Values

Fractional anisotropy values were significantly decreased in few brain regions, including the 

corpus callosum (Fig.3a), hippocampus (Fig.3b), anterior insula (Fig.3c), amygdala (Fig.3d), 

caudate, thalamus, and anterior cerebellar peduncle in SVHD patients over control subjects. 

Other brain regions, such as the posterior insula (Fig.3e), putamen (Fig.3f), prefrontal cortex 

(Fig.3g), cerebellar cortices (Fig.3h), and posterior cerebellar peduncle (Fig.3i) showed 

increased FA values in SVHD over controls.

ROI Analysis

Regional brain MD, AD, RD, and FA values of SVHD and control subjects are tabulated in 

Tables 3–6. Brain regional diffusivity values, including MD, AD, and RD, were significantly 

increased in SVHD compared to controls. However, FA values were significantly increased 

or decreased in SVHD over controls. ROI analyses showed larger RD (5–27%) changes over 

AD (5–18%) in most of the white matter regions in SVHD compared to controls, indicating 

predominantly myelin tissue changes.

DISCUSSION

SVHD patients showed chronic brain tissue injury in multiple areas that included the insula, 

caudate nuclei, cingulate, hypothalamus, corona radiata, thalamus, medial prefrontal and 

prefrontal cortices, para-hippocampal gyrus, hippocampus, precentral gyrus, amygdala, 

cerebellar cortices, corpus callosum, basal forebrain, mammillary bodies, internal capsule, 

midbrain, fornix, occipital, parietal, frontal and temporal cortices. The majority of brain 

areas showed more RD over AD values, indicating predominantly myelin changes in SVHD 

over controls. These sites are involved in autonomic, mood, and cognition functions that are 

adversely affected in SVHD patients. These finding may result from developmental or innate 

brain changes or hypoxia/ischemia injury in the condition.

Multiple neuroimaging studies have shown brain gray and white matter injury in several 

sites in SVHD before and after surgery [2,24]. In this study, widespread brain changes were 

observed in AD, RD, and MD values; however, limited sites appeared with either increased 

or reduced FA values in SVHD patients over controls. Few DTI based FA studies also 

revealed several compromised white matter areas in infants and adolescents with congenital 

heart disease [3,1]. Although FA measures show tissue organization and can detect 

pathological tissue, procedures are unable to differentiate the nature and types of injury [6], 

other diffusivity measures may be more sensitive to underlying pathophysiology. Diffusion 

tensor imaging-based MD procedures show average motion of water molecules within tissue 

and indicate changes in tissue microstructure. The procedures show reduced MD values in 

acute and increased values in chronic pathological stages and can be helpful to examine 

tissue injury stage in SVHD. MD values are influenced by various factors within the tissue, 

including tissue barriers and extracellular fluid and space, and thus, increased MD values 
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may result from loss of cells, axonal loss, demyelination, abnormal coherence or 

organization of tissue [25]. In addition, AD measures show axonal integrity, and RD values 

correspond more closely to myelin integrity [9], and any changes in their values are believed 

to represent axon loss or demyelination, respectively [26]. A combination of various 

pathological processes underlying the disease condition may cause increased water diffusion 

in all directions resulting in increased MD, RD, AD, and limited FA changes and similar 

results have been found in early Alzheimers disease [27] and essential tremor [28]. Hence, 

the addition of MD, AD, RD, and FA measures provide a greater understanding of the nature 

and types of tissue brain injury in SVHD.

In SVHD, brain tissue changes were apparent in sites important for several cognitive 

functions, including memory and executive regulatory functions. These areas included the 

bilateral thalamus, caudate nuclei, hippocampus, para-hippocampal gyrus, fornix, 

mammillary bodies, corpus callosum, cerebellum, cingulate, and prefrontal cortices. The 

corpus callosum is a major white matter fiber bundle connecting the left and right cerebral 

hemispheres and transfers motor, sensory, and cognitive information between both 

hemispheres. The structure contains axons running to the parietal, temporal, occipital lobes, 

and primary and secondary somatosensory and motor areas and is involved in many 

cognitive functions including, attention, visuospatial processing and executive functions 

