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Major Professor: Lucia M. Vaina, M.D., Ph.D., Professor of Biomedical Engineering 

ABSTRACT 

Congenital heart disease (CHD) is the most common congenital anomaly, with 

single ventricle (SV) defects accounting for nearly 10% of all CHD. SV defects tend to 

be the most severe forms of CHD: all patients born with SV require multiple open heart 

surgeries, often beginning in the neonatal period, ultimately leading to the Fontan 

procedure. Due to improvements in surgical procedures and medical care, more patients 

are surviving into adolescence and adulthood. Brain imaging and pathology studies have 

shown that patients with SV have differences in brain structure and metabolism even 

before the first surgery, and as early as in utero. Furthermore, a significant number of 

patients have new or more severe lesions after the initial surgery, and many still have 

brain abnormalities into early childhood. However, there are no detailed brain structural 

data of SV patients in adolescence. Our group recruited a large cohort of post-Fontan SV 

patients aged 10-19 years. Separate analyses of neuropsychological and behavioral 

outcomes in these patients show deficits in multiple areas of cognition, increased rates of 

attention deficit-hyperactivity disorder (ADHD), and increased use of remedial and/or 

special education services compared to a control group. Post-Fontan adolescents have 

more gross brain abnormalities, including evidence of chronic ischemic stroke. 
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Furthermore, there are widespread reductions in cortical and subcortical gray matter 

volume and cortical thickness, some of which are associated with medical and surgical 

variables. Diffusion tensor imaging (DTI) analyses show widespread areas of altered 

white matter microstructure in deep subcortical and cerebellar white matter. In this 

dissertation, I use graph theory methods to characterize structural connectivity based on 

gray matter (cortical thickness covariance) and white matter (DTI tractography), and 

examine associations between brain structure and neurodevelopment. I found that brain 

network connectivity differs in post-Fontan patients compared with controls, both at the 

global and regional level. Additionally, deficits in overall network structure were 

associated with impaired neurodevelopment in several domains, including general 

intelligence, executive function, and visuospatial skills. These data suggest that early 

neuroprotection should be a major focus in the care of SV patients, with the goal of 

improving long-term neurodevelopmental outcomes. 
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BACKGROUND 

History: CHD and the brain 

The potential negative effects of open-heart surgery, using deep hypothermic 

circulatory arrest (DHCA) or cardiopulmonary bypass (CPB), on the brain and later 

neurodevelopmental outcomes have been known for decades (Branthwaite, 1972; 

Clarkson et al., 1980; Gilman, 1965; Malone et al., 1981; Rossi et al., 1986; Terplan, 

1973, 1976; Wells et al., 1983). Based on a survey of six pediatric centers in 1988 and 

1989, Ferry (1990) found that all centers reported incidence of neurological symptoms 

(e.g., seizures, loss of consciousness, choreoathetosis) (Ferry, 1990). McConnell et al. 

(1990) performed an MRI study of 15 patients before and after open heart surgery with 

CPB; only 2 of the patients had a normal postoperative MRI scan, compared with 10 in 

the preoperative period. Although clinicians had been aware of this association between 

heart surgery and brain injury, it had not yet been systematically studied in a prospective 

trial. 

The first randomized controlled trial investigating these outcomes in CHD 

patients was the Boston Circulatory Arrest Study (BCAS) (Newburger et al., 1993). In the 

BCAS, neonates and infants born between 1988-1992 with d-Transposition of the Great 

Arteries (d-TGA) were randomized into two groups based on surgical procedure: repair 

with a prolonged period of DHCA, or repair using predominantly continuous low-flow 

CPB. The cohort was a homogeneous group of patients who underwent the arterial 

switch operation within the first three months of life (most within the first month), and 

all surgeries occurred at Boston Children’s Hospital (BCH). This study design avoided 
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the difficulties that arise when including patients with different heart defects and 

therefore varied surgical courses. At one year of age, Psychomotor Development Index 

(a measure of gross and fine motor function in infants) was lower in the DHCA group; 

lower scores and neurologic abnormalities were associated with increasing duration of 

DHCA and with electroencephalographic (EEG) seizure activity (Bellinger et al., 1995). 

At four years of age, the full d-TGA cohort scored significantly lower than population 

norms in multiple neuropsychological domains, but differences between treatment 

groups were limited to worse performance in motor and speech function in the DHCA 

group (Bellinger et al., 1999). In the next study phase, at eight years, results were similar 

to those of the four-year assessment (Bellinger et al., 2003). Furthermore, the BCAS 

investigators showed that the adverse effects of DHCA on neurodevelopment did not 

appear until DHCA duration exceeded 41 minutes (Wypij et al., 2003). 

The latest analysis of neurodevelopmental outcomes in the BCAS cohort at 

sixteen years of age showed that, while treatment group differences continued to be small, 

the d-TGA group as a whole had significantly impaired cognitive and behavioral 

function across multiple domains (Bellinger et al., 2011). In addition, nearly two-thirds 

of patients received special educational services, the use of psychiatric medications was 

four times more frequent compared to the referent group, and ADHD diagnosis was 

significantly higher in the d-TGA group (DeMaso et al., 2014). We also acquired 

magnetic resonance imaging (MRI) data in the sixteen year-olds, and found differences 

in white matter microstructure, cortical and subcortical volume, and cortical thickness 

throughout the brain compared to the control group (Rivkin et al., 2013; Rollins et al., 
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2014; Watson et al., 2016). Importantly, several MRI measures were associated with 

medical variables, such as age at surgery, cooling duration, and length of postsurgical 

hospital stay, and cognitive outcome scores, including mathematics achievement, 

inattention/hyperactivity, executive function, and visuospatial skills. 

More recent studies have confirmed, in d-TGA and other CHD groups, that such 

neurodevelopmental deficits persist many years after the initial cardiac surgery (to be 

discussed in more detail in Neurodevelopmental outcomes). Patients with the most 

severe forms of CHD require surgical intervention in the neonatal period and 

infancy/early childhood, with single ventricle (SV) patients requiring multiple 

procedures. With improvements in surgical procedures and postoperative care, the 

characterization of long-term outcomes in this population has taken focus. 

Single ventricle 

In the normal heart, the systemic and pulmonary circulations are in series, with 

each being supported by its own ventricle. In patients with functional SV, the 

circulations are in parallel, resulting in the mixing of systemic and pulmonary venous 

blood. This mixing of oxygen-rich and oxygen-poor blood can lead to lower cerebral 

oxygen saturation (Hoffman et al., 2013; Kurth et al., 2001). The most critically ill 

patients suffer from a lack of oxygenated blood reaching the body and brain, and will die 

without surgical intervention. Thus, patients with SV typically undergo a staged 

palliation which consists of one or more (typically a minimum of two) surgeries and 

culminates in the Fontan procedure. In this section, I first describe the epidemiology of 
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SV defects; I then provide a brief description of the different types of anatomical defects 

present in our cohort. 

Epidemiology 

CHD (of any severity) is the most common congenital anomaly, accounting for 

one-third of all anomalies (Tennant et al., 2010; van der Bom et al., 2011). The birth 

prevalence of CHD is increasing over time, likely due to reduced mortality and/or 

improved detection of more minor types. Current estimates show that, since 1995, CHD 

occurs in approximately 9 per 1,000 live births per year, an increase from less than 1 per 

1,000 in the 1930’s (van der Linde et al., 2011). SV defects are among the most complex 

types of CHD and make up nearly 10% of all CHD, in an estimated 4-8 per 10,000 live 

births (O’Leary, 2002). Among SV defects, hypoplastic left heart syndrome (HLHS) 

occurs in approximately 41%, tricuspid atresia in approximately 17%, and the remaining 

42% are all other types of SV. 

Etiology 

The causes of CHD in many cases remain unknown, but known associated risk 

factors include maternal obesity (Madsen et al., 2013), maternal diabetes (Wren et al., 

2003), and genetic mutations (Fahed et al., 2013). Genetic causes have been the most 

extensively studied. In an analysis of 538 CHD trios (the patient and both parents), under 

10% were shown to have de novo copy number variants (Glessner et al., 2014). In an 

exome analysis of 1,213 parent-offspring trios (any CHD), 21% had damaging de novo 

mutations, and the investigators identified 21 genes with multiple mutations, including 7 

previously implicated in CHD (Homsy et al., 2015). In SV patients only, 13.9% had 
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pathogenic copy number variants (Carey et al., 2013). In our sample of post-Fontan 

children and adolescents, 10% had a definite genetic abnormality, and 7.5% had a 

pathogenic copy number variant (Bellinger et al., 2015). Therefore, genetic testing will 

not detect CHD in the majority of cases. 

Diagnosis and presentation 

Diagnosis of SV defects are often made by fetal echocardiography, if indicated 

clinically by an abnormality on standard ultrasound or in the presence of known CHD 

risk factors. If the defect goes undetected, then diagnosis is made soon after birth. 

Prenatal diagnosis is thought to be particularly beneficial in patients with SV, as clinical 

management can be initiated sooner, and the mother can plan her delivery to take place at 

an advanced tertiary center. However, outcomes appear to be mixed, with some studies 

reporting no significant improvement with prenatal diagnosis (in HLHS, tricuspid atresia, 

and heterotaxy; see Atz et al. (2010); Cohen et al. (2006); Kumar et al. (1999); Wald et al. 

(2007)) and others reporting lower incidence of brain injury and more favorable pre-

surgical status (but with no difference in mortality) (Mahle et al., 2001; Peyvandi et al., 

2016; Sivarajan et al., 2009). Presentation varies with the underlying defect, but is nearly 

always in the neonatal period; symptoms include cyanosis, heart murmur, congestive 

heart failure, and neonatal shock (O’Leary, 2002). 

Survival 

Survival (early, interstage, and late) has been improving over time. For patients 

undergoing the Fontan in the late 1970’s to the 1980’s (all SV types), early (1-month) 

survival was between 79% and 84%, and 10-year survival was between 58.1% and 63% 
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(Driscoll et al., 1992; Fontan et al., 1990). In the large Pediatric Heart Network (PHN) 

Fontan cohort (n=427), who had their procedure in the late 1990’s to early 2000’s, 

survival was 95% at an average of 15 years post-Fontan (Atz et al., 2015). This 

represents the current best estimate for 10-year survival and longer, which has been 

shown to be above 90% in other reports as well (Dabal et al., 2014; d’Udekem et al., 

2014; Pundi et al., 2015). Survival rates are not equal across the different types of SV; 

however, the trend of increased survival with time is preserved. In patients with tricuspid 

atresia diagnosed from 1941-1973, survival to 15 years (without the Fontan procedure) 

was only 50% (Dick et al., 1975). Survival in this sub-group has similarly increased over 

time, to approximately 80% at a follow-up of 13-14 years (Mair et al., 2001; Wald et al., 

2007). In patients with HLHS, survival beyond infancy was 0% before the introduction 

of the Norwood procedure (Norwood et al., 1980; Wren and O’Sullivan, 2001). The best 

current estimates come from the Single Ventricle Reconstruction Trial (SVRT), with 3-

year survival at 64% (at the time of this report, only 58% of study subjects had 

undergone the Fontan) (Newburger et al., 2014). Due to these decreases in perioperative 

and early postoperative mortality, the prevalence (both of CHD in general and of SV) in 

adults has been increasing (Marelli et al., 2007). 

Co-morbidities and complications 

SV patients are in a relatively good state of health several years after the Fontan 

procedure, but morbidity is not rare and worsens with time. Fontan and colleagues (1990) 

reported, in 334 patients who underwent the procedure from 1968-1988, an increasing 
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percentage of patients in New York Heart Association (NYHA) Class III (“poor”) with 

time after the Fontan; however, even after more than 10 years, this was still less than 10% 

(Fontan et al., 1990). In a longitudinal study of 363 patients who underwent the Fontan at 

Boston Children’s Hospital (BCH) from 1973-1991, more than 90% were in “excellent 

or good” health, and more than 90% were in NYHA Class I or II (“good”), at a median 

follow-up of 5.4 years (Gentles et al., 1997). In the PHN Fontan cohort, functional health 

status was lower than controls and United States population norms, but more than 80% 

were within normal range; similar results were achieved at the 15-year follow-up study 

(Anderson et al., 2008; Atz et al., 2015; McCrindle et al., 2006). 

Although functional health status is good, re-interventions and re-hospitalizations 

are not rare. Gentles et al. (1997) report that 75 (20.1%) patients underwent a total of 113 

late re-operations, and 88 (24.2%) underwent a total of 128 transcatheter procedures. In 

the PHN cohort, 119 subjects (28%) required additional cardiac surgery, and 242 (57%) 

had at least one catheter intervention (Atz et al., 2015). At 10 and 15 years post-Fontan, a 

large series of 406 patients found that a similar rate, one in four, required re-intervention 

(Hosein et al., 2007). At longer follow-up times (20 years post-Fontan), the majority of 

patients (66%) will have had an intervention (Ono et al., 2006). 

Somatic growth differs between SV patients and healthy children. Patient weight 

is significantly lower than population norms before Stage II reconstruction and in the 

early postoperative period and may normalize, whereas height remains low at 15 years of 

follow-up (Anderson et al., 2008; Atz et al., 2015; Ono et al., 2006; Vogt et al., 2007). 

Furthermore, shorter stature in the PHN cohort was associated with poorer functional 
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health status (Cohen et al., 2010). As Vogt et al. (2007) found that patients who had the 

Fontan at a later age had more impaired growth, it may be desirable to perform the 

surgery earlier in life so that “catch-up” growth can occur. 

Thromboembolic events are a major source of morbidity and mortality, ranging 

from 3-20%, and can occur at almost any time after the procedure, beginning in the 

immediate postoperative period (Anderson et al., 2008; Atz et al., 2015; Khairy et al., 

2008; Monagle and Karl, 2002; Rosenthal et al., 1995). At longer follow-up, arrhythmias 

are common, increase in frequency with age, and are thought to be the cause of most 

cases of sudden death in the post-Fontan SV patient (Khairy et al., 2008; Pundi et al., 

2015; Stephenson et al., 2010). Atrial arrhythmias, along with heart failure, represent 

significant causes of re-hospitalization and increased costs of medical care (Tabtabai et 

al., 2015). 

The liver is particularly affected in Fontan patients (for review, see Rychik et al. 

(2012)). Liver dysfunction is common and associated with lower cardiac function 

(Camposilvan et al., 2008). More importantly, hepatic cirrhosis and hepatocellular 

carcinoma have been reported (Ghaferi and Hutchins, 2005; Kiesewetter et al., 2007). 

The frequency increases after approximately 20 years follow-up: a retrospective study of 

all patients who underwent the Fontan at the Mayo Clinic found that freedom from 

cirrhosis was only 57% at longer follow-up, and the earliest diagnosis of hepatocellular 

carcinoma was 17 years post-Fontan (Pundi et al., 2016). Protein-losing enteropathy is 

another common, non-cardiac morbidity in SV patients. Its prevalence is reported to be 

between 5% and 15% in various cohorts, ranging from 5 to 10 years post-Fontan (Atz et 
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al., 2015; Feldt et al., 1996; Hirsch et al., 2008; Pundi et al., 2015). This is a major 

concern, as mortality greatly increases in patients with these complications (Mertens et 

al., 1998; Pundi et al., 2015). The presence of such serious extracardiac medical 

conditions underscores the need for long-term, careful follow-up involving a 

multidisciplinary team in the child with SV. 

Types of SV 

There are essentially three types of SV physiology: 1) obstruction of flow from 

the ventricle to the aorta; 2) obstruction of flow from the ventricle to the pulmonary 

artery; and 3) no obstruction of outflow to the body or the lungs. The SV type determines 

the patient’s surgical course (which is discussed in more detail in Staged palliation). 

Patients may be further categorized based on anatomy: 

Hypoplastic left heart syndrome (HLHS) defined by Tchervenkov et al. (2006) as “a 

spectrum of cardiac malformations with normally aligned great arteries without a 

common atrioventricular junction, characterized by underdevelopment of the left 

heart with significant hypoplasia of the left ventricle including atresia, stenosis, or 

hypoplasia of the aortic or mitral valve, or both valves, and hypoplasia of the 

ascending aorta and aortic arch” (Tchervenkov et al., 2006, p. 344). 

Tricuspid atresia underdevelopment of the tricuspid valve 

Double outlet right ventricle (DORV) both the pulmonary artery and aorta arise from 

the right ventricle 
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Double inlet left ventricle (DILV) underdeveloped right ventricle along with a 

transposed pulmonary artery and aorta 

Heterotaxy syndrome a non-CHD syndrome in which the heart and visceral organs are 

arranged abnormally across the body’s left-right axis; heart malformations are 

highly variable in this subgroup 

Complex transposition of the great arteries (TGA) the co-occurrence of d-TGA and 

other heart malformations 

Pulmonary atresia with intact ventricular septum (PA/IVS) consists of 

underdevelopment of the pulmonary valve, along with a lack of ventricular septal 

defect (VSD) Unbalanced atrioventricular canal the presence of an atrial septal 

defect, VSD, and malformation of the mitral and tricuspid valves 

Mitral atresia underdevelopment of the mitral valve 

Fontan surgical course and outcomes 

The Fontan procedure is the common final operation for all forms of SV. The 

goal is to separate the systemic and pulmonary circulations. It was first performed in 

1968 in a 12 year old patient with tricuspid atresia; the patient had a good prognosis at 30 

months follow-up (Fontan and Baudet, 1971). Of the other two patients in the initial 

report, the second patient had a good prognosis at 10 months post-Fontan, and the third 

patient died 6 hours after surgery. This procedure is palliative, not curative, and patients 

with a Fontan circulation are at risk for multiple long-term medical problems. First, I 

describe the common three-stage palliation, followed by a review of the 

neurodevelopmental outcomes in SV patients post-Fontan. 
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Staged palliation 

As mentioned in Types of SV, there are three types of SV physiology. The initial 

operation (Stage I) usually differs between these subgroups, whereas Stage II procedures 

are similar for all SV patients (Friesen and Forbess, 2002). The goal of the staged 

palliation is to prepare the patient for having a successful Fontan. 

Stage I 

The ultimate goal of the Stage I operation is to balance the pulmonary and 

systemic blood flows, by removing any systemic outflow obstructions and providing a 

stable source of pulmonary flow. For SV defects of the first type (i.e., obstruction of flow 

from the ventricle to the aorta), the Stage I operation is typically the Norwood 

(particularly for hypoplastic left heart syndrome [HLHS]) (Norwood et al., 1980). There 

are a few different variants of the Norwood. In the “classic” Norwood, a Blalock-Taussig 

(BT) shunt connects the innominate artery to the pulmonary artery (PA) (Blalock and 

Taussig, 1945). Alternatively, a shunt is placed connecting the right ventricle to the 

pulmonary artery (RVPA shunt). Both of these shunts provide forward flow into the PA. 

Reconstruction of the aortic arch is often performed, as well as ligation of the patent 

ductus arteriosus (which typically is kept open prior to surgery using prostaglandin E1) 

(Freed et al., 1981). The Norwood is often performed within the first week of life (Dent 

et al., 2006; Hehir et al., 2008; Ohye et al., 2010). 

Patients with the second (i.e., flow obstruction from the ventricle to PA) or third 

(i.e., no obstruction of outflow to the body or lungs) type may not need to undergo the 

Norwood as an initial operation, and their first procedure would be the Glenn (see Stage 
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II) or even the Fontan (see Stage III) (Fontan and Baudet, 1971; Glenn, 1958). In patients 

of the third type that do require an initial surgery, it is typically the placement of a PA 

band, which can be performed as early as the neonatal period (Ramakrishnan et al., 

2016). 

Stage II 

The Stage II procedure is either the bidirectional Glenn or the hemi-Fontan. The 

bidirectional Glenn involves a cavopulmonary shunt directing systemic venous flow 

from the superior vena cava (SVC) to the PA (Hopkins et al., 1985). The hemi-Fontan 

was introduced to separate the Fontan into a two-stage process to reduce the work 

performed by the single ventricle (Jacobs et al., 1996). A connection is placed between 

the right atrial-SVC junction and the PA, and a patch placed in the central portion of the 

PA. Stage II is typically performed at approximately 6 months of age (Friesen and 

Forbess, 2002; Jacobs et al., 1996). 

Stage III 

In all SV patients, Stage III is the Fontan procedure. Its goal is to establish the 

Fontan circulation, consisting of a single ventricle producing all cardiac output, with the 

systemic and pulmonary circulations in series rather than in parallel. The “classic” 

Fontan involved a few steps: connection of the SVC to the right PA, an atriopulmonary 

connection (right atrium to left PA), and closure of the atrial septal defect (if present) 

(Fontan and Baudet, 1971). De Leval and colleagues (1988) introduced a modification to 

the Fontan, the total cavopulmonary connection (TCPC), in which both the SVC and 

inferior vena cava (IVC) are connected to the PA (de Leval et al., 1988) There are two 
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types of TCPC. For the intracardiac, or lateral tunnel, TCPC, a baffle is placed in the 

right atrium. Alternatively, an extracardiac TCPC can be performed, in which a conduit 

connects the IVC to the PA, bypassing the right atrium altogether (Marcelletti et al., 

1990). Mortality and medical outcomes are similar for both techniques, although the 

extracardiac TCPC may reduce postoperative arrhythmias (Azakie et al., 2001; Fiore et 

al., 2007; Kumar et al., 2003). Another option for the Fontan is fenestration of the atrial 

baffle, which was introduced with the goal of reducing morbidity in patients with 

ventricular dysfunction or PA stenosis (Bridges et al., 1990). Inclusion of a fenestration 

has been associated with lower mortality and morbidity (Bridges et al., 1992; Goff et al., 

2000; Lemler et al., 2002). The choice for the specific technique used at this stage may 

depend on the specific SV anatomy and/or the Stage II operation. The Fontan procedure 

is typically performed between 1.5 and 4 years old. 

Neurodevelopmental outcomes 

Early postoperative 

Assessment of neurodevelopment in the early postoperative period is limited 

predominantly to motor function and simple mental abilities. A meta-analysis of HLHS 

patients after the Norwood reported that mean IQ and Bayley-Scales of Infant 

Development (BSID) scores, while significantly lower than population norms, increased 

from 1989 to 1999 (Sistino and Bonilha, 2012). At 1 year of age, SV patients 

consistently show lower BSID scores, with greater impairment in motor function than 

mental development (Gaynor et al., 2006; Goldberg et al., 2007; Sarajuuri et al., 2009; 

Tabbutt et al., 2008; Visconti, 2006). This pattern is also present in larger series of 



14 

 

patients at 14 months of age (Gaynor et al., 2015; Newburger et al., 2012; Williams et al., 

2013). Additionally, motor development in HLHS infants was significantly worse than 

other CHD infants. At 2-3 years of age, neurodevelopmental scores remain lower than 

population norms, particularly in the motor domain (Mussatto et al., 2014; Rogers et al., 

1995; Sananes et al., 2012; Sarajuuri et al., 2010). Furthermore, SVRT participants at age 

3 years were impaired in terms of behavior, quality of life, and functional health status 

(Goldberg et al., 2014). In summary, developmental deficits are already evident in many 

SV patients in the early postoperative period, with motor function showing particularly 

high degree of impairment. 

Pre- and early-school age 

Assessment of 4-5 year-old patients who had already undergone the Fontan show 

deficits in processing speed, visuomotor integration, attention, and impulsivity compared 

to other CHD patients (i.e., CHD patients with two ventricles who underwent 

biventricular repair) (Gaynor et al., 2014), although smaller series report low-normal IQ 

in HLHS and other SV patients (Hoffman et al., 2005; Kern et al., 1998; Sarajuuri et al., 

2012; Uzark et al., 1998). Other studies similarly show IQ within the low-normal range 

for SV patients, in addition to poorer outcomes when compared to other CHD (Forbess et 

al., 2001, 2002; Goldberg et al., 2000). At nearly 8 years post-Fontan (ages 5-14 years), 

one in five patients were at least 2 standard deviations below the population mean 

(expected: 2%); in those with the poorest scores, perceptual reasoning and working 

memory were more impaired than verbal comprehension and processing speed 

(Sugimoto et al., 2013). Another group demonstrated significant delays in motor 



15 

 

development in patients 5 years after the Fontan (ages 6-10 years) (Longmuir et al., 

2012). In a similarly-aged cohort of SV and other CHD patients, nearly one in three had 

inattentiveness and hyperactivity scores in the “high-risk” range, and 15% had already 

been placed in full-time special education classrooms (Shillingford et al., 2008). Similar 

results were found in a slightly older cohort of HLHS patients (Mahle et al., 2000). 

Overall, school-age children who have undergone the Fontan continue to perform worse 

than healthy and non-SV CHD children, and begin to require additional special 

educational services. 

Late childhood and adolescence 

Only a handful of studies have followed post-Fontan patients into late childhood 

and adolescence. Wernovsky et al. (2000) administered standardized testing to children 

at an average age of 14 years. In more than 100 SV patients who underwent the Fontan in 

the 1970’s and 1980’s, IQ and academic achievement were significantly lower than 

population norms; furthermore, a diagnosis of HLHS was a predictor of lower IQ. 

Similarly, in a cohort of HLHS children aged 8 to 17 years, operated on in the 1990’s, 

scores on tests of cognition, academic achievement, language function, and executive 

function all were significantly lower than population norms (Mahle et al., 2006). In the 

PHN cohort (N = 537), assessment at an average age of 12 years revealed attention 

problems in nearly one-half, vision problems in one-third, and speech problems in one-

fourth (McCrindle 2006). Behavioral problems, anxiety, and depression were also 

present in 23%, 17%, and 8% of the cohort, respectively. Detailed results of the present 

cohort (average age: 14 years) is in Neuropsychological outcomes. To summarize, SV 
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patients continue to have significant problems in cognitive and behavioral function as 

they near young adulthood. Interventions targeted at strengthening these areas in SV 

patients should begin even before the child reaches school-age. 

Brain and neurologic outcomes 

The heart and brain follow a very similar developmental timeline in utero 

(McQuillen and Miller, 2010). In the fetus with congenital heart disease (CHD), 

abnormal heart development can affect brain development, as the developing brain 

requires significant metabolic resources, delivered via the cerebrovascular system. I first 

review the literature on prenatal imaging studies of the fetal brain in the context of CHD, 

and continue chronologically to the preoperative period, early postoperative period, and 

finally childhood and adolescence. 

Prenatal brain characteristics 

Investigation into brain development of the CHD fetus has been performed with 

MRI and ultrasound (Doppler imaging) as early as 11 weeks gestation. Several studies 

have focused on body/head measurements. Recently, head volume was assessed in CHD 

fetuses from 11-14 weeks gestation (Abu-Rustum et al., 2016). Although the sample size 

was small, head volume was statistically significantly lower in the CHD fetuses, 

especially those with HLHS. Rosenthal (1996), utilizing only anthropometric 

measurements at birth, found that HLHS neonates were smaller than controls in all 

measures (birth weight and length, head circumference and volume), but did not detect 

differences compared to other CHD types. A nationwide study of CHD patients found 

significantly smaller head circumference and birth weight in HLHS and other SV defects 
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(Matthiesen et al., 2016). Similarly, HLHS fetuses were shown to have smaller head 

sizes, in addition to narrowing of the ascending aorta; interestingly, microcephaly was 

associated with a more narrow aorta (Shillingford et al., 2007). The finding of a 

reduction in head size has been replicated by other groups; additionally, there is a 

significant decrease in both head growth and body weight from the fetal period to birth in 

HLHS (Berg et al., 2009; Cnota et al., 2013; Donofrio et al., 2003; Hahn et al., 2015; 

Hinton et al., 2008; Kaltman et al., 2005; Williams et al., 2015). 

Doppler imaging in CHD fetuses has been used primarily to measure blood flow 

patterns. Donofrio et al. (2003) demonstrated that the brain sparing effect, a phenomenon 

in which cerebrovascular resistance is decreased in response to reduction of placental 

blood flow, does not occur to a high enough degree in HLHS fetuses to restore brain 

growth to normal levels. Other groups have confirmed this finding of lower resistance in 

middle cerebral artery (MCA) blood flow, both compared to other CHD types and to 

controls (Berg et al., 2009; Kaltman et al., 2005). Interestingly, using data from the 

SVRT and Infant Single Ventricle Trial (ISVT), Hahn et al. (2015) report not only lower 

MCA resistance throughout gestation (separated into four time periods), but also a 

greater-than-expected decrease later in gestation (from 30-33 weeks to more than 34 

weeks) (Hahn et al., 2015; Szwast 2012). Notably, lower MCA resistance was associated 

with higher psychomotor development scores at 14 months of age (Hahn et al., 2015; 

Williams et al., 2013). 

Neuropathological analysis of electively aborted HLHS fetuses (19-22 weeks 

gestation) revealed widespread white matter (WM) and gray matter (GM) injury in all 11 
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brains (Hinton et al., 2008). On MRI, gross brain abnormalities are common in CHD: 

one-fourth of all CHD and one-fifth of HLHS fetuses had an abnormal MRI finding 

when imaged between 18 and 39 weeks gestation, with a higher frequency of abnormal 

findings in the third trimester (Brossard-Racine et al., 2014). Fetal brain MRI and 

ultrasound studies in CHD have consistently shown reduced volumes (total brain, 

intracranial, cortical and subcortical GM, and total WM) (Andescavage et al., 2015; 

Clouchoux et al., 2013; Limperopoulos et al., 2010; Sun et al., 2015; Zeng et al., 2015a). 

Similar to head circumference measurements, brain volumes show a decrease in growth 

over the third trimester (Clouchoux et al., 2013; Limperopoulos et al., 2010; Zeng et al., 

2015a). In addition to volume, Clouchoux et al. (2013) report reductions in cortical 

gyrification and surface area in HLHS fetuses, and delayed development of primary sulci 

and cortical depth compared to control fetuses (Clouchoux et al., 2013; Masoller et al., 

2016). Furthermore, lower cerebroplacental ratios (the ratio of MCA to umbilical artery 

flow) were associated with lower GM and WM volumes along with cortical surface area. 

Brain metabolism is also different in CHD fetuses: lower N-acetyl-aspartate (NAA) to 

choline ratios, a potential biomarker of brain injury, were seen to progress in later 

gestation (Limperopoulos et al., 2010; Masoller et al., 2016). Finally, a recent study 

established the relationship between blood flow and brain growth in CHD fetuses: while 

the estimated cerebral blood flow was not different from controls, both cerebral oxygen 

consumption and aortic oxygen saturation were positively correlated with fetal brain 

weight (Sun et al., 2015). This result suggests that addressing chronic fetal hypoxia may 

positively affect brain development in the CHD fetus. In support of this, the same group 
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recently showed that fetal oxygen delivery is increased in response to maternal 

hyperoxygenation, although they did not investigate potential effects on brain growth 

(Porayette et al., 2016). 

In summary, abnormalities in head and brain size and growth, regional brain 

macrostructure, metabolism, and vascular resistance are common in CHD fetuses, 

particularly in those with HLHS. The differences between CHD and control fetuses are 

detectable even as early as the late first trimester, then diverge and become significantly 

more frequent in the third trimester. This coincides with the continued growth of 

thalamocortical axons, and subsequently the first stages of synaptogenesis, in the cortical 

plate (Huttenlocher, 1990; Huttenlocher and Dabholkar, 1997; Kostovic and Jovanov-

Milosevic, 2006). These processes require high levels of oxygen and glucose; thus, 

perfusion impairments in CHD fetuses may alter brain development beginning in mid-

gestation, with a compounding effect over time. 