[29,30]. Damage to these brain areas may account for deficits in memory, motor, 

visuospatial processing and executive functions [31–33], which have been reported as 

deficient in SVHD. The limbic structures, including the hippocampus, fornix fibers, 

mammillary bodies, anterior thalamus, and cingulate gyrus, also showed tissue injury in 

SVHD. The mammillary bodies act as a hippocampal relay, passing information on to the 

anterior thalamus via fornix fibers and from there to the cingulate and other cortical sites, 

and make independent contributions to memory consolidation [34]. Damage to the 

hippocampus, mammillary bodies, fornix fibers, anterior thalamus, and cingulate, can result 

in anterograde amnesia (inability to lay down new episodic memories) [34,35]. However, 

damage to the parahippocampal gyrus can lead to impairment in visuospatial processing and 

episodic memory [36,37]. Caudate nuclei have been associated with many cognitive 

processes, including executive functions, and functional MRI studies have revealed co-

activation of the striatum and prefrontal cortex during performances associated with 

executive functioning [38]. In addition, the cerebellum is involved in a variety of cognitive 

tasks that involve implicit and explicit learning and memory processes and working memory, 

along with fine motor coordination [39]. Thus, tissue changes in these brain areas may be 

responsible for impaired cognitive functions in SVHD.

Adolescents with SVHD show mood dysfunctions, indicating the possibility of brain injury 

in regions that control such functions. Increased MD values appeared in several brain sites in 

SVHD, including the thalamus, medial prefrontal cortices, cingulate, insular cortices, 

amygdala, hippocampus, and parahippocampal gyrus, responsible for regulation of mood 

functions. Neuroimaging, neuropathological, and lesion studies implicate that brain circuits 

that include the limbic-cortical-striatal-pallidal-thalamic (LCSPT) circuits, formed by 

connections between the orbital and medial prefrontal cortex, amygdala, hippocampus, 

ventromedial striatum (caudate and putamen), mediodorsal, and midline thalamic nuclei and 

ventral pallidum [40], regulate the evaluative, expressive, and experiential aspects of 
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emotional behavior in mood disorders [41]. Thus, lesions within the LCSPT structures 

themselves or in the interconnections among them could result in depression, or anxiety as 

found in adolescents with SVHD.

SVHD also showed increased MD values in brain regions responsible for autonomic 

regulation, and including the cerebellum, hippocampus, hypothalamus, amygdala, anterior 

cingulate, and insula. Several studies have shown the cortical circuitry related to autonomic 

adjustments to many stressors in awake humans and revealed many forebrain sites that 

associate strongly with cardiovascular arousal during stress, including the insular cortex, 

anterior cingulate, amygdala, and hippocampus [42,43]. However, cerebellar and 

hypothalamus regions are also implicated in autonomic regulation during respiratory and 

cardiac challenges, as suggested by several functional MRI studies [44]. Thus, any damage 

to these regions may contribute to disturbances in autonomic functions [heart rate 

variability] in SVHD.

The cause of brain tissue injury in adolescents with SVHD is unknown, but is speculated as 

being multi-factorial. Delayed brain development seen in complex heart disease can make 

the brain tissue vulnerable to insult in SVHD [45]. In addition, other potential factors may 

contribute to brain injury, including hypoxia-ischemia, hypotension, and abnormal cerebral 

blood flow and autoregulation in the condition.

Children with SVHD show higher rates of brain abnormalities at each stage of surgery. MRI 

studies have been used to determine the prevalence of periventricular leukomalacia (PVL) in 

infants with CHD before and after surgical repair [46,47]. These studies showed occurrence 

of PVL 20% before and over 50% after surgery. In addition, adolescents with single 

ventricle, who underwent the Fontan procedure, were found to be at increased risk for 

psychiatric dysfunction, specifically for ADHD and anxiety disorders [48]. Surgical 

procedures used in these patients involve cardiopulmonary bypass, which may result in brain 

injury due to embolism, inflammation, and ischemia [49].

Several limitations of our study have to be mentioned, including the small sample size. 

Although the sample size is small, differences appeared between groups, suggesting 

significantly large effect sizes between SVHD and controls. Also, the SVHD group was 

homogeneous, and selection bias secondary to screening criteria may reflect better health 

within this chronic condition. Thus, our findings may not be generalizable to all SVHD 

participants. In addition, it is difficult to separate the effects of operative, developmental, or 

physiologic factors that may have contributed to brain injury.