 

Preoperative brain MRI and pathology studies 

In an autopsy study of HLHS infants, nearly one-third had a major or minor 

central nervous system anomaly, 41% had dysmorphic features (craniofacial, body, or 

major organ system differences), and one-third had non-neurologic abnormalities 

(Glauser et al., 1990). In accord with prenatal studies (see previous section), 

microcephaly and micrencephaly (significantly lower brain weight) were common. 

Abnormalities on MRI in a cohort of 103 CHD neonates, who also underwent fetal MRI, 

were higher in frequency on neonatal MRI (one-third compared to one-sixth on fetal 
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MRI); furthermore, nearly three-quarter of the patients with injury on neonatal MRI did 

not show signs of injury on fetal MRI (BrossardRacine et al., 2016). This suggests that 

either fetal MRI does not have the resolution to detect some lesions, and/or the brain 

injury occurred after the initial scan. 

Neonatal MRI studies in CHD have utilized the Total Maturation Score (TMS), a 

quantitative measurement assessing four aspects of early brain development: myelination, 

cortical folding, glial cell migration, and germinal matrix distribution (Childs et al., 

2001). CHD neonates were found to have delayed brain development: development was 

estimated to be 1 month behind those of healthy neonates of an equivalent gestational 

age (Licht et al., 2009). Low TMS has been shown to be associated with a SV defect 

(especially HLHS) and a higher incidence of preoperative WM injury and periventricular 

leukomalacia (PVL) (Andropoulos et al., 2010; Goff et al., 2014; Lim et al., 2016). Both 

globally and regionally, SV neonates have smaller gray matter volumes (frontal and 

parietal lobes along with cerebellum and brainstem), delayed gyrification, and reduced 

cortical surface area (Ortinau et al., 2013, 2012). More than two-thirds of CHD neonates 

have neurobehavioral abnormalities, which are associated with lower subcortical GM 

and greater cerebrospinal fluid volumes (Owen et al., 2014). 

Evidence of brain injury on preoperative MRI is common: WM injury, infarction, 

or hemorrhage is present in nearly one-half of SV neonates (Andropoulos et al., 2010; 

Goff et al., 2014; Mahle et al., 2002; Nagaraj et al., 2015; Owen et al., 2014; Sethi et al., 

2013). Having a higher brain injury score was associated with lower WM fractional 

anisotropy (FA) and lower NAA/choline ratios; both hypotension and lower preoperative 
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oxygen saturation also were associated with more severe brain injury (Dimitropoulos et 

al., 2013; Mulkey et al., 2014, 2013; Sethi et al., 2013). In a heterogeneous SV cohort, 

increased ascending aorta diameter was associated with higher FA, providing a potential 

link between cerebral blood flow and brain development (Sethi et al., 2013). Imaging 

studies measuring cerebral blood flow (CBF) (using arterial spin labeling, cine phase 

contrast MRI, and near infrared spectroscopy (NIRS)) have reported lower CBF both 

globally and in the basal ganglia, and that cerebral oxygen delivery is significantly lower 

in CHD neonates (Dehaes et al., 2015; Lim et al., 2016; Nagaraj et al., 2015). 

In summary, study of CHD neonates in the preoperative period continues to show 

delays in brain development and high incidence of brain injury. This pattern of brain 

immaturity and injury has drawn comparison to that seen in preterm neonates, and was 

called “the encephalopathy of congenital heart disease” by Volpe (2014). Brain injury in 

CHD appears to be due, in part, to the heightened vulnerability of the immature brain to 

chronic hypoxia-ischemia. As such, interventions targeting the restoration of normal 

brain development should be initiated as early after birth as possible. As I discuss in the 

following section, brain injury is often exacerbated after the initial surgery, so 

postoperative intervention may be too late to be fully effective. 

Early postoperative outcomes 

The majority of studies in the early postoperative period report an increase in 

frequency and/or severity of brain injury, compared to the preoperative period. A 

neuropathologic study of infants who died after surgery discovered that WM injury (PVL 

or gliosis) was present to some degree in all patients (Kinney et al., 2005). Gray matter 
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was also affected in two-thirds, especially in the cerebral cortex, thalamus, hippocampus, 

and brain stem. Large infarcts were found in 18%, and smaller infarcts were in the 

cerebellar cortex of 30% and thalamus of 28%. The authors concluded that the lesions 

were primarily hypoxic-ischemic in origin. 

Mahle et al. (2002) scanned CHD patients at three timepoints: preoperatively, in 

the early postoperative period (approximately seven days after surgery), and the late 

postoperative period (3-6 months after surgery). More than half (7/12) had new or 

worsened lesions after the Norwood procedure, including frontal and parietal lobe PVL 

and focal infarct. Interestingly, although one subject had a new infarct and two had 

cerebral atrophy, all cases with PVL on the early scan showed resolution of PVL on the 

late scan. This finding was partially replicated by Andropoulos et al. (2010), as only 

approximately half had (complete or partial) resolution of abnormal MRI findings and 

one-third had a new finding. Other groups have similarly found PVL in roughly half of 

SV neonates approximately one week after surgery, although reports of the rates of 

worsened lesions are conflicting (Andropoulos et al., 2010; Beca et al., 2013; Block et al., 

2010; Dent et al., 2006; Dimitropoulos et al., 2013; Galli et al., 2004; Mulkey et al., 

2013). In a group of HLHS neonates, postoperative WM injury was associated with a 

longer time from birth to first surgery, suggesting that allowing the brain to mature more 

before Stage I may be neuroprotective (Lynch et al., 2014). Finally, Beca et al. (2013) 

demonstrated resolution of WM injury from one week to 3 months post-surgery; 

although evidence of brain injury resolved, lower brain maturity at 3 months was 

associated with lower neurodevelopmental scores at 2 years of age. 
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At longer follow-up, some of the patients will have undergone Stages I and II 

procedures. In one study (age at MRI: 16 months), global GM volume was significantly 

lower than controls, with greater reductions in frontal and temporal lobes (Watanabe et 

al., 2009). Lower frontal GM volume was also associated with HLHS diagnosis and with 

preoperative hypoxia. In the same cohort at 3 years of age, global and frontal GM 

volumes were still significantly lower in the SV infants; in addition, Bayley-Scales of 

Infant Development (BSID) scores were significantly lower than controls, and associated 

with smaller brain volumes (Ibuki et al., 2012). Notably, both brain volumes and 

neurodevelopmental scores normalized in the d-Transposition of the Great Arteries (d-

TGA) patient group. 

In summary, new and more severe brain injury is frequent after neonatal cardiac 

surgery, although its appearance on MRI seems to resolve several months later. There are 

some associations between a more immature brain and smaller regional brain volumes 

with poorer neurodevelopmental outcomes in the early pre-school age patient. Long-term 

studies are required to fully understand the effects of SV and neonatal heart surgery on 

cognitive and behavioral function later in life. 

Surgical support and brain injury 

There are several potential sources for the increase in brain injury severity that 

occurs during/after neonatal open-heart surgery. Exposure to anesthesia in CHD has been 

associated with both new postoperative brain injury and worse cognitive scores at 12 

months and 4-5 years of age (but only a minor effect in the latter) (Andropoulos et al., 
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2014; Diaz et al., 2016). Although anesthesia/sedation is a reasonable hypothesized 

source of surgery-related neurologic dysfunction, most research has focused on support 

strategies: cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest 

(DHCA). 

The use of CPB inherently provokes an inflammatory response in the patient, 

partly due to the contact of blood with the foreign materials of the extracorporeal circuit 

(Allan et al., 2010; Stocker et al., 2004; Warren et al., 2009; Westaby, 1987). Studies 

have found increases in postoperative cytokine levels to be associated with a longer 

hospital length of stay, indicative of a more complicated recovery (Allan et al., 2010; 

Mahle et al., 2014). Additional complications related to CPB are emboli and ischemic 

and reperfusion injury. For many years, CPB was avoided in neonates due to safety 

concerns, leading to the introduction of DHCA. DHCA minimizes the time required for 

the patient to be on bypass, thereby avoiding the negative effects of prolonged CPB 

exposure; it has the additional benefit of reducing the number of cannulas, improving the 

surgeon’s visibility (for historical review, see Jonas (2002)). While use of DHCA has 

been shown to result in lower levels of inflammation and postoperative edema, WM 

injury is still a concern (Algra et al., 2014; Tassani et al., 2002). 

Ishibashi, Jonas, and colleagues have performed several experiments in animal 

models to better understand the relationship between CPB, circulatory arrest, and brain 

injury. In a pig model, regional variability in neuronal damage was dependent on support 

strategies, mainly due to regional differences in vasculature and metabolism (Ishibashi et 

al., 2010). Neuronal damage was especially pronounced in subcortical GM and the 
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cerebellum, and was associated with poorer neurologic recovery. In WM, the same group 

showed an inverse relationship between maturation and injury, such that pre-

oligodendrocytes (cells in an earlier developmental stage) are more vulnerable to CPB-

related injury (Ishibashi et al., 2012). Furthermore, inflammation, as measured by 

microglia numbers, remains high after CPB in the WM (Korotcova et al., 2015). In the 

mouse, preoperative hypoxia was shown to increase the vulnerability of both 

oligodendrocyte progenitor cells and more mature oligodendrocytes; hypoxia also altered 

the response of astrocytes (Agematsu et al., 2016, 2014). Together, these results suggest 

that addressing the level of in utero and preoperative cerebral blood flow may have the 

potential to improve surgical outcomes in neonates with CHD. 

Late childhood and adolescence 

Few studies have used brain imaging in SV patients several years after the Fontan 

procedure. Sarajuuri and colleagues acquired MRI data in SV patients at 5-7 years of age 

(approximately 2-4 years after the Fontan) (Sarajuuri et al., 2012, 2007). In their first 

report, 7 of 20 patients had an MRI abnormality; there was a higher percentage of 

patients who had previously undergone the Norwood procedure with an abnormality. In 

their second report, they found a higher percentage (73%) of patients with MRI 

abnormalities; furthermore, patients with more severe lesions had poorer 

neurodevelopmental outcomes (full-scale IQ, motor function, and adaptive behavior). 

Other studies of brain MRI in SV patients after the Fontan, carried out in the present 

cohort, are described in detail in Preliminary studies. 
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In non-SV CHD, differences in brain structure are still present beyond childhood. 

Schaer and colleagues report, in a cohort with 22q11.2 deletion syndrome and CHD (age 

ranging from 6 to 33 years), reduced cortical gyrification and volumes, mainly in medial 

cortex and temporal and parietal lobes, and reduced hippocampal volumes bilaterally 

(Fountain et al., 2014; Schaer et al., 2009, 2010). In CHD patients aged 11 to 16 years, 

there are global and regional reductions in WM and GM volumes, cortical surface area, 

and subcortical and cerebellar GM volumes (von Rhein et al., 2014). We similarly found 

volume reductions, alterations in cortical thickness, and WM FA reductions in 

adolescents with d-TGA (Rivkin et al., 2013; Rollins et al., 2014; Watson et al., 2016). 

Graph theory and MRI 

A graph is a mathematical construct used to represent a real-world network, and 

consists of a set of vertices and edges (their connections); the typical notation is G = 

(V,E). An edge connecting two vertices i and j can be denoted as {i, j}. Edges can be 

either unweighted (they either are present or not) or weighted (where the weights are 

some measure of connection strength), and undirected or directed (for MRI data, all 

graphs are undirected; i.e., there is no distinction between the edges {i, j} and {j,i}). 

There are a number of measures that can be calculated for the graph as a whole, for its 

vertices, and for its edges. A subset of these are measures of: vertex importance, related 

to the number of connections of a given vertex (e.g., degree, strength, betweenness 

centrality); segregation and integration, which are graph-level measures that quantify 

patterns of vertex connections (e.g., modularity, global and local efficiency); closeness, 

both in the topological sense and topographical (three-dimensional) sense (e.g., 
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characteristic path length); asymmetry, since the brain has separate hemispheres, each of 

which may have different connectivity patterns; and robustness, which represents the 

stability of a network in the presence of vertex removal, and can be calculated at both the 

graph- and vertex-levels. 

Interest in using graphs to represent the structural and functional connectivity of 

the brain increased after Watts’ & Strogatz’s (1998) seminal paper describing small 

world networks (Watts and Strogatz, 1998). Small world networks have high clustering 

and low characteristic path length, which presumably increases the efficiency of 

information processing. Furthermore, they showed that disparate networks (biology, 

social, and physical/structural) possess the small world property. However, it wasn’t until 

after Sporns et al. (2005) proposed the “connectome”, or the full structural connectivity 

matrix of the brain, that studies using human MRI data increased (Sporns et al., 2005). 

Early work analyzed structural covariance patterns of cortical thickness, structural 

connectivity using tractography data from diffusion tensor imaging (DTI), and intrinsic 

functional connectivity using resting-state functional MRI (Achard et al., 2006; 

Hagmann et al., 2008, 2007; He et al., 2007; Iturria-Medina et al., 2007). In this section, 

I first review graph theory analysis applied to gray matter (e.g., cortical thickness) data. 

Next, I discuss its use in studies of white matter (DTI tractography). Finally, I discuss its 

application to patient groups and the interpretations of graph theoretical measures 

associated with patient- and medical-related variables. 
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Gray matter networks 

Cortical thickness is a measure reflecting the number of neurons, glial cells, and 

neuropil in the cerebral cortex. Thickness can be measured at a fine spatial scale across 

the surface of the brain using standard anatomical MRI sequences (Dale et al., 1999; 

Fischl and Dale, 2000; Fischl et al., 1999). Analysis of cortical thickness data had 

typically taken a region of interest (ROI) approach, in which summary measures of 

thickness were compared across groups. Lerch et al. (2006) were the first to investigate 

inter-regional covariance, and showed that the covariance map using Broca’s area as a 

seed region resembled the connectivity map generated from DTI tractography. Although 

structural covariance patterns are not a direct measure of brain connectivity, stronger 

inter-regional correlations can be considered a surrogate, as these regions may share a 

similar maturational trajectory due to direct axonal connections or to some mutual 

influence (Alexander-Bloch et al., 2013a,b; Mechelli et al., 2005). In addition, there may 

be genetic influences and/or changes with learning and plasticity (for review, see Evans 

(2013)). Further support comes from a joint structural-functional MRI study 

demonstrating a high correspondence between intrinsic connectivity and structural 

covariance networks (Seeley et al., 2009). 

The earliest analyses of structural covariance patterns using graph theory focused 

on healthy control subjects (Chen et al., 2008; He et al., 2007). He et al. (2007) showed 

that the human structural covariance network possesses the small world property, which 

is considered to represent a network with an optimal balance of segregation and 

integration for information processing. Chen et al. (2008) report that the cortical 
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thickness network possesses the property of modularity, and identified six subnetworks 

that closely corresponded to groups of regions known to participate in different areas of 

cognitive functioning. Other studies have focused on network development in pediatric 

cohorts. These demonstrated that network topology changes throughout childhood and 

adolescence, ultimately reaching the pattern seen in adults (Alexander-Bloch et al., 

2013b; Khundrakpam et al., 2013; Nie et al., 2013). Structural covariance networks from 

ages 5 to 18 years also closely matched a set of intrinsic connectivity networks derived 

from adult data (Zielinski et al., 2010). Additionally, structural covariance networks had 

a similar pattern over time compared with functional connectivity and maturational 

networks in a longitudinal study (Alexander-Bloch et al., 2013b) Furthermore, hub 

regions—regions considered to be most important for the information flow in a 

network—were shown to appear in the frontal lobes in older age groups, which matches 

the known late development of the frontal lobes in humans and their importance in 

executive functions. Moreover, there is moderate agreement between positive cortical 

thickness correlations and both DTI tractography and resting-state functional MRI 

networks, although there were differences in the location of hub regions and small world 

parameters between modalities (Gong et al., 2012; Hosseini and Kesler, 2013a). 

Therefore, while structural covariance networks should not be considered a complete 

surrogate for tractography networks, they provide important complementary information 

in the form of possible functionally-related regions that are not directly connected. 
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White matter networks 

Diffusion tensor imaging (DTI) measurements are based on the signal generated 

by the movement of water molecules. This movement has been found to be anisotropic 

(i.e., dependent on direction) in brain white matter, and more isotropic (i.e., equal in all 

directions) in gray matter and cerebrospinal fluid. The reason for this is due to the 

cellular microstructure of the surrounding medium: the presence of highly-ordered WM 

fiber tracts presents an obstacle for movement perpendicular to the long axis of the tract 

(for review, see Beaulieu (2002)). Tractography utilizes this inherent directionality to 

estimate the principal diffusion direction and infer the orientation of white matter fiber 

tract bundles. This data is then used to estimate the structural connectivity between 

regions. Broadly, there are two classes of tractography algorithms: deterministic and 

probabilistic. Deterministic tractography starts from a seed voxel and follows the 

principal diffusion direction until certain termination criteria are met (e.g., when the FA 

of the current voxel is below 0.2) (Mori and van Zijl, 2002). Probabilistic tractography 

accounts for uncertainty in the measurement of local diffusion parameters and, therefore, 

local fiber orientations, as opposed to deterministic methods which give a single result 

(Behrens et al., 2003; Parker et al., 2003). Probabilistic tractography shows better 

agreement with animal tract tracing data (Knosche et al., 2015). A major limitation of 

earlier tractography algorithms was the assumption of a single fiber orientation present 

per voxel, which is only true in approximately one-third of voxels (Jeurissen et al., 2013). 

Newer algorithms model for the possibility of crossing fibers, improving tracking results 

(Behrens et al., 2007). While there are limitations to using tractography to infer anatomic 
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connections in the brain (see Jbabdi and Johansen-Berg (2011) for review), tractography 

has been shown to have high test-retest reliability (Wang et al., 2012), and can reliably 

reproduce connections from in vivo tracer injections (Azadbakht et al., 2015; Dyrby et al., 

2007; Jbabdi et al., 2013; van den Heuvel et al., 2015) and histology (Holl et al., 2011; 

Seehaus et al., 2013). Additionally, functional connectivity has been reliably predicted 

from and strongly correlated to structural connectivity (Garces et al., 2016; Greicius et al., 

2009; Honey et al., 2009; Skudlarski et al., 2008). However, caution should be exercised 

when using tractography results as a surrogate measure of anatomical connectivity as 

there is an inherent trade-off between specificity and sensitivity, with reconstruction of 

major fiber tracts having the highest reproducibility (Calabrese et al., 2015; Knosche et 

al., 2015; Thomas et al., 2014). The test-retest reliability of graph measures derived from 

DTI tractography is good to excellent for global measures and small world parameters 

(Andreotti et al., 2014; Bastiani et al., 2012; Buchanan et al., 2014; Owen et al., 2013; 

Vaessen et al., 2010), but the choice of network size (i.e., parcellation) has an effect on 

global and local measures; however, increasing the spatial resolution while preserving 

the original boundaries of the atlas shows only a minor effect (Bassett et al., 2011; 

Zalesky et al., 2010b). Certain vertex-level measures (e.g., high-degree hubs), were 

consistent across spatial scales. 

The structural network of the brain created from tractography data has also been 

shown to be a small world network, with a structural “core” of highly connected vertices 

in medial and posterior cortex, greatly overlapping the default mode network (Gong et al., 

2009; Hagmann et al., 2008, 2007; Iturria-Medina et al., 2008). The discovery of “rich-
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club” organization (i.e., a group of regions that are significantly more connected to one 

another than to the remaining regions) in the human brain was first made using 

tractography; the rich-club was in good agreement with the structural core reported in 

Hagmann et al. (2008) (van den Heuvel and Sporns, 2011). The rich-club is similar in 

both adults and children, and similar to that calculated from functional connectivity data 

(Grayson et al., 2014). Analysis of tract-tracing data in the cat showed that rich-club 

regions interconnect distinct functional sub-networks (de Reus and van den Heuvel, 

2013b). In summary, graph theory analysis of DTI tractography data has good 

reproducibility and can be used to identify functionally-relevant networks of brain 

regions. 

Graph theory associated with patient-specific variables 

Measures derived from graph theory analyses of brain MRI can differentiate 

between patient groups and healthy subjects. Using cortical thickness covariance, 

Alzheimer’s disease patients were shown to have altered small world properties, along 

with differences in centrality (i.e., vertex importance) in temporal and parietal lobes, 

brain regions known to be affected by the disease process (He et al., 2008). In multiple 

sclerosis, the magnitude of white matter lesion load was associated with lower efficiency 

at the global and regional levels (He et al., 2009). Schizophrenic patients demonstrated 

similar global network properties to controls, but a loss of hub regions in prefrontal 

cortex and altered connectivity pattern in a network of multimodal brain regions (Bassett 

et al., 2008). Similar between-group differences have been found in temporal lobe 

epilepsy (Bernhardt et al., 2011), obsessive compulsive disorder (Kim et al., 2013), 
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young adults with a history of abuse or neglect (Teicher et al., 2014), and adolescent girls 

with scoliosis (Wang et al., 2013). Using gray matter volume to construct covariance 

networks, Yao et al. (2010) showed that the networks of patients with Mild Cognitive 

Impairment were in an intermediate state between controls and Alzheimer’s patients, 

supporting the theory that Mild Cognitive Impairment is a precursor to developing 

Alzheimer’s disease. 

From tractography-based networks, hub regions have been shown to be 

implicated in multiple brain disorders (Crossley et al., 2014). Hubs were first determined 

from a set of healthy controls, and a separate meta-analysis was performed to identify the 

location of lesions that were common across 26 brain disorders investigated. There was a 

high degree of overlap between the tractography-derived hubs and the lesion maps, 

suggesting the importance of this graph theory metric. In boys with ADHD, there were 

regional decreases compared to controls in efficiency that match the symptomatology of 

ADHD (Cao et al., 2013). Soman et al. (2016) used measures of segregation from 

tractography networks in patients undergoing carotid artery intervention, showing a 

difference in preoperative MRI data between those who subsequently had cognitive 

(memory) decline compared to those with no decline (Soman et al., 2016). This 

information is clinically useful and can help identify patients who would benefit from 

additional intervention/therapies. 
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Preliminary studies 

In this section, I will discuss the results of our completed analyses in the Fontan 

cohort (Bellinger et al., 2015). Patients in the Fontan group were recruited from 2010 to 

2012 at Boston Children’s Hospital (BCH). Inclusion criteria included: age 10-19 years 

at the time of enrollment; diagnosis of single ventricle; and cardiac surgery including the 

Fontan procedure, Fontan re-do, or other open heart surgery at least 6 months before 

testing. Exclusion criteria included: known risk factors for brain disorders (e.g., history 

of closed head injury with loss of consciousness); any contraindication to acquisition of 

MRI data (e.g., metal implants); Trisomy 21; adolescents with forms of CHD other than 

SV defect requiring surgical correction; and cardiac transplantation. 

Patient characteristics and surgical history 

Demographics for the full sample and stratified by Norwood status are in Table 

1.1. P-values for categorical variables were calculated using Fisher’s exact test, and for 

continuous variables using analysis of variance (normally distributed) or Kruskal-Wallis 

tests (non-normally distributed). The Norwood group had significantly fewer syndromic 

patients (defined as having either a known genetic diagnosis, a pathogenic variant on 

array, a variant of unknown significance on array, or syndromic presentation, e.g., 

dysmorphic features and/or extracardiac birth defects). In the full sample, the majority of 

patients were male (61%) and white (93%). Almost two-thirds were in NYHA Class 2 

(slight limitation of physical activity), and slightly lower than 10% were in Class 3 

(marked limitation of physical activity). 
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Surgical history for the full sample and stratified by Norwood status are in Table 

1.2. The Norwood group had the first operation at a significantly younger age (median 5 

days vs. 7 days), were more likely to have an open first operation (100% vs. 36%) 

(because the Norwood is an open operation), had longer DHCA support time (49 vs. 0 

minutes) and total support time (125 vs. 0 minutes), had more complications during the 

first operation (2 vs. 0) and overall (3 vs. 2), and had more open operations (3 vs. 2). In 

the full sample, patients underwent an average of 3 operations in total and 4 

catheterizations. The majority of patients (N = 123, 79%) had a bidirectional Glenn as the 

Stage II procedure, and only 11 (7%) had a hemi-Fontan. 

Patients underwent the Fontan between 0.74 and 11.37 years of age (IQR = 1.97-

3.37). The distribution of ages at Fontan procedure is shown in Figure 1.1. The year the 

Fontan procedure was performed in was between 1992 and 2011 (IQR = 1997-2002). 

The distribution of the years in which the Fontan procedure was performed is shown in 

Figure 1.2. The time from the Fontan procedure to study enrollment was 11.52 years. A 

table of the type of Fontan procedure performed is shown in Table 1.3. Nearly all 

subjects (n = 138, 88%) underwent a lateral tunnel fenestrated Fontan. There were no 

differences in type of Fontan procedure based on Norwood status (p = 0.13; calculated 

using Fisher’s exact test). The Norwood and non-Norwood groups did not differ in terms 

of the age they underwent the Fontan, the year of Fontan procedure, or the time from 

Fontan procedure to study enrollment. 
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The specific SV diagnoses in our cohort include: hypoplastic left heart syndrome 

(HLHS), tricuspid atresia, double outlet right ventricle (DORV), double inlet left 

ventricle (DILV), heterotaxy, complex TGA, pulmonary atresia with intact ventricular 

septum (PA/IVS), unbalanced atrioventricular (AV) canal, and mitral atresia. The 

number of patients in each diagnostic group and percent of the total cohort are shown in 

Table 1.4. The predominance of HLHS and tricuspid atresia patients parallels what has 

been observed in other studies (O’Leary, 2002). A plot of age at Fontan stratified by 

diagnostic group is shown in Figure 1.3. The groups are in increasing order (from left-to-

right) of the median age at Fontan. 

Neuropsychological outcomes 

A full report of differences in neuropsychological outcomes is presented in 

Bellinger et al. (2015). Study subjects were administered a series of neuropsychological 

tests, in addition to parent-, self-, and teacher-completed questionnaires. Scores on most 

tests were significantly lower in the Fontan group compared to population norms or to 

the control group. In analyses comparing Norwood and non-Norwood subgroups, the 

Norwood group scored significantly worse in most areas than the non-Norwood group, 

including general intelligence, reading and math achievement, executive function, 

visuospatial function, and social cognition. Risk factors for poorer scores included: 

longer total support and DHCA times; more operations, operative complications, 

catheterizations, and catheterization complications; younger gestational age (GA) at birth; 

open first operation; and history of seizures. Gross abnormalities on brain MRI were 

found in 66% of Fontan subjects (compared to only 6% of control subjects). Evidence of 
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stroke was particularly high, present in 13% of the cohort. Patients with diffuse MRI 

abnormalities had more operative complications, and patients with evidence of focal 

infarction or atrophy had worse executive function, attention, and social cognition. 

Finally, nearly one-fourth had been diagnosed with attention deficit hyperactivity 

disorder (ADHD), and more than one-third with a learning disability. These results 

highlight the extensive cognitive and behavioral deficits in SV patients, and suggest a 

possible association with brain structure. 

Gray matter differences 

We have analyzed subcortical and cortical gray matter volumes and thicknesses 

between the Fontan and control groups (Watson et al., manuscript under review). These 

differences are shown in Figure 1.4. In the top portion, each gyrus was combined across 

hemispheres. In the bottom portion, a vertex-wise surface-based analysis of cortical 

thickness was performed; the red-yellow areas indicate vertices in which cortical 

thickness was significantly lower in the Fontan group, based on a linear model adjusting 

for age at MRI, sex, and scanner field strength (FDR-adjusted p < 0.025). Cortical 

volumes were significantly lower in the Fontan group in temporal, parietal, and occipital 

regions, and subcortical volumes were smaller in the thalamus, putamen, pallidum, 

hippocampus, and amygdala. There were extensive thickness decreases bilaterally in all 

major lobes of the brain, particularly the frontal and parietal lobes. In the Fontan group, 

we found lower cortical thickness in various regions to be significantly associated with 

older age at first operation, more catheterizations and catheterization complications, and 

shorter total support time. Similarly, lower volumes in various regions were associated 
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with more operations (open and total) and operative complications, and more 

catheterizations and catheterization complications. 

In a related study, we investigated differences in gray matter volumes and 

thicknesses between Fontan patients with and without ADHD. (Hammerness et al., 

manuscript in preparation) Patients were diagnosed with two methods: the Schedule for 

Affective Disorders and Schizophrenia for School-Aged Children –Present and Lifetime 

Version (Kaufman et al., 1997), and the Conners’ ADHD/DSM-IV Scales (CADS-P) 

(Conners, 2004). Compared to non-ADHD Fontan patients, those who met criteria for 

ADHD had significantly lower volumes in dorsolateral and ventrolateral prefrontal 

cortices, anterior cingulate, striatum, and parietal regions. In addition, the central and 

mid-posterior segments of the corpus callosum were significantly smaller in the ADHD 

subgroup. While no difference was found between the groups in cortical thickness, the 

regionally-reduced volumes corresponded to cortical regions known to participate in 

networks active in attentiveness and executive functions. 

White matter differences 

We have also analyzed white matter (WM) microstructure using diffusion tensor 

imaging (DTI) data (Watson et al., manuscript in preparation). DTI measures were 

calculated using the diffusion tensor and registered into standard space using Tract-

Based Spatial Statistics (Smith et al., 2006). Subsequently, we calculated the average of 

each measure in twenty WM fiber tracts (obtained from a standard atlas) and compared 

between groups (Wakana et al., 2007). Fractional anisotropy (FA) and axial diffusivity 

(AD) were lower in the Fontan group in nearly all fiber tracts tested, bilaterally and in 
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deep subcortical and cerebellar WM. Radial diffusivity (RD) was higher in the Fontan 

group in a handful of tracts. There were only a few differences in WM microstructure 

based on Norwood status. Voxel-wise analysis of FA and AD resulted in similar findings 

(see Figure 1.5 and Figure 1.6). In the Fontan group, lower FA was associated with more 

surgical complications, younger age, and longer total support time (all for the first 

operation), with history of a stroke or neurologic event, and with more total operations. 