CONCLUSIONS

Adolescents with SVHD, over a decade from their last surgical procedure, showed 

widespread brain abnormalities in autonomic, mood, and cognitive regulatory areas, and 

these brain injuries were predominantly due to myelin changes. These sites included the 

insular cortices, caudate nuclei, cingulate, hypothalamus, mid-corona radiata, thalamus, 

medial prefrontal and prefrontal cortices, parahippocampal gyrus, hippocampus, precentral 

gyrus, amygdala, cerebellar cortices, corpus callosum, basal forebrain, mammillary bodies, 
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internal capsule, midbrain, fornix, occipital, parietal, frontal and temporal cortices. These 

findings indicate that brain injury is in the chronic pathological stage in SVHD patients with 

predominant myelin changes, which may result from hypoxia/ischemia- or developmental-

induced changes in the condition.
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Fig. 1: 
Brain sites with increased mean diffusivity (MD) values in SVHD compared to control 

subjects. Brain regions showed increased MD values in the bilateral insular cortices (a), 

bilateral caudate nuclei (b), anterior (f), mid (g), and posterior (c) cingulate cortices, 

midbrain (d), hypothalamus (e), fornix (h), bilateral mid-corona radiata (i), bilateral parietal 

cortices (j), bilateral thalamus (k), bilateral medial prefrontal cortices (l), para-hippocampal 

gyrus (m), bilateral hippocampus (n), precentral gyrus (o), frontal gyrus (p), amygdala (q), 

cerebellar cortices (r), bilateral occipital cortices (s), corpus callosum (t), basal forebrain (u), 

bilateral prefrontal cortices (v), and bilateral mammillary bodies (w), in SVHD over 

controls. All images are in neurological convention (L = Left; R = Right). Color bar 

indicates t-statistic values.
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Fig. 2: 
Brain regions with increased axial diffusivity and radial diffusivity values in SVHD over 

control subjects. These sites included the bilateral prefrontal cortices (a, d, j, m), bilateral 

insula (b, c, k, l), left anterior (e, n), mid (g, p) and posterior (f, o) cingulate, and bilateral 

occipital cortex (h, i, q, r). Figure conventions are same as in Figure 1.
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Fig. 3: 
Brain areas with decreased or increased FA values in SVHD over controls. Lower FA values 

emerged in the bilateral corpus callosum (a), hippocampus (b), anterior insula (c), and 

amygdala (d), and higher FA values appeared in the posterior insula (e), putamen (f), 

prefrontal cortices (g), cerebellar cortices (h), and posterior cerebellar peduncle (i) in SVHD 

over controls. Figure conventions are same as in Figure 1.
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Table 1.

Demographic, mood, cognitive, and clinical characteristics of SVHD and controls.

Variables SVHD n = 27 (Mean ± SD) Controls n = 35 (Mean ± SD) P values

Age (years) 15.7±1.2 15.9±1.2 0.44

Gender [male] (%) 15 (56%) 18 (51%) 0.75

Ethnicity (%) 0.74

 White 12 (44%) 19 (55%)

 Hispanic 12 (44%) 13 (37%)

 Other 3 (11%) 3 (8%)

BMI (kg/m2) 22.8±5.6 22.2±4.0 0.62

Handedness [right] (%) 23 (85%) 32 (91%) 0.45

Single Ventricle Diagnosis (%): N/A N/A

 DORV/Unbalanced AVC/HLV 7 (26%)

 HLHS 6 (22%)

 Unbalanced AVC/HRV 5 (19%)

 Tricuspid Atresia 4 (15%)

 Pulmonary Atresia/IVS/HRV 3 (11%)

 DILV 2 (7%)