Summary 

In summary, our analyses of the present cohort of post-Fontan children and 

adolescents have revealed that they have deficits in multiple domains of cognition and 

behavior and extensive areas of altered brain structure. Furthermore, the MRI data show 

multiple associations with factors pertaining to the patients’ surgical courses. These 

findings are important and may inform clinicians and surgeons when considering 

treatment and intervention plans for their patients. The work reported in this dissertation 

takes the logical next step, using a network-based approach to better characterize the 

associations between brain structure/connectivity and cognition and behavior in SV 

children and adolescents who have undergone the Fontan procedure.  
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 Total 

(N = 156) 

Non-Norwood 

(N = 93) 

Norwood 

(N = 63) 

P-value 

Birth weight, kg 3.29 ± 0.63 3.21 ± 0.66 3.39 ± 0.57 0.12 

Gestational age, wk 38.92 ± 2.24 38.75 ± 2.38 39.16 ± 2.00 0.38 

Sex, F 61 (39) 40 (43) 21 (33) 0.25 

Race    0.15 

Asian 4 (3) 4 (4) 0 (0)  

Black 7 (4) 3 (3) 4 (6)  

White 145 (93) 86 (92) 59 (94)  

NYHA class    0.19 

1 45 (28.85) 29 (31.18) 16 (25.40)  

2 98 (62.82) 59 (63.44) 39 (61.90)  

3 13 (8.33) 5 (5.38) 8 (12.70)  

Social class at 16 yr of age† 53 (41 – 60) 55 (43 – 61) 48 (38 – 58) 0.07 

Non-syndromic 91 (58) 47 (51) 44 (70) 0.021 

Table 1.1: Subject demographics, full cohort (N = 156). Values are N (%), mean ± SD, or median 

(range). F: female; NYHA: New York Heart Association; kg: kilograms; wk: weeks; yr: years 

† Score on the Hollingshead Four Factor Index of Social Status; higher scores indicate higher social class 

P-values were calculated by Fisher’s exact test for categorical variables and Wilcoxon rank sum test for 

continuous variables. 
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 Total 

(N = 156) 

Non-Norwood 

(N = 93) 

Norwood 

(N = 63) 

P-value 

Age at 1st op, d 6 (3 – 21) 7 (3 – 87) 5 (3 – 8) 0.01 

Closed 1st op 64 (41) 64 (69) 0 (0) <0.0001 

DHCA time 1st op, min 0 (0 – 46) 0 (0 – 0) 49 (33 – 58) <0.0001 

# of complications 1st 

op 
1 (0 – 2) 0 (0 – 1) 2 (1 – 3) <0.0001 

Total # of ops 3 (3 – 3) 3 (2 – 3) 3 (3 – 3) 0.10 

Total # of open ops 3 (2 – 3) 2 (2 – 2) 3 (3 – 3) <0.0001 

Total # of surgical 

complications 
2 (1 – 5) 2 (1 – 4) 3 (2 – 6) <0.0001 

Total # of caths 4 (3 – 5) 4 (3 – 5) 4 (3 – 4) 0.11 

Total # of cath 

complications 
1 (0 – 1) 1 (0 – 1) 0 (0 – 1) 0.77 

Age at Fontan, yr 2.93 ± 1.52 3.14 ± 1.77 2.62 ± 0.99 0.11 

Year of Fontan 2000 (1997 – 2002) 2000 (1997 – 2002) 2000 (1998 – 2002) 0.53 

Time since Fontan, yr 11.52 ± 3.11 11.56 ± 3.24 11.48 ± 2.93 0.82 

Table 1.2: Surgical history data, full cohort (N = 156). Values are N (%), mean ± SD, or median (range). 

op: operation; d: days; DHCA: deep hypothermic circulatory arrest; min: minutes; cath: catheterization. P-

values were calculated by Fisher's exact test for categorical variables and Wilcoxon rank sum test for 

continuous variables. 
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Figure 1.1: Age at Fontan. Histogram of the age (in years) at which the patients 

underwent the Fontan procedure. The vertical dashed red line indicates the median age 

for the entire group (2.58 years). The black line represents the kernel density estimate of 

the distribution. 
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 Total 

(N = 156) 

Non-Norwood 

(N = 93) 

Norwood 

(N = 63) 

Extracardiac, fenestrated 10 (6) 9 (10) 1 (2) 

Extracardiac, non-fenestrated 6 (4) 4 (4) 2 (3) 

Lateral tunnel, fenestrated 138 (89) 78 (85) 60 (95) 

Lateral tunnel, non-fenestrated 1 (1) 1 (1) 0 (0) 

Table 1.3: Type of Fontan procedure, full cohort (N=156). Values are N (%). Data 

were not available for one patient. 

 

 

Diagnosis N % 

HLHS 41 26.28 

Tricuspid atresia 30 19.23 

DORV 19 12.18 

DILV 18 11.54 

Heterotaxy 17 10.90 

Complex TGA 12 7.69 

PA/IVS 10 6.41 

Unbalanced AV canal 4 2.56 

Other 3 1.92 

Mitral atresia 2 1.28 

Table 1.4: Anatomic diagnosis, full cohort (n=156). N: number per diagnosis; HLHS: 

hypoplastic left heart syndrome; DORV: double outlet right ventricle; DILV: double 

inlet left ventricle; TGA: transposition of the great arteries; PA/IVS: pulmonary atresia 

with intact ventricular septum; AV: atrioventricular. 
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Figure 1.2: Year of Fontan procedure. Histogram of the year in which patients 

underwent the Fontan procedure. The black line represents the kernel density estimate of 

the distribution. 
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Figure 1.3: Age at Fontan by diagnosis. Boxplot of the age (in years) at which the 

patients underwent the Fontan procedure; each box represents a different subgroup, 

stratified by diagnosis. Outliers are those values beyond 1.5×IQR (interquartile range), 

and are represented by red closed circles. The bars are ordered by increasing 

median ”Age at Fontan” of each subgroup (from left to right). 
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Figure 1.4: Differences in cortical volume and thickness between Fontan and control 

subjects. (A-D) Volumetric measures were averaged across hemispheres. Cortical 

volume differences along the lateral (A) and medial (B) aspects of the brain. Cortical 

thickness differences along the lateral (C) and medial (D) aspects of the brain. (E) 

Vertex-wise cortical thickness differences in which the Fontan group has thinner cortex 

than the control group. 
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Figure 1.5: Differences in fractional anisotropy (FA) between Fontan and control 

subjects. The red-yellow color indicates voxels in which FA was significantly lower in 

the Fontan group. The left hemisphere of the brain is in the left half of the figure. The 

axial slices go from inferior to superior from the top-left to bottom-right. 
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Figure 1.6: Differences in axial diffusivity (AD) between Fontan and control subjects. 

The red-yellow color indicates voxels in which AD was significantly lower in the Fontan 

group. The left hemisphere of the brain is in the left half of the figure. The axial slices go 

from inferior to superior from the top-left to bottom-right. 



 

 

GRAPH THEORY ANALYSIS OF GRAY MATTER NETWORKS IN POST-

FONTAN CHILDREN AND ADOLESCENTS 

Introduction 

Congenital heart disease (CHD) occurs in approximately 9 per 1,000 live births 

per year worldwide, representing a significant public health issue (van der Linde et al., 

2011). Single ventricle (SV) defects, which are among the most severe types of CHD, 

make up nearly 10% of patients with CHD (O’Leary, 2002). SV, and particularly 

hypoplastic left heart syndrome (HLHS), is associated with high mortality and morbidity; 

coupled with a steadily increasing survival for several decades, this has led to a large 

increase in SV patients reaching adulthood (Anderson et al., 2015; Rogers et al., 2012). 

Long-term patient management has shifted to focus on neurodevelopmental outcomes; 

studies in children and adolescents with SV have revealed cognitive deficits and 

behavioral problems to be generally more pronounced compared to other CHD 

(Bellinger et al., 2015, 2011; Gaynor et al., 2014; McCrindle et al., 2006). Currently, no 

studies have investigated changes in structural brain connectivity that may underlie these 

deficits. 

The brain in SV patients begins to show structural changes and abnormalities in 

the late first trimester, with differences increasing from mid-gestation to birth (Abu-

Rustum et al., 2016; Brossard-Racine et al., 2014; Clouchoux et al., 2013; Hinton et al., 

2008; Licht et al., 2009; Limperopoulos et al., 2010; Zeng et al., 2015a). Furthermore, 

autopsy and magnetic resonance imaging (MRI) studies demonstrate signs of brain injury 

and abnormal cerebral hemodynamics in the neonatal period, before the patient 
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undergoes any open heart procedures (Glauser et al., 1990; Goff et al., 2014; Nagaraj et 

al., 2015; Ortinau et al., 2013, 2012; von Rhein et al., 2015). Preoperative brain injury 

tends to be exacerbated after the initial surgery, both in terms of frequency and severity 

(Beca et al., 2013; Dent et al., 2006; Lynch et al., 2014). While white matter (WM) 

injury is a frequent occurrence, gray matter (GM) differences are present as well, 

including infarcts, cerebral atrophy, and lower total brain, frontal, and temporal lobe 

volumes (Ibuki et al., 2012; Kinney et al., 2005; Watanabe et al., 2009). The surgical 

course for SV patients is usually a staged palliation approach, with Stage I in the 

neonatal period (if necessary depending on the underlying cardiac anatomy), a Stage II 

procedure in the first year of life, and ending with the Fontan procedure from 1.5 to 4 

years of age (Feinstein et al., 2012; Fontan and Baudet, 1971; Norwood et al., 1980). 

Undergoing multiple surgeries may exert a compounded effect on brain injury and/or 

neurodevelopmental disruption. In older children and adolescents with SV, we reported a 

high incidence of gross anatomic brain abnormalities on MRI, along with lower cortical 

and subcortical volumes and thicknesses, and altered white matter microstructure 

throughout the brain (Bellinger et al., 2015) (Watson et al., manuscript under review). 

Furthermore, patients who had the Norwood procedure as their Stage I operation had 

poorer neurodevelopmental outcomes and lower brain volumes compared to the non-

Norwood patients. Given widespread differences in both GM and WM as compared to 

controls, it is likely that there are differences in the global organization (connectivity) of 

the brain in post-Fontan SV patients; however, there has not been any investigation of 

this type in this patient group. 
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Correlations in regional cortical thickness have been used to construct structural 

covariance networks from brain MRI data both in healthy subjects and clinical/disease 

groups (Alexander-Bloch et al., 2013b; Bernhardt et al., 2011; Chen et al., 2008; He et al., 

2008, 2007, 2009). Regions with high structural covariance are presumed to share a 

maturational trajectory due to direct axonal connections, to be similarly affected by 

learning or plasticity, or to have some mutual genetic or physiological influence 

(suggesting an indirect connection) (Alexander-Bloch et al., 2013b; Evans, 2013). 

Diffusion tensor imaging (DTI) tractography is a method that more directly estimates 

brain structural connectivity. In healthy subjects, there is a moderate agreement between 

networks constructed from positive cortical thickness covariance and networks from DTI 

tractography data (Gong et al., 2009). Furthermore, structural covariance networks in 

pediatric subjects show overlap with known functional connectivity networks obtained in 

adult data (Zielinski et al., 2010). The “small-world” property—considered to represent 

an optimal balance between functional integration and segregation and found in network 

analyses of different species and methodologies—in addition to modularity/community 

structure—representative of functional segregation—are present in cortical thickness 

networks, similarities shared with tractography and functional connectivity networks 

(Achard et al., 2006; Chen et al., 2013, 2008; He et al., 2007; Iturria-Medina et al., 2008; 

Sporns et al., 2004; Tononi et al., 1998). These features are present as early as 1 month 

of age and persist throughout development (Fan et al., 2011; Khundrakpam et al., 2013). 

Analysis of structural covariance networks can also detect organizational brain 

differences in patient groups compared to healthy subjects, including Alzheimer’s 
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disease, Parkinson’s disease, and epilepsy (Bernhardt et al., 2011; He et al., 2008; Pereira 

et al., 2015). These studies found connectivity alterations in brain regions that match the 

pathology of the respective patient group. 

Here, we use a graph theoretical approach to analyze brain networks based on 

cortical thickness covariance to compare brain structural connectivity in children and 

adolescents with SV who have undergone the Fontan procedure with that of typically 

developing control subjects. We also investigate potential differences between subgroups 

of the SV patients, including those whose Stage I operation was the Norwood procedure, 

whether or not the initial operation was in the neonatal period, and whether the initial 

operation was open or not (shunt). 

Methods 

Subjects 

Adolescents in the Fontan group were recruited from 2010 to 2012 at BCH. 

Inclusion criteria included: age 10-19 years at the time of enrollment; diagnosis of single 

ventricle; and cardiac surgery including the Fontan procedure, Fontan re-do, or other 

open heart surgery at least 6 months before testing. Exclusion criteria included: known 

risk factors for brain disorders (e.g. history of closed head injury with loss of 

consciousness); any contraindication to acquisition of MRI data (e.g. metal implants); 

Trisomy 21; adolescents with forms of CHD other than single ventricle defect requiring 

surgical correction; and cardiac transplantation. The criteria used to recruit healthy 

control subjects were adapted from those of the NIH MRI study of normal brain 
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development (Almli et al., 2007; Evans, 2006). This study was approved by the BCH 

Institutional Review Board and adhered to institutional guidelines. Parents provided 

informed consent, and adolescents provided assent. 

MRI acquisition 

Subjects were scanned on either a GE 3 Tesla (T) or 1.5T system (General 

Electric, Milwaukee, WI) with an eight-channel head coil at Beth Israel Deaconess 

Medical Center. The volumetric series for each subject was acquired using a 

Magnetization-Prepared Rapid Acquisition Gradient Echo (MP-RAGE) sequence with 

parameters: TR/TE/TI = 7.004ms/2.856ms/650ms, flip angle = 8◦, acquisition matrix = 

256 x 256, FOV = 256mm, slice thickness = 1mm, with resultant voxel size = 1 x 1 x 1 

mm3. All images were inspected by a radiologist to assure data quality and detect 

structural abnormalities (e.g. tumors, stroke, etc.). 

Cortical thickness calculation 

Images were processed using Freesurfer v5.3 (A.A. Martinos Center for 

Biomedical Imaging, Massachusetts General Hospital). Image processing details are 

described elsewhere (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999). Briefly, 

MRI images are first partitioned into white matter, gray matter, and cerebrospinal fluid. 

The outer pial surface of the brain is calculated, as is the surface comprising the white 

matter/gray matter junction. Cortical thickness is obtained by taking the distance between 

these two surfaces at every vertex. Finally, the cortical surface is parcellated into distinct 

units based on gyral and sulcal anatomy (Fischl et al., 2004) The Desikan-Killiany-

Tourville (DKT). atlas, which contains 31 regions per hemisphere, was used for the 
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parcellation (Klein and Tourville, 2012). Mean cortical thickness was obtained for all 

regions for each subject. 

Network construction 

All statistics were performed in R version 3.3.0 (2016-05-03), using functions in 

the packages igraph v1.1.0 and brainGraph (Csardi and Nepusz, 2006; Kolaczyk and 

Csardi,´ 2014; R Core Team, 2015). First, a general linear model (GLM) was specified 

for each brain region, with mean regional cortical thickness as the outcome variable and 

age, sex, and scanner field strength (1.5T or 3T) as covariates. Next, Pearson correlation 

coefficients were calculated for the model residuals between all regions, creating a single 

adjacency matrix of size 62 x 62 for each group. 

The adjacency matrix of each group was binarized by thresholding and removing 

any matrix entry with a correlation coefficient lower than the threshold. Negative 

correlations were not considered, as these likely do not represent real anatomic 

connections in the brain (Gong et al., 2012). To ensure equal network sizes for both 

groups, the thresholds were chosen to result in a specific density (the ratio of the number 

of edges present in the network to the total number of edges possible). Network density ρ 

is represented mathematically as  𝜌 =  
2𝑚

𝑛(𝑛−1)
  where m is the number of edges and n is 

the number of vertices (in this study, n = 62). A range of densities from 0.07-0.40 (step 

size = 0.01) was investigated. The networks created from these matrices were undirected, 

unweighted, and simple (i.e. no loops). 
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Network metrics 

Vertex- (i.e., region-) and graph-level metrics were calculated for both groups at 

each density. For visualization purposes, a density of 30% was chosen; this was the 

lowest density for which, in both groups, at least 95% of vertices were connected. This 

density is within the range used in other studies (Bernhardt et al., 2011; He et al., 2008). 

Vertex importance 

Vertex degree (the number of connections of a vertex), betweenness centrality 

(the number of shortest paths a vertex lies on), and nodal efficiency were used as 

measures of vertex importance. Furthermore, a vertex was considered to be a hub if its 

betweenness centrality was at least one standard deviation greater than the mean across 

vertices (for a given density) (Bernhardt et al., 2011; Hosseini and Kesler, 2013b; Tijms 

et al., 2013; Wang et al., 2013). The degree ki of vertex i is calculated as 

𝑘𝑖 =  ∑ 𝐴𝑖𝑗

𝑛

𝑗=1

 

where n is the number of vertices in the graph and Aij is the graph’s adjacency matrix. 

Betweenness centrality cB(v) of vertex v is 

𝑐𝐵(𝑣) =  ∑
𝜎(𝑠, 𝑡 |𝑣)

𝜎(𝑠, 𝑡)
𝑠≠𝑡≠𝑣 ∈𝑉 

 

where σ(s, t | v) is the number of shortest paths from s to t and passing through v, σ(s, t) = 

∑v σ(s, t | v), and V is the vertex set of the graph (Kolaczyk, 2009). The nodal efficiency 

Enodal(i) of vertex i is 
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 𝐸𝑛𝑜𝑑𝑎𝑙(𝑖) =  
1

𝑛−1
∑

1

𝐿𝑖𝑗
𝑗 ∈𝑉  

 

where Lij is the shortest path length between vertices i and j (Achard and Bullmore, 2007). 

Network segregation and integration 

Network segregation was assessed with three metrics. Modularity measures the 

strength of a given network partition. Higher modularity indicates that vertices belonging 

to the same network community (i.e., module) are more connected to each other than 

they are to vertices of a different community. The Louvain algorithm was used to 

partition the networks into communities and compute the modularity (Blondel et al., 

2008; Clauset et al., 2004). The modularity Q is 

𝑄 =  
1

2𝑚
∑ (𝐴𝑖𝑗− 

𝑘𝑖𝑘𝑗

2𝑚
) 𝛿(𝑐𝑖, 𝑐𝑗)

𝑖𝑗

 

where m is the number of edges in the graph, ki is the degree of vertex i, ci is the “class” 

of vertex i, and δ is the Kronecker delta function (Newman, 2010). Degree assortativity 

is a related metric that measures the strength with which vertices of similar degree 

connect to one another; higher assortativity indicates that high-degree vertices are more 

likely to connect to other high-degree vertices compared to low-degree vertices. The 

degree assortativity r is 

𝑟 =  
∑ (𝐴𝑖𝑗 −  𝑘𝑖𝑘𝑗/2𝑚)𝑘𝑖𝑘𝑗𝑖𝑗

∑ (𝑘𝑖𝛿𝑖𝑗 −  𝑘𝑖𝑘𝑗/2𝑚)𝑘𝑖𝑘𝑗𝑖𝑗
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where δij is the Kronecker delta function (equaling 1 if vertices i and j are connected and 

have the same degree, and 0 otherwise) (Newman, 2010). We also introduce lobe 

assortativity, which measures the number of inter-lobar connections relative to intra-

lobar connections. This is equivalent to calculating the modularity of the network if it 

were a priori partitioned into the lobes of the brain (i.e., frontal, parietal, temporal, 

occipital, insula, and cingulate). Higher values of lobe assortativity are present in 

networks with relatively fewer inter-lobar connections. The assortativity coefficient r for 

categorical variables is 

𝑟 =  
∑ 𝑒𝑖𝑖𝑖 − ∑ 𝑎𝑖𝑏𝑖𝑗

1 − ∑ 𝑎𝑖𝑏𝑖𝑖
 

where eij is the fraction of edges between vertices of category i and vertices of category j, 

ai = ∑j eij, and bj = ∑i eij (Newman, 2003). 

Networks possessing the small-world property are considered to have an optimal 

balance between segregation and integration (Watts and Strogatz, 1998). Small-world 

parameters clustering coefficient (C; the tendency of a vertex’s neighbors to be 

connected to one another) and characteristic path length (L; the average of shortest path 

lengths between all vertices) were calculated, along with the average of each parameter 

from 1,000 random graphs (denoted Crand and Lrand, respectively) for each group and at 

each density. Random graphs were generated by randomly rewiring the edges in the 

group-specific graphs for 10,000 iterations, keeping constant the observed graph’s 

density and degree sequence (Maslov and Sneppen, 2002; Viger and Latapy, 2015). The 

small-world index σ is then calculated as the ratio of the normalized C to the normalized 
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L (calculated as γ =C/Crand and λ = L/Lrand, respectively), and a network is considered to 

possess the “small-world” property if σ > 1 (Humphries and Gurney, 2008). 

Mathematically, 

𝜎 =  
𝐶 / 𝐶𝑟𝑎𝑛𝑑

𝐿 / 𝐿𝑟𝑎𝑛𝑑
=  

𝛾

𝜆
 

Since the gray matter networks in this study are generated from correlations, 

these networks will tend to have a higher-than-expected level of clustering (Hosseini and 

Kesler, 2013b; Zalesky et al., 2012). As a result, the random graphs generated by a 

simple rewiring procedure may not be entirely appropriate, as they will tend to have very 

low clustering by design (Newman, 2010). Thus, as an alternative we generated, for each 

density and each group, 100 random networks while controlling for global clustering 

using a Markov Chain process (Bansal et al., 2009). We then calculated an alternate 

small-world index, ω, using the equation from Telesford et al. (2011): 

𝜔 =  
𝐿𝑟𝑎𝑛𝑑

𝐿
−  

𝐶

𝐶𝑙𝑎𝑡𝑡
 

Here, Clatt is the mean clustering coefficient of a set of equivalent lattices; the graphs 

generated from the Markov Chain process are used to calculate this value. Lrand is the 

mean characteristic path length from the set of randomly rewired graphs (described in the 

previous paragraph). A network is considered to be a “small-world” network if −0.5 ≤ ω 

≤ 0.5; networks with ω closer to -1 are more similar to a lattice, and networks with ω 

closer to 1 are more similar to a random network. 
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Network closeness 

Edge distances were calculated as the Euclidean distance in Montreal 

Neurological Institute (MNI) coordinates (in mm) between centroids of pairs of 

connected regions (Alexander-Bloch et al., 2013b; Bassett et al., 2008; He et al., 2007). 

Vertex distances were calculated as the mean distance of all edges connecting a given 

vertex to all other vertices (Alexander-Bloch et al., 2013c). Similarly, the characteristic 

path length L serves as a measure of the global closeness of a network. 

Asymmetry 

A measure of asymmetry, the asymmetry index (AI), was calculated as the 

difference in the number of left and right hemisphere intra-hemispheric connections, 

divided by the average number of intra-hemispheric connections of both hemispheres, i.e. 

𝐴𝐼 = 2 𝑥 
𝑚𝑙ℎ −  𝑚𝑟ℎ

𝑚𝑙ℎ +  𝑚𝑟ℎ
 

If AI < 0, this indicates that the network has more intra-hemispheric connections in the 

right compared to the left hemisphere. The range of AI is [−2,2]; the limits are achieved 

only if all edges are in one hemisphere. In addition to the global AI, an AI was calculated 

for each vertex. 

Network robustness 

Network robustness was assessed using targeted attack and random failure 

analyses, in addition to the calculation of global and vertex vulnerability (Albert et al., 

2000; Bernhardt et al., 2011; He et al., 2008; Iturria-Medina et al., 2008; Romero-Garcia 

et al., 2012; Wang et al., 2013). In a targeted attack analysis, vertices are sorted in 
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descending order by betweenness centrality. The size of the largest connected component 

(the number of vertices that are reachable from any other vertex) is computed, and then 

the vertex with the highest betweenness is removed. After removal of that vertex and its 

connections, the size of the largest connected component is computed for the new 

network. These steps are repeated until all vertices have been removed. In a random 

failure analysis, vertices are removed in random order, and the size of the largest 

connected component is recorded after each removal. This was repeated 1,000 times, and 

the average over all iterations was used as the final result. Both targeted attack and 

random failure analyses were also performed with edge removals, using the same 

procedure (except edges were sorted in descending order of edge betweenness). 

Vulnerability is dependent on the global efficiency Eglob, 

𝐸𝑔𝑙𝑜𝑏 =  
1

𝑛(𝑛 − 1)
∑

1

𝑑𝑖𝑗
𝑖≠𝑗

 

where n is the number of vertices and dij is the shortest path length between vertices i and 

j. Vulnerability Vi is then calculated for each vertex i as 

𝑉𝑖 = 1 −  
𝐸𝑔𝑙𝑜𝑏(𝑖)

𝐸𝑔𝑙𝑜𝑏
 

where Eglob(i) is the global efficiency of the network after removing vertex i. Global 

vulnerability VG is the maximum across all vertices; i.e., VG = maxiVi. Higher values 

indicate that the network is less stable in the presence of vertex removal. 
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Statistics 

For demographic variables, P-values were calculated by Fisher’s exact test for 

categorical variables and Wilcoxon rank sum test for continuous variables. Permutation 

testing was performed to assess group differences in global network measures (i.e., 

number of hubs, modularity, assortativity, clustering coefficient, characteristic path 

length, edge asymmetry, global and local efficiency, and vulnerability). Each subject was 

randomly assigned to one of two groups (of the same size as the Fontan and control 

groups), and then we followed the procedure for network construction described above. 

This resulted in two networks for which we calculated the between-group difference in 

global network measures. This was repeated for 10,000 permutations at each density. 

Furthermore, for both global and vertex measures (nodal efficiency, betweenness 

centrality, degree), subjects were randomly assigned to a group (as described above), and 

significance was assessed across all densities by calculating the area under the curve 

(AUC) for each group and vertex and taking the difference (Hosseini et al., 2012). We 

performed 10,000 permutations for global measures and 5,000 for vertex measures. 

Permutation P-values were calculated as the proportion of times the randomized set of 

between-group differences was greater than (for number of hubs, clustering coefficient, 

global and local efficiency, and vertex measures) or less than (for modularity, 

assortativity, characteristic path length, and asymmetry) the observed between-group 

difference of control and Fontan subjects. For global measures, we did not adjust P-

values for multiple comparisons; for vertex measures, the false discovery rate (FDR) was 

used to adjust P-values across vertices (Genovese et al., 2002). Group differences in edge 
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distance and in mean vertex distance of hub regions were assessed using a two-sample 

Wilcoxon rank-sum test at each density, with P-values controlling for the FDR at a 

significance level of 0.05. 

Results 

Subjects 

A total of 111 Fontan subjects were included in the analysis, after the removal of 

6 due to the presence of a large stroke. A total of 45 control subjects were included in the 

analysis. Subject demographics and education history are summarized in Table 2.1. A 

significantly greater proportion of Fontan subjects than controls were scanned at 1.5T 

(41.03% vs. 10.26%, p = 0.01). NYHA class was significantly higher (i.e., more 

limitation in ordinary physical activity) in the Fontan group than controls (1 vs. 2, p < 

0.0001). Regarding education history, the Fontan group had significantly greater 

numbers for all variables (tutoring, grade retention, early intervention, occupational 

therapy, physical therapy, special education, psychotherapy and counseling, and any 

special services; all p < 0.05). 

Network hubs 

Hub regions for the Control group are shown in Figure 2.1 and for the Fontan 

group in Figure 2.2. These are regions that were classified as hubs in at least half of the 

44 densities tested. There were 8 hubs in the control group and 5 hubs in the Fontan 

group. Hubs in the control group were more likely to be in the frontal lobe and in the 

right hemisphere, whereas hubs in the Fontan group were present roughly equally in both 

hemispheres and across lobes. For these regions, a plot of the densities at which they 
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were determined to be hubs is shown in Figure 2.3. The only region present in both 

groups is the right superior frontal gyrus (rSFG); in the Fontan group, it is no longer a 

hub at higher densities. 

Network segregation 

Figures 2.4 and 2.5 show the adjacency matrices for both the Fontan and control 

groups at a density of 30%. Each color represents one of the major lobes of the brain; 

matrix entries that are gray indicate inter-lobar connections, and all others indicate intra-

lobar connections. Qualitatively, the Fontan group has more fronto-frontal and fronto-

parietal connections than the control group, and the control group has more 

posterior/cingulate connections. 

Small world 

Figure 2.6 (top) shows the small-world parameter σ plotted across densities for 

both groups. A network is considered to be a “small-world” network if this value is 

greater than 1. For the control group, σ > 1 from densities of ≈ 20% to 35%; for the 

Fontan group, σ < 1 from ≈ 27% and higher. 

Figure 2.6 (bottom) shows the small-world parameter ω across densities for both 

groups. At every density, both groups’ networks are in the small world range, with the 

control group being closer to a lattice than the Fontan group for most densities. 

Network closeness 

Average edge distance (in millimeters) was higher in the Fontan group for several 

higher densities (p < 0.05 for densities 0.39, 0.4, 0.41, 0.42, 0.43, 0.46, 0.47, 0.48, 0.49, 

0.5). When considering the average edge distance for hub regions, although lower in the 
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Fontan group for nearly all densities, the between-group difference did not reach 

statistical significance. 

Permutation analysis 

Figure 2.7 shows global network measures plotted against graph density for both 

subject groups. Asterisks indicate densities for which the particular global measure is 

significantly different between groups, calculated from 10,000 permutations. At all 

densities, asymmetry is significantly lower in the control group (p < 0.05, adjusted for 

multiple comparisons using a FDR across all densities). The difference across densities 

(AUC) was also significant in the same direction. This indicates that there are 

significantly more right-hemispheric connections relative to left-hemispheric connections 

in the control group than in the Fontan group. 

Vertex differences 

Figure 2.8 shows the vertices in which nodal efficiency was significantly 

different between groups, as determined by permutation testing (p < 0.05). Red vertices 

are those in which nodal efficiency was greater in the control group than in the Fontan 

group, and blue vertices are those in which nodal efficiency is lower in the control group 

than in the Fontan group. Table 2.2 lists the regions of significant difference, the 

observed group difference, and the permutation P-values. 

Figure 2.9 shows the vertices in which betweenness centrality was significantly 

different between groups, as determined by permutation testing (p < 0.05). Red vertices 

are those in which betweenness centrality was greater in the control group than in the 

Fontan group, and blue vertices are those in which betweenness centrality was lower in 
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the control group than in the Fontan group. Table 2.3 lists the regions of significant 

difference, the observed group difference, and the permutation P-values. 

Robustness 

Figure 2.10 shows the results from the robustness analysis. For both the random 

vertex and random edge removals, networks from both groups were relatively resilient to 

removal of edges or vertices in a random order (top-left and top-right panels). 

Furthermore, both groups were resilient to targeted removal of edges (from highest to 

lowest edge betweenness; lower-left panel). Both groups were relatively less resilient to 

targeted removal of vertices (from highest to lowest betweenness centrality; lower-right 

panel). There were no between-group differences in global vulnerability at any density.  
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Total 

(N = 156) 

Control 

(N = 45) 

Fontan 

(N = 111) 
P-value 

Age at MRI, yr 14.96 ± 2.87 15.48 ± 2.44 14.75 ± 3.01 0.19 

Scanner, 1.5T 80 (51) 16 (36) 64 (58) 0.01 

Intracranial volume, L 1.33 ± 0.25 1.38 ± 0.21 1.31 ± 0.26 0.11 

Sex, F 65 (42) 19 (42) 46 (41) 1.0 

NYHA class 2 (1 – 2) 1 (1 – 1) 2 (1 – 2) <0.0001 

Social class at 16 yr 

of age† 

50.32 ± 12.85 54.11 ± 8.88 48.81 ± 13.86 0.07 

Birth weight, kg 3.29 ± 0.65 3.47 ± 0.58 3.23 ± 0.66 0.06 

Gestational age, wk 38.98 ± 2.21 39.67 ± 1.20 38.71 ± 2.45 0.06 

Race (white) 143 (92) 38 (84) 105 (95) 0.05 

Received tutoring 72 (46) 13 (29) 59 (53) 0.008 

Held back in school 26 (17) 0 (0) 26 (23) <0.0001 

Early intervention 64 (41) 2 (4) 62 (56) <0.0001 

Occupational therapy 60 (38) 0 (0) 60 (54) <0.0001 

Physical therapy 61 (39) 7 (16) 54 (49) 0.0001 

Special education 38 (24) 0 (0) 38 (34) <0.0001 

Psychotherapy and 

counseling 

51 (33) 7 (16) 44 (40) 0.004 

Any special services 118 (76) 24 (53) 94 (85) <0.0001 

Table 2.1: Subject demographics and education history. Values are N (%), mean SD, or median (range). 