Ventricle type [right] (%) 16 (67%) N/A N/A

Extracardiac Fontan (%) 21 (78%) N/A N/A

Fenestration (%) 7 (26%) N/A N/A

*Residual Cyanosis (%) 7 (26%) N/A N/A

Number of Surgeries 3.0 ± 0.6 N/A N/A

# Years Since Last Surgery 12.6 ± 3.9 (n=24) N/A N/A

PHQ-9 6.7±5.2 3.7±2.7 0.005

BAI 19.9±14.3 9.0±7.7 <0.001

WRAML2 GMI 84.0±12.0 108.7±12.5 <0.001

WRAML2: Verbal Memory 88.3±12.6 106.5±11.3 <0.001

WRAML2: Visual Memory 99.7±12.7 108.0±11.8 0.01

WRAML2: Attention 84.6±10.1 107.7±7.7 <0.001

WRAML2 GRI 90.4±10.6 (n=26) 111.3±11.5 (n=34) <0.001

WRAML2: Working Recognition 87.0±12.5 107.3±19.1 <0.001

WRAML2: Verbal Recognition 91.5±11.4 103.3±18.8 (n=34) 0.006

WRAML2: Visual Recognition 93.4±12.8 (n=26) 104.1±17.7 0.007

Total MoCA scores 21.7±4.1 28.8±1.7 <0.001

MoCA: Visuospatial 3.3±1.4 4.9±0.4 <0.001

MoCA: Naming 2.9±0.3 3.0±0.0 0.04

MoCA: Attention 3.9±1.5 5.7±0.7 <0.001

MoCA: Language 1.6± 1. 0 2.6±0.6 <0.001
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Variables SVHD n = 27 (Mean ± SD) Controls n = 35 (Mean ± SD) P values

MoCA: Abstraction 1.2±0.7 1.9±0.4 <0.001

MoCA: Delayed Recall 2.1±1.5 4.1±1.0 <0.001

MoCA: Orientation 5.7±0.7 5.9±0.4 0.21

SD = Standard Deviation; N/A = Not Applicable; BMI = Body Mass Index; HLHS= Hypoplastic Left Heart Syndrome; DORV = Double Outlet 
Right Ventricle; DILV= Double Inlet Left Ventricle; IVS= Intact Ventricular Septum; HLV = Hypoplastic Left Ventricle; HRV= Hypoplastic Right 
Ventricle; AVC = Atrioventricular Canal Defect; PHQ-9= Patient Health Questionnaire-9; BAI= Beck Anxiety Inventory; WRAML2 = Wide Range 
Assessment of Memory and Learning, 2nd Edition; GMI = General Memory Index; GRI = General Memory Recognition Index; MoCA= Montreal 
Cognitive Assessment;

*
Pulse Oximetry < 93%.

Neuroradiology. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Singh et al. Page 18

Table 2.

Clinical imaging characteristics of SVHD subjects.

Subject ID Brain Abnormalities

1 A 7×10 cystic focus in right pterygoid space

2 Normal

3 Normal

4 Normal

5 Periventricular white matter change, most likely gliosis or chronic insult

6 Pituitary gland is abnormal with Rathke’s cleft cust and possible adenoma

7 Normal

8 Old tissue loss with encephalomalacia of the right inferior cerebellum. Calcification or sequela of micro hemorrhage in right 
frontal operculum

9 Normal

10 Normal

11 Normal

12 Old left MCA territory infarction with encephalomalacia of the left inferior frontal gyrus

13 Old ischemic changes in the periventricular white matter. Small lacunar infarct in the right thalamus

14 Normal

15 Normal

16 Normal

17 Normal

18 N/A

19 Normal

20 Normal

21 Normal

22 Chronic ischemic change is seen in periventricular white matter

23 Chiari I malformation

24 Old infarctions of the bilateral posterior cerbral artery territories including right medial temporal and occipital lobes and left 
superior parietal lobe

25 Old infarct of the right putamen. No new infarction or white matter changes

26 Normal

27 Rathke’s cleft cyst
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Table 3:

Regional brain mean diffusivity (×10−3 mm2/s) differences between SVHD and control subjects corrected for 

age and sex.

Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

R Thalamus 1.36 ± 0.12 1.18 ± 0.12 < 0.001 1.50

L Thalamus 1.38 ± 0.13 1.18 ± 0.13 < 0.001 1.54

R Hippocampus 1.25 ± 0.14 1.10 ± 0.14 < 0.001 1.07

L Hippocampus 1.27 ± 0.07 1.15 ± 0.07 < 0.001 1.71

R Parahippocampal Gyrus 1.49 ± 0.13 1.33 ± 0.13 < 0.001 1.23

L Parahippocampal Gyrus 1.36 ± 0.09 1.26 ± 0.09 < 0.001 1.11

R Hypothalamus 1.59 ± 0.18 1.40 ± 0.18 < 0.001 1.05

L Hypothalamus 1.20 ± 0.14 1.05 ± 0.14 < 0.001 1.07

R Mammillary Bodies 1.48 ± 0.16 1.28 ± 0.16 < 0.001 1.25

L Mammillary Bodies 1.49 ± 0.17 1.29 ± 0.17 < 0.001 1.18

R Amygdala 1.24 ± 0.10 1.13 ± 0.10 < 0.001 1.10

L Amygdala 1.23 ± 0.10 1.11 ± 0.10 < 0.001 1.20

R Caudate Nucleus 1.27 ± 0.15 1.06 ± 0.15 < 0.001 1.40

L Caudate Nucleus 1.20 ± 0.14 1.00 ± 0.14 < 0.001 1.43

R Mid Corona-radiata 0.83 ± 0.04 0.78 ± 0.04 < 0.001 1.25

L Mid Corona-radiata 0.82 ± 0.03 0.78 ± 0.03 < 0.001 1.33

R Internal Capsule 0.78 ± 0.04 0.74 ± 0.04 < 0.001 1.00

L Internal Capsule 0.84 ± 0.05 0.79 ± 0.05 < 0.001 1.00

Fornix 1.69 ± 0.17 1.39 ± 0.17 < 0.001 1.77

R Midbrain 1.12 ± 0.10 1.01 ± 0.10 < 0.001 1.10

L Midbrain 1.17 ± 0.10 1.05 ± 0.10 < 0.001 1.20

R Insula 1.17 ± 0.09 1.04 ± 0.09 < 0.001 1.44

L Insula 1.15 ± 0.07 1.02 ± 0.07 < 0.001 1.86

R Anterior Cingulate 1.05 ± 0.09 0.94 ± 0.09 < 0.001 1.22

L Anterior Cingulate 1.04 ± 0.09 0.94 ± 0.09 < 0.001 1.11

R Mid Cingulate 1.04 ± 0.08 0.94 ± 0.08 < 0.001 1.25

L Mid Cingulate 1.04 ± 0.08 0.95 ± 0.08 < 0.001 1.12

R Posterior Cingulate 1.06 ± 0.08 0.96 ± 0.08 < 0.001 1.25

L Posterior Cingulate 1.04 ± 0.07 0.94 ± 0.07 < 0.001 1.43

R Corpus Callosum 1.04 ± 0.08 0.92 ± 0.08 < 0.001 1.50

L Corpus Callosum 1.08 ± 0.09 0.96 ± 0.09 < 0.001 1.33

R Temporal Cortices 0.89 ± 0.05 0.84 ± 0.05 < 0.001 1.00

L Temporal Cortices 1.01 ± 0.07 0.92 ± 0.07 < 0.001 1.29

R Prefrontal Cortices 1.00 ± 0.06 0.91 ± 0.06 < 0.001 1.50

L Prefrontal Cortices 1.17 ± 0.11 1.06 ± 0.11 < 0.001 1.00

R Frontal Cortices 0.95 ± 0.06 0.87 ± 0.06 < 0.001 1.33
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Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

L Frontal Cortices 0.91 ± 0.07 0.83 ± 0.07 < 0.001 1.14

R Precentral Gyrus 0.86 ± 0.05 0.80 ± 0.05 < 0.001 1.20

L Precentral Gyrus 0.95 ± 0.06 0.87 ± 0.06 < 0.001 1.33

R Basal Forebrain 1.12 ± 0.11 1.01 ± 0.11 < 0.001 1.00

L Basal Forebrain 1.14 ± 0.11 1.02 ± 0.11 < 0.001 1.09

R Occipital Cortices 0.90 ± 0.06 0.85 ± 0.06 0.005 0.83

L Occipital Cortices 0.91 ± 0.06 0.85 ± 0.06 < 0.001 1.00

R Parietal Cortices 0.93 ± 0.07 0.86 ± 0.07 < 0.001 1.00

L Parietal Cortices 0.97 ± 0.09 0.87 ± 0.09 0.002 1.11

R Cerebellar Cortices 1.16 ± 0.10 1.06 ± 0.10 < 0.001 1.00

L Cerebellar Cortices 0.77 ± 0.07 0.70 ± 0.07 0.001 1.00

SVHD, Single Ventricle Heart Disease; L, Left; R, Right.
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Table 4:

Regional brain axial diffusivity (×10−3 mm2/s) differences between SVHD and control subjects corrected for 

age and sex.

Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

R Thalamus 1.68 ± 0.20 1.46 ± 0.20 < 0.001 1.10

L Thalamus 1.57 ± 0.20 1.38 ± 0.20 0.001 0.95

R Hippocampus 1.84 ± 0.28 1.56 ± 0.28 < 0.001 1.00

R Parahippocampal Gyrus 1.37 ± 0.19 1.26 ± 0.19 0.017 0.58

R Hypothalamus 1.45 ± 0.20 1.27 ± 0.20 0.001 0.90

L Hypothalamus 1.81 ± 0.25 1.58 ± 0.25 0.001 0.92

R Mammillary Bodies 1.84 ± 0.26 1.6 ± 0.26 0.001 0.92

L Mammillary Bodies 1.81 ± 0.25 1.57 ± 0.25 < 0.001 0.96

R Amygdala 1.57 ± 0.22 1.42 ± 0.22 0.007 0.68

R Caudate Nucleus 1.53 ± 0.19 1.28 ± 0.19 < 0.001 1.32

L Caudate Nucleus 1.61 ± 0.21 1.34 ± 0.21 < 0.001 1.29

R Mid Corona-radiata 1.18 ± 0.05 1.12 ± 0.05 < 0.001 1.20

L Mid Corona-radiata 1.09 ± 0.03 1.05 ± 0.03 < 0.001 1.33

Fornix 2.10 ± 0.27 1.78 ± 0.27 < 0.001 1.19

R Midbrain 1.59 ± 0.22 1.41 ± 0.22 0.002 0.82

L Midbrain 1.50 ± 0.21 1.32 ± 0.21 0.002 0.86

R Insula 1.4 ± 0.13 1.22 ± 0.13 < 0.001 1.39

L Insula 1.32 ± 0.13 1.18 ± 0.13 < 0.001 1.08

R Anterior Cingulate 1.46 ± 0.13 1.32 ± 0.13 < 0.001 1.08

L Anterior Cingulate 1.45 ± 0.13 1.3 ± 0.13 < 0.001 1.15

R Mid Cingulate 1.4 ± 0.10 1.28 ± 0.10 < 0.001 1.70

L Mid Cingulate 1.36 ± 0.09 1.24 ± 0.09 < 0.001 1.33

R Posterior Cingulate 1.4 ± 0.08 1.31 ± 0.08 < 0.001 1.13

L Posterior Cingulate 1.24 ± 0.07 1.17 ± 0.07 0.001 1.00

R Corpus Callosum 1.58 ± 0.20 1.41 ± 0.20 0.001 0.85

L Corpus Callosum 1.61 ± 0.19 1.44 ± 0.19 0.001 0.90

R Temporal Cortices 1.19 ± 0.13 1.06 ± 0.13 <0.001 1.00

R Prefrontal Cortices 1.34 ± 0.10 1.22 ± 0.10 < 0.001 1.20

L Prefrontal Cortices 1.4 ± 0.16 1.23 ± 0.15 < 0.001 1.10

R Frontal Cortices 1.21 ± 0.06 1.13 ± 0.06 < 0.001 1.33

L Frontal Cortices 1.2 ± 0.06 1.1 ± 0.06 < 0.001 1.67

R Precentral Gyrus 1.37 ± 0.13 1.24 ± 0.13 < 0.001 1.00

L Precentral Gyrus 1.25 ± 0.10 1.15 ± 0.10 < 0.001 1.00

R Basal Forebrain 1.42 ± 0.20 1.25 ± 0.20 0.001 0.90

L Basal Forebrain 1.39 ± 0.20 1.23 ± 0.20 0.002 0.80

R Occipital Cortices 1.21 ± 0.16 1.08 ± 0.15 0.002 0.84
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Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