P-values were calculated by Fisher's exact test for categorical variables and Wilcoxon rank sum test for 

continous variables. yr: years; T: tesla; L: liters; F: female; NYHA: New York Heart Association; kg: 

kilograms; wk: weeks. †Score on the Hollingshead Four Factor Index of Social Status; higher scores 

indicate higher social class. 
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Figure 2.1: Hub regions in the Control group. Vertex colors signify lobe membership 

(red: frontal; green: parietal; blue: temporal; magenta: occipital) 
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Figure 2.2: Hub regions in the Fontan group. Vertex colors signify lobe membership 

(red: frontal; green: parietal; blue: temporal; magenta: occipital) 
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Figure 2.3: Hub regions across densities. Points take a value of 1 if the region was 

determined to be a hub at the specific density, and a 0 otherwise. Each facet of the plot is 

for a different brain region. Cyan points are the Fontan group and red points are the 

control group. 

l: left; r: right; FUS: fusiform; PCUN: precuneus; rMFG: rostral middle frontal; SFG: 

superior frontal; cMFG: caudal middle frontal; ITG: inferior frontal; LOF: lateral 

orbitofrontal; LOG: lateral occipital; MTG: middle temporal; preC: precentral; SFG: 

superior frontal; 

SMAR: supramarginal 
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Control 

 

Figure 2.4: Adjacency matrix for the Control group at a density of 30%. Non-gray 

boxes represent intra-lobar connections, and gray boxes are inter-lobar connections. 

Regions (from top-to-bottom and left-to-right) first are ordered by lobe, then by 

hemisphere (left hemisphere first), and then alphabetically by region abbreviation. 
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Fontan 

 

Figure 2.5: Adjacency matrix for the Fontan group at a density of 30%. Non-gray 

boxes represent intra-lobar connections, and gray boxes are inter-lobar connections. 

Regions (from top-to-bottom and left-to-right) first are ordered by lobe, then by 

hemisphere (left hemisphere first), and then alphabetically by region abbreviation. 
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Figure 2.6: Small-world indices. (top) The classic small-world index, σ; the dashed 

horizontal line at y = 1 is included to show the minimum value for a network to be 

considered “small-world” (Watts and Strogatz, 1998) (bottom) The small-world index ω 

introduced by Telesford et al. (2011); the dashed horizontal line at y = 0 indicates the 

value at which the network displays a balance between clustering coefficient and 

characteristic path length. 
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Figure 2.7: Global network measures against density. The dashed vertical line 

indicates a density of 30%. Red asterisks indicate a significant (p < 0.05) group 

difference as determined by permutation analysis (N = 10,000). Blue asterisks indicate 

a ”trend” (p < 

0.1). 
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Figure 2.8: Vertices with significant between-group differences in nodal efficiency. 

Significance was determined by permutation testing (N = 5,000). Blue vertices are those 

in which nodal efficiency is greater in the Fontan group compared to the control group, 

and red vertices are those in which nodal efficiency is greater in the control group than 

the Fontan group. 
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Region Group diff P-value 

L pars opercularis -0.12 0.02 

R caudal anterior cingulate 0.18 0.04 

R caudal middle frontal gyrus 0.05 0.02 

R fusiform 0.08 0.04 

R inferior parietal lobule 0.05 0.03 

R middle temporal gyrus 0.05 0.01 

R precentral 0.06 0.02 

R superior parietal lobule 0.06 0.02 

Table 2.2: Group differences in nodal efficiency. List of vertices for which vertex 

nodal efficiency was significantly different (p < 0.05) between groups. Group differences 

greater than 0 indicate higher values in the control group compared to the Fontan group. 

L: left; R: right 

Region Group diff P-value 

L entorhinal 20.77 0.01 

L pericalcarine 25.76 0.01 

R caudal middle frontal gyrus 34.49 0.006 

R lateral orbitofrontal 27.06 0.02 

R middle temporal gyrus 28.06 0.03 

R precentral 30.82 0.01 

Table 2.3: Group differences in betweenness centrality. List of vertices for which 

vertex betweenness centrality was significantly different (p < 0.05) between groups. 

Group differences greater than 0 indicate higher values in the control group compared to 

the Fontan group. 

L: left; R: right 
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Figure 2.9: Vertices with significant between-group differences in betweenness 

centrality. Significance was determined by permutation testing (N = 5,000). Blue 

vertices are those in which betweenness centrality is greater in the Fontan group 

compared to the control group, and red vertices are those in which betweenness centrality 

is greater in the control group than the Fontan group. 
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Group  Fontan 

Figure 2.10: Robustness analysis. Each plot depicts the percentage of the largest 

connected component, relative to the observed maximum for each group, as a function of 

the percentage of edges or vertices removed. (top-left) Random edge removal. (top-right) 

Random vertex removal. (bottom-left) Targeted edge attack. (bottom-right) Targeted 

vertex attack. 
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Subgroup analysis 

Norwood status 

First, the Fontan group was separated into patients who had undergone the 

Norwood operation and those who had not. Based on permutation testing (5,000 

permutations), there were no group differences in the AUC for any global graph 

measures. Group differences in nodal efficiency are shown in Figure 2.11. Red vertices 

are those in which nodal efficiency was greater in the non-Norwood group than in the 

Norwood group, and blue vertices are those with the opposite relation. Table 2.4 lists the 

vertices, the observed group difference, and the permutation P-values. Group differences 

in vertex degree were nearly identical to those of nodal efficiency (data not shown). 

Group differences in betweenness centrality are shown in Figure 2.12. Red vertices are 

those in which betweenness centrality was greater in the non-Norwood group than in the 

Norwood group, and blue vertices are those with the opposite relation. Table 2.5 lists the 

vertices, the observed group difference, and the permutation P-values. 

Type of first operation 

The Fontan group was also separated into patients who had a closed first 

operation and those who had an open first operation. Based on permutation testing (5,000 

permutations), there were differences in the AUC for two global graph measures. 

Modularity was higher in the “Open” group at a trend level (p = 0.06). Global clustering 

coefficient was lower in the “Open” group, also at a trend level (p = 0.07). Group 

differences in nodal efficiency are shown in Figure 2.13. Red vertices are those in which 
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Figure 2.11: Vertices with significant between-group differences in nodal efficiency, 

Norwood status. Significance was determined by permutation testing (N = 5,000). Blue 

vertices are those in which nodal efficiency is greater in the Norwood group compared to 

the non-Norwood group, and red vertices are those in which nodal efficiency is greater in 

the non-Norwood group than the Norwood group. 
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Figure 2.12: Vertices with significant between-group differences in betweenness 

centrality, Norwood status. Significance was determined by permutation testing (N = 

5,000). Blue vertices are those in which betweenness centrality is greater in the Norwood 

group compared to the non-Norwood group, and red vertices are those in which 

betweenness centrality is greater in the non-Norwood group than the Norwood group. 
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Region Group diff P-value 

L lateral orbitofrontal -0.11 0.003 

L medial orbitofrontal -0.15 0.006 

L pars opercularis -0.14 < 0.001 

L pars triangularis -0.08 0.03 

L pericalcarine 0.14 0.03 

L rostral middle frontal gyrus -0.06 0.01 

R caudal anterior cingulate 0.18 0.04 

R caudal middle frontal gyrus 0.06 0.03 

R paracentral 0.08 0.03 

R precentral 0.07 0.03 

R superior parietal lobule 0.06 0.03 

Table 2.4: Group differences in nodal efficiency, Norwood status. List of vertices for 

which vertex nodal efficiency was significantly different (p < 0.05) between groups. 

Group differences greater than 0 indicate higher values in the non-Norwood group 

compared to the Norwood group. L: left; R: right 

nodal efficiency was greater in the “Closed” group than in the “Open” group, and blue 

vertices are those with the opposite relation. Table 2.6 lists the vertices, the observed 

group difference, and the permutation P-values. Group differences in betweenness 

centrality are shown in Figure 2.14. Red vertices are those in which betweenness 

centrality was greater in the “Closed” group than in the “Open” group, and blue vertices 

are those with the opposite relation. Table 2.7 lists the vertices, the observed group 

difference, and the permutation P-values. 

Age at first operation 

Finally, the Fontan group was separated into patients who had their first operation 

as neonates and those who had their first operation after the neonatal period. Based on 
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Figure 2.13: Vertices with significant between-group differences in nodal efficiency, 

type of first operation. Significance was determined by permutation testing (N = 5,000). 

Blue vertices are those in which nodal efficiency is greater in the Open group compared 

to the Closed group, and red vertices are those in which nodal efficiency is greater in the 

Closed group than the Open group. 
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Figure 2.14: Vertices with significant between-group differences in betweenness 

centrality, type of first operation. Significance was determined by permutation testing 

(N = 5,000). Blue vertices are those in which betweenness centrality is greater in the 

Open group compared to the Closed group, and red vertices are those in which 

betweenness centrality is greater in the Closed group than the Open group. 
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Region Group diff P-value 

L entorhinal 22.07 0.004 

L pericalcarine 30.93 0.003 

L superior frontal gyrus 28.26 0.04 

R caudal middle frontal gyrus 36.12 < 0.001 

R fusiform 20.58 0.02 

R inferior temporal gyrus 21.57 0.04 

R lateral orbitofrontal 27.24 0.008 

R middle temporal gyrus 27.71 0.02 

R precentral 31.86 0.004 

Table 2.5: Group differences in betweenness centrality, Norwood status. List of 

vertices for which vertex betweenness centrality was significantly different (p < 0.05) 

between groups. Group differences greater than 0 indicate higher values in the non-

Norwood group compared to the Norwood group. L: left; R: right 

permutation testing (5,000 permutations), there were no group differences in the AUC 

for any global graph measures. Group differences in nodal efficiency are shown in Figure 

2.15. Red vertices are those in which nodal efficiency was greater in the non-neonate 

group than in the neonate group, and blue vertices are those with the opposite relation. 

Table 2.8 lists the vertices, the observed group difference, and the permutation P-values. 

Group differences in betweenness centrality are shown in Figure 2.16. Red vertices are 

those in which betweenness centrality was greater in the non-neonate group than in the 

neonate group, and blue vertices are those with the opposite relation. Table 2.9 lists the 

vertices, the observed group difference, and the permutation P-values. 
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Figure 2.15: Vertices with significant between-group differences in nodal efficiency, 

age at first operation. Significance was determined by permutation testing (N = 5,000). 

Blue vertices are those in which nodal efficiency is greater in the Neonate group 

compared to the non-Neonate group, and red vertices are those in which nodal efficiency 

is greater in the non-Neonate group than the Neonate group. 
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Figure 2.16: Vertices with significant between-group differences in betweenness 

centrality, age at first operation. Significance was determined by permutation testing 

(N = 5,000). Blue vertices are those in which betweenness centrality is greater in the 

Neonate group compared to the non-Neonate group, and red vertices are those in which 

betweenness centrality is greater in the non-Neonate group than the Neonate group. 
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Region Group diff P-value 

L lateral orbitofrontal -0.06 0.03 

L medial orbitofrontal -0.10 0.01 

L pars opercularis -0.11 0.002 

L pars triangularis -0.07 0.02 

R caudal anterior cingulate 0.13 0.03 

R fusiform 0.07 0.04 

R inferior parietal lobule 0.04 0.04 

R middle temporal gyrus 0.05 0.01 

Table 2.6: Group differences in nodal efficiency, type of first operation. List of 

vertices for which vertex nodal efficiency was significantly different (p < 0.05) between 

groups. Group differences greater than 0 indicate higher values in the Closed group 

compared to the Open group. L: left; R: right 

Region Group diff P-value 

L caudal middle frontal gyrus -13.48 0.04 

L entorhinal 11.98 0.03 

R caudal middle frontal gyrus 28.55 < 0.001 

R fusiform 18.26 0.02 

R lateral orbitofrontal 23.57 0.005 

R middle temporal gyrus 22.85 0.02 

R precentral 20.71 0.01 

Table 2.7: Group differences in betweenness centrality, type of first operation. List 

of vertices for which vertex betweenness centrality was significantly different (p < 0.05) 

between groups. Group differences greater than 0 indicate higher values in the Closed 

group compared to the Open group. L: left; R: right 
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Region Group diff P-value 

L caudal anterior cingulate -0.15 0.008 

L inferior temporal gyrus -0.09 0.003 

L lateral orbitofrontal -0.13 < 0.001 

L medial orbitofrontal -0.14 0.003 

L pars opercularis -0.12 0.005 

L pars orbitalis 0.12 0.02 

R caudal middle frontal gyrus 0.14 < 0.001 

R medial orbitofrontal -0.10 0.03 

R middle temporal gyrus 0.06 0.008 

R paracentral 0.08 0.02 

R supramarginal gyrus 0.04 0.04 

Table 2.8: Group differences in nodal efficiency, age at first operation. List of 

vertices for which vertex nodal efficiency was significantly different (p < 0.05) between 

groups. Group differences greater than 0 indicate higher values in the non-Neonate group 

compared to the neonate group. L: left; R: right 

Region Group diff P-value 

L caudal anterior cingulate -27.21 0.02 

L entorhinal 13.86 0.03 

L lateral orbitofrontal -29.24 0.02 

L pericalcarine 27.83 0.004 

L superior frontal gyrus 26.12 0.03 

R caudal middle frontal gyrus 32.26 0.004 

R lateral orbitofrontal 24.11 0.02 

R middle temporal gyrus 30.27 0.02 

R precentral 20.26 0.04 

R insula -32.49 0.01 

Table 2.9: Group differences in betweenness centrality, age at first operation. List of 

vertices for which vertex betweenness centrality was significantly different (p < 0.05) 

between groups. Group differences greater than 0 indicate higher values in the non-

Neonate group compared to the neonate group. L: left; R: right 
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Discussion 

This is the first study of brain gray matter (GM) networks based on cortical 

thickness covariance in post-Fontan children and adolescents with single ventricle (SV) 

heart defects. We report differences in several aspects of brain network organization in 

the Fontan group compared to a control group. Globally, the control network had a 

significant rightward asymmetry in connectivity pattern. At the vertex (i.e., regional) 

level, several regions were consistently determined to be hubs in the control group, with 

a different pattern of regions classified as hubs in the Fontan group. Furthermore, several 

regions in the right hemisphere had higher efficiency in the control group, and in both 

hemispheres several regions had higher betweenness centrality. Within the Fontan group, 

patients who had their first operation as neonates showed several regions of reduced 

vertex degree, nodal efficiency, and betweenness centrality, compared to patients with 

initial surgery as non-neonates. Also, Fontan patients with an open first operation 

showed differences in the same vertex measures compared to patients with a closed first 

operation. Similarly, patients who did not have a Norwood procedure had higher 

betweenness in several regions, and a mixture of higher or lower nodal efficiency 

compared to patients who did have a Norwood procedure. These results suggest that 

having an initial surgery in the neonatal period and undergoing the Norwood are 

associated with altered brain development even into adolescence. However, our study is 

not designed to determine causality, calling for careful interpretation of these results. 

Although this is the first investigation of GM covariance networks in pre-teenage 

and adolescent children with SV, we have previously carried out similar analyses in 
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adolescents with d-transposition of the great arteries (d-TGA) (Watson et al., manuscript 

under review). In that patient group, we also found a significant rightward asymmetry in 

addition to different hub distribution between groups. Network hubs are by definition 

important (in a network context) as they represent those regions that lie on a large 

proportion of shortest paths between pairs of other region. Based on a meta-analysis of 

white matter (WM) connectivity data, hubs have been shown to be involved in a 

multitude of brain disorders such that lesions are more likely to affect hub regions 

(Crossley et al., 2014). While SV is not characterized specifically by such gross 

pathology (compared to, for example, Alzheimer’s disease), it is possible that the altered 

hub distributions we see in SV patients is representative of altered brain structure at the 

microscopic level. Cortical thickness asymmetry is common across development, with 

more rightward asymmetry seen frontally and leftward asymmetry seen in posterior 

regions (Zhou et al., 2013). A longitudinal study of healthy and ADHD children and 

adolescents showed that the frontal rightward asymmetry was disrupted in the ADHD 

group (Shaw et al., 2009). The Fontan group has a high proportion of children diagnosed 

with ADHD, and the observed lack of asymmetry, coupled with Shaw et al.’s (2009) 

finding of a lack of increased right frontal thickness, point to an association between 

right hemispheric cortical thickness and ADHD. Our results add to a growing body of 

work indicating that the structural brain differences seen in utero and in the neonatal 

period do not necessarily normalize as patients near the end of development and persist 

in a broad distribution. 
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Longstanding differences in brain GM seen in adolescence may derive from in 

utero experience (Volpe, 2014). Using MRI and cranial ultrasound as early as 18 weeks 

gestation, CHD fetuses—including those with hypoplastic left heart syndrome (HLHS)—

were consistently shown to have smaller head circumference (Hinton et al., 2008; 

Williams et al., 2015), increased prevalence of brain abnormalities (Brossard-Racine et 

al., 2014; Mlczoch et al., 2013), lower total brain volumes (Clouchoux et al., 2013; 

Limperopoulos et al., 2010; Sun et al., 2015), and white matter abnormalities (Brossard-

Racine et al., 2014; Hinton et al., 2008). Growth rates in head circumference (Williams 

et al., 2015), cerebral total, gray, and white matter volumes (Clouchoux et al., 2013; 

Licht et al., 2009; Zeng et al., 2015b), and brain metabolic biomarkers (Limperopoulos et 

al., 2010) are slower for CHD fetuses relative to controls. Importantly, Sun et al. (2015) 

found that brain size at 36 weeks gestation correlates positively with both ascending 

aortic oxygen saturation and cerebral oxygen volume, suggesting that chronic hypoxia in 

utero is a major contributor to these developmental brain differences (Sun et al., 2015). 