R Parietal Cortices 1.18 ± 0.10 1.05 ± 0.10 < 0.001 1.3

L Parietal Cortices 1.21 ± 0.10 1.11 ± 0.10 0.001 1.00

R Cerebellar Cortices 1.67 ± 0.16 1.51 ± 0.16 < 0.001 0.99

L Cerebellar Cortices 1.55 ± 0.15 1.40 ± 0.15 < 0.001 1.00

SVHD, Single Ventricle Heart Disease; L, Left; R, Right.
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Table 5:

Regional brain radial diffusivity (×10−3 mm2/s) differences between SVHD and control subjects corrected for 

age and sex.

Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

R Thalamus 1.20 ± 0.13 1.00 ± 0.13 < 0.001 1.54

L Thalamus 1.18 ± 0.12 1.00 ± 0.12 < 0.001 1.50

R Hippocampus 1.03 ± 0.08 0.90 ± 0.08 < 0.001 1.63

L Hippocampus 1.08 ± 0.14 0.93 ± 0.14 < 0.001 1.07

R Parahippocampal Gyrus 0.82 ± 0.06 0.77 ± 0.06 0.005 0.83

L Parahippocampal Gyrus 0.90 ± 0.06 0.86 ± 0.06 0.015 0.67

R Hypothalamus 1.36 ± 0.18 1.21 ± 0.18 0.002 0.83

L Hypothalamus 0.99 ± 0.09 0.90 ± 0.09 < 0.001 1.00

R Mammillary Bodies 1.37 ± 0.18 1.16 ± 0.18 < 0.001 1.17

L Mammillary Bodies 1.36 ± 0.17 1.14 ± 0.17 < 0.001 1.29

R Amygdala 1.01 ± 0.08 0.91 ± 0.08 < 0.001 1.25

L Amygdala 1.01 ± 0.08 0.93 ± 0.08 < 0.001 1.00

R Caudate Nucleus 1.05 ± 0.14 0.86 ± 0.14 < 0.001 1.36

L Caudate Nucleus 1.13 ± 0.15 0.92 ± 0.15 < 0.001 1.40

R Mid Corona-radiata 0.63 ± 0.03 0.59 ± 0.03 < 0.001 1.33

L Mid Corona-radiata 0.65 ± 0.05 0.61 ± 0.05 0.001 0.80

R Internal Capsule 0.65 ± 0.03 0.61 ± 0.03 < 0.001 1.33

L Internal Capsule 0.68 ± 0.04 0.64 ± 0.04 < 0.001 1.00

Fornix 1.43 ± 0.16 1.14 ± 0.16 < 0.001 1.81

R Midbrain 1.04 ± 0.09 0.93 ± 0.09 < 0.001 1.22

L Midbrain 0.99 ± 0.09 0.87 ± 0.09 < 0.001 1.33

R Insula 1.10 ± 0.07 0.97 ± 0.07 < 0.001 1.86

L Insula 1.00 ± 0.08 0.91 ± 0.08 < 0.001 1.12

R Anterior Cingulate 0.84 ± 0.09 0.74 ± 0.09 < 0.001 1.11

L Anterior Cingulate 0.90 ± 0.08 0.79 ± 0.08 < 0.001 1.37

R Mid Cingulate 0.87 ± 0.08 0.78 ± 0.08 < 0.001 1.12

L Mid Cingulate 0.85 ± 0.07 0.77 ± 0.07 < 0.001 1.14

R Posterior Cingulate 0.87 ± 0.08 0.76 ± 0.08 < 0.001 1.37

L Posterior Cingulate 0.84 ± 0.06 0.76 ± 0.06 < 0.001 1.33

R Corpus Callosum 0.84 ± 0.10 0.69 ± 0.10 < 0.001 1.50

L Corpus Callosum 0.97 ± 0.11 0.79 ± 0.11 < 0.001 1.64

R Temporal Cortices 0.78 ± 0.04 0.73 ± 0.04 < 0.001 1.25

L Temporal Cortices 1.09 ± 0.13 0.98 ± 0.13 0.002 0.85

R Prefrontal Cortices 1.06 ± 0.12 0.95 ± 0.12 0.001 0.92

L Prefrontal Cortices 0.92 ± 0.08 0.82 ± 0.08 < 0.001 1.25

R Frontal Cortices 0.91 ± 0.07 0.82 ± 0.07 < 0.001 1.29
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Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

L Frontal Cortices 0.80 ± 0.06 0.73 ± 0.06 < 0.001 1.17

R Precentral Gyrus 0.92 ± 0.07 0.84 ± 0.07 < 0.001 1.14

L Precentral Gyrus 0.73 ± 0.06 0.67 ± 0.06 < 0.001 1.00

R Basal Forebrain 0.97 ± 0.11 0.87 ± 0.11 < 0.001 0.91

L Basal Forebrain 1.01 ± 0.11 0.90 ± 0.11 < 0.001 1.00

R Occipital Cortices 0.83 ± 0.08 0.76 ± 0.08 < 0.001 0.87

L Occipital Cortices 0.78 ± 0.05 0.71 ± 0.05 < 0.001 1.40

R Parietal Cortices 0.88 ± 0.08 0.81 ± 0.08 0.001 0.87

L Parietal Cortices 0.83 ± 0.08 0.76 ± 0.08 < 0.001 0.87

R Cerebellar Cortices 0.96 ± 0.09 0.86 ± 0.09 < 0.001 1.11

L Cerebellar Cortices 1.16 ± 0.12 1.04 ± 0.12 < 0.001 1.00

SVHD, Single Ventricle Heart Disease; L, Left; R, Right.
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Table 6:

Regional brain fractional anisotropy (FA) differences between SVHD and control subjects corrected for age 

and sex.

Brain region SVHD (mean ± SD) n = 27 Control (mean ± SD) n = 35 P value Effect Size

Brain regions with decreased FA in SVHD

L Anterior Insula 0.29 ± 0.02 0.30 ± 0.02 0.001 0.50

R Anterior Insula 0.29 ± 0.02 0.31 ± 0.02 0.002 1.00

L Amygdala 0.29 ± 0.03 0.32 ± 0.03 <0.001 1.00

R Amygdala 0.29 ± 0.03 0.33 ± 0.03 <0.001 1.33

L Caudate 0.21 ± 0.03 0.24 ± 0.03 <0.001 1.00

R Caudate 0.23 ± 0.03 0.26 ± 0.03 <0.001 1.00

L Hippocampus 0.32 ± 0.03 0.35 ± 0.03 <0.001 1.00

R Hippocampus 0.29 ± 0.03 0.33 ± 0.03 <0.001 1.33

L Thalamus 0.29 ± 0.02 0.32 ± 0.02 <0.001 1.50

R Thalamus 0.29 ± 0.02 0.32 ± 0.02 <0.001 1.50

L Corpus Callosum 0.50 ± 0.04 0.55 ± 0.04 <0.001 1.25

R Corpus Callosum 0.49 ± 0.05 0.56 ± 0.05 <0.001 1.40

L Anterior Cerebellar Peduncle 0.35 ± 0.04 0.39 ± 0.04 <0.001 1.00

R Anterior Cerebellar Peduncle 0.35 ± 0.03 % 0.39 ± 0.03 <0.001 1.33

Brain regions with increased FA in SVHD

L Cerebellum 0.21 ± 0.02 0.19 ± 0.02 <0.001 1.00

R Cerebellum 0.22 ± 0.02 0.20 ± 0.02 <0.001 1.00

L Posterior Cerebellar Peduncle 0.40 ± 0.02 0.38 ± 0.02 <0.001 1.00

L Posterior Insula 0.22 ± 0.02 0.20 ± 0.02 <0.001 1.00

R Posterior Insula 0.22 ± 0.02 0.20 ± 0.02 0.002 1.00

L Prefrontal Cortex 0.23 ± 0.04 0.20 ± 0.04 <0.001 0.75

R Prefrontal Cortex 0.23 ± 0.04 0.19 ± 0.04 <0.001 1.00

L Putamen 0.28 ± 0.02 0.26 ± 0.02 <0.001 1.00

R Putamen 0.27 ± 0.02 0.25 ± 0.02 <0.001 1.00

SVHD, Single Ventricle Heart Disease; L, Left; R, Right; WM, White matter.
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