Brain abnormalities present in preoperative studies are often exacerbated after 

neonatal heart surgery, particularly WM injury (Andropoulos et al., 2010; Beca et al., 

2013; Dent et al., 2006; Mahle et al., 2002). Indeed, infants with CHD have brain 

immaturity similar to that of preterm infants: the WM injury that often manifests in 

preterm infants, periventricular leukomalacia (PVL), has also been reported in CHD 

infants and suspected to be caused by hypoxic-ischemic damage (Galli et al., 2004; 

Volpe, 2009). Although PVL is specific to WM, it can trigger consequent neuronal death 
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and disruption of thalamocortical connectivity (Inder et al., 1999; Leviton and Gressens, 

2007; McQuillen and Ferriero, 2005). Young adults born premature have demonstrated 

altered GM covariance in frontal, temporal, and parietal lobes, along with lower 

clustering coefficient compared to term-born young adults (Scheinost et al., 2015). Taken 

together, the GM differences we show in children and adolescents with SV could be 

related to in utero and perinatal/perioperative WM injury with consequent GM disruption 

through Wallerian degeneration and its effects on developing cortical circuits (Volpe, 

2014). 

Analysis of subgroups within the Fontan cohort revealed lower graph measures in 

the Norwood subgroup, in the subgroup who had an “open” first operation, and in the 

subgroup who had the first operation in the neonatal period. The Norwood operation was 

initially introduced to palliate HLHS (Norwood et al., 1980), a patient group often 

associated with poorer neurodevelopmental outcomes, more delayed brain development, 

and a higher incidence of perioperative WM injury (Andropoulos et al., 2010; 

Wernovsky et al., 2000). As nearly two-thirds of our Norwood subgroup were diagnosed 

with HLHS, our findings would suggest that brain development in HLHS patients 

continues to differ from other SV types even into adolescence. Time to surgery has been 

shown to be a factor in HLHS neonates, such that a later surgery was associated with 

increased frequency or worsened postoperative PVL (Lynch et al., 2014). This finding is 

opposite to ours; however, Lynch et al. (2014) studied only HLHS neonates (no other SV 

subtypes), and the range of age at first surgery was only one to seven days (compared to 
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our stratification into neonates and non-neonates). Further investigation is required to 

explore the effects of surgical timing on long-term development. 

This study has some limitations. We were unable to scan all subjects on a 3T 

MRI due to the lack of safety data for some of the implanted cardiac coils. As a result, a 

higher percentage of Fontan patients were scanned on a 1.5T MRI compared to controls; 

therefore, we adjusted for this factor in our statistical analyses (Han et al., 2006; Pardoe 

et al., 2008; Stonnington et al., 2008). Although age at MRI was not different between 

groups, the age range of all subjects was relatively wide (10 to 19 years). Brain 

development continues throughout this period, even into the third decade (Giedd, 2004). 

Although we included subject age as a covariate in our analyses, it is possible that there 

is a nonlinear relationship that we did not capture. Third, the date of Fontan procedure 

spanned many years, the majority from 1995-2003, and was not performed at the same 

center for all patients. While this does not limit our findings in terms of tertiary care 

center or surgeon, there may be increased associated variability not captured. Although 

the patient group comprises only those with a diagnosis of SV who underwent the Fontan 

procedure, there were multiple diagnoses (e.g., HLHS, tricuspid atresia, double outlet 

right ventricle, heterotaxy, etc.) with differing number of patients in each sub-group. As 

such, our results may not directly apply to any one SV anatomic group. Finally, this 

article only reports the results of networks created from cortical thickness covariance, 

which can only be considered an indirect and incomplete measure of brain structural 

connectivity. Other analyses of this cohort will use DTI tractography to assess 

connectivity based on white matter structure. 
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Conclusions 

In conclusion, children and adolescents with SV heart defects who have 

undergone the Fontan procedure continue to show differences in brain structure, here 

measured by cortical thickness covariance networks. Within the Fontan group, there are 

global and regional differences in connectivity associated with the initial procedure and 

the time in early life at which this procedure is performed. These results highlight the 

importance of early-life brain development, and future analyses will assess the 

relationship between brain network structure and cognitive and behavioral function. 



 

 

GRAPH THEORY ANALYSIS OF WHITE MATTER NETWORKS IN POST-

FONTAN CHILDREN AND ADOLESCENTS 

Introduction 

Single ventricle (SV) heart defects are among the most severe types of congenital 

heart disease (CHD) (Hoffman and Kaplan, 2002; Moons et al., 2005). Since the 

introduction of the Fontan procedure in the 1970’s and the Norwood procedure in the 

1980’s, post-surgical survival of SV patients has been increasing over time, even for 

more complex forms such as hypoplastic left heart syndrome (HLHS) (Coats et al., 2014; 

Fontan and Baudet, 1971; Khairy et al., 2010; Norwood et al., 1980; O’Leary, 2002; 

Oster et al., 2013; Raissadati et al., 2015). This decrease in early mortality has resulted in 

an aging CHD population, allowing for more extensive study of SV patients beyond 

early childhood (Marelli et al., 2007). Many studies of SV patients have focused on 

neurodevelopmental and health status, reporting deficits in many areas of cognition, 

along with a high rate of learning disability and behavioral problems; these issues 

continue to be present into adolescence (Bellinger et al., 2015; Longmuir et al., 2012; 

Mahle et al., 2000; Shillingford et al., 2008; Sugimoto et al., 2013; Wernovsky et al., 

2000). 

Delayed brain development and white matter (WM) injury are common in SV 

patients and are detectable as early as the fetal period (Clouchoux et al., 2013; Glauser et 

al., 1990; Goff et al., 2014; Hinton et al., 2008; Kaltman et al., 2005; Licht et al., 2009; 

Limperopoulos et al., 2010). Brain structure in SV patients tends to differ from those in 
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other types of CHD and may arise from the different hemodynamic profile associated 

with having a SV defect (Berg et al., 2009; Hahn et al., 2015; Ibuki et al., 2012; Lynch et 

al., 2014; Rosenthal, 1996; Sethi et al., 2013). The brain injury seen in autopsy and fetal 

imaging studies can persist after surgery, and many patients show signs of new and more 

extensive WM injury in the postoperative period compared to the preoperative period 

(Andropoulos et al., 2010; Block et al., 2010; Dent et al., 2006; Dimitropoulos et al., 

2013; Mahle et al., 2002). Neuroimaging study of SV patients beyond infancy has been 

rare, but shows brain abnormalities in many at ages ranging from 3 to 8 years (Goldberg 

et al., 2000; Sarajuuri et al., 2012, 2007). In the current cohort of post-Fontan patients 

(undergoing MRI between 10 and 19 years of age), we showed an increased prevalence 

of gross anatomic brain abnormalities, in addition to multiple areas of reduced cortical 

thickness and cortical and subcortical gray matter volume spanning all major lobes of the 

brain (Watson et al., manuscript under review). Furthermore, WM microstructure, 

measured with diffusion tensor imaging (DTI), is altered and shows a pattern suggestive 

of early hypoxic-ischemic injury (Watson et al., manuscript in preparation). This same 

cohort also demonstrated impairment in multiple areas of neurodevelopment, results 

which have been found in other SV cohorts (Bellinger et al., 2015). Although there is an 

abundance of neurodevelopmental data in post-Fontan children and adolescents, no study 

has performed detailed analysis of brain WM connectivity. 

DTI tractography is an in vivo, non-invasive method of mapping WM structural 

connectivity in the human brain (Hagmann et al., 2008, 2007; Iturria-Medina et al., 2008). 
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Taking a graph theoretical approach treats the brain as a network, and allows for 

investigation of global and regional topology (Rubinov and Sporns, 2010). Exploring the 

structural brain network moves beyond traditional analyses of brain regions as isolated 

units, and can be particularly useful in brain disorders thought to arise from reductions in 

connectivity, such as schizophrenia, Alzheimer’s disease, 22q11.2 deletion syndrome, 

and depression (Bohlken et al., 2016; Crossley et al., 2014; Qin et al., 2014; Vasa et al., 

2016). In adolescents with d-transposition of the great arteries (d-TGA), we previously 

showed alterations in integration and segregation of the patient group’s network, and that 

these topological changes mediated cognitive function in domains that CHD patients are 

known to have deficits in (Panigrahy et al., 2015). Although informative, the d-TGA 

group was homogeneous in regards to age at surgery and type of heart defect. 

Consequently, the findings in children with d-TGA are not necessarily applicable to a 

more varied CHD patient group. 

We acquired DTI data to complement our prior analysis of gray matter networks 

and to compare features of WM structural connectivity between post-Fontan SV patients 

with healthy control children and adolescents. Second, we examined associations 

between perioperative and medical history characteristics and measures of network 

integration, segregation, and efficiency. In particular, we made further group 

comparisons by dividing the Fontan subjects into patients who underwent the Norwood 

procedure as their first operation and those who did not, patients who were neonates 
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during their first operation, and explored the effect of operative complications on the 

WM network. 

Methods 

Subjects 

Details of subject recruitment and inclusion/exclusion criteria are presented in 

Chapter 2 (“Graph theory analysis of gray matter networks in post-Fontan children and 

adolescents”). 

MRI acquisition 

Subjects were scanned on either a GE 3 Tesla (T) or 1.5T system (General Electric, 

Milwaukee, WI) with an eight-channel head coil at Beth Israel Deaconess Medical 

Center. The DTI sequence was acquired using single-shot spin-echo echo planar imaging 

with parameters: TR/TE = 15000/84 ms, flip angle = 90◦, acquisition matrix = 96 x 96, 

FOV = 240mm, slice thickness = 2.5mm, with resultant voxel size = 2.5 x 2.5 x 2.5 mm3. 

A single non-diffusion weighted volume was acquired (b = 0 s / mm2), and 25 diffusion-

weighted volumes (b = 1,000 s / mm2). 

DTI preprocessing and tractography 

All DTI image processing was performed with FSL v5.0.6 and the FSL Diffusion 

Toolbox (FDT) (Smith et al., 2004). All of the following steps were applied to each 

subject. First, eddy-current correction was performed to correct for image distortions and 

head motion. Next, the diffusion tensor was calculated at every voxel using the tool dtifit. 

Distributions of diffusion parameters were calculated at every voxel using the tool 
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bedpostx with default parameters (Behrens et al., 2007, 2003; Jbabdi et al., 2007). Finally, 

probabilistic tractography was performed with the tool probtrackx2. Fiber tracking was 

initiated from 76 regions of the DKT atlas (62 cortical and 14 subcortical regions) (Klein 

and Tourville, 2012). For each voxel, 5,000 samples were drawn from the probability 

distribution of the principle fiber direction; each step in the process was 0.5 mm, and 

tracking stopped after a maximum of 2,000 steps. All other parameters used were default 

parameters. 

Network construction 

All statistics were performed in R version 3.3.0 (2016-05-03), using functions in 

the packages igraph v1.1.0 and brainGraph (Csardi and Nepusz, 2006; Kolaczyk and 

Csardi, 2014; R Core Team, 2015). For each subject, a connectivity matrix A was 

obtained from the probabilistic tractography procedure described above. The matrices for 

all subjects were combined into a multidimensional array, such that each element A(i, j, k) 

equals the number of streamlines (i.e., fibers that connect two regions) between regions 

of interest (ROIs) i and j for subject k. A series of operations were performed on these 

matrices to remove spurious connections. 

First, streamline counts were adjusted for ROI size (as pairs of larger brain 

regions will tend towards higher streamline counts by virtue of being a larger target) by 

dividing each matrix entry by the average volume of the ROI pairs, i.e., 

𝐴𝑛𝑜𝑟𝑚(𝑖, 𝑗, 𝑘) =  
𝐴(𝑖, 𝑗, 𝑘)

5000 𝑋 0.5 (𝑉𝑖(𝑘) +  𝑉𝑗(𝑘))
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where A(i, j,k) is the original streamline count, Vi(k) and Vj(k) are the volumes of ROI’s i 

and j, and 5,000 is the number of samples per voxel (from the tractography algorithm) 

(Gong et al., 2009; Hagmann et al., 2008). Next, a range of thresholds x from 0.001 - 

0.105 (step size of 0.01) were applied at the individual level to remove the lowest 

streamline counts (i.e., entries less than that threshold were changed to 0). These values 

were chosen empirically and resulted in a range of densities similar to the literature 

(range: 3.3 - 24.7 %) (Gong et al., 2009; Hagmann et al., 2008). This resulted in a set of 

11 connectivity matrices Athr(k) per subject k. Mathematically, 

𝐴𝑡ℎ𝑟(𝑖, 𝑗, 𝑘) =  {
𝐴𝑛𝑜𝑟𝑚(𝑖, 𝑗, 𝑘),      𝐴𝑛𝑜𝑟𝑚(𝑖, 𝑗, 𝑘) ≥ 𝑥 ∀𝑥

0,                           𝐴𝑛𝑜𝑟𝑚(𝑖, 𝑗, 𝑘) < 𝑥 ∀𝑥
 

A second threshold was applied, again at the individual subject level but using 

information from the entire group, by keeping only those entries which were present in at 

least 50% of subjects per group (similar results were obtained when using the entire 

sample; data not shown). This was applied separately for each group. Mathematically, 

𝐴𝑓𝑖𝑛𝑎𝑙(𝑖, 𝑗, 𝑘) =  {

𝐴𝑡ℎ𝑟(𝑖, 𝑗, 𝑘),     ∑ 𝐼(𝐴𝑡ℎ𝑟(𝑖, 𝑗, 𝑘)) ≥ 0.5 × 𝑁𝑘
𝑘

0,                         ∑ 𝐼(𝐴𝑡ℎ𝑟(𝑖, 𝑗, 𝑘)) < 0.5 × 𝑁𝑘
𝑘

 
 

where I is an indicator function which equals 1 if its argument is greater than 0, and 

equals 0 otherwise; and Nk is the group size of subject k. This group threshold (50%) is 

within the optimal range determined by a previous report, and was chosen to balance the 

number of false positive and false negative structural connections (de Reus and van den 

Heuvel, 2013a). Finally, group-averaged connectivity matrices were calculated by taking 
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the mean across subjects for each group and each threshold. In sum, there are 15 

connectivity matrices per subject, in addition to the 30 group-averaged connection 

matrices. Edge weights for all matrices are streamline counts normalized by average 

ROI-pair volumes. 

Group differences in global- and vertex-level measures 

Group differences in global measures were assessed by Wilcoxon rank sum tests 

across thresholds. P-values were adjusted using the false discovery rate (FDR), and 

differences were considered significant if pFDR < 0.05. 

Group differences in vertex-level measures were assessed by specifying a general 

linear model (GLM) at each vertex, in which the response variable was the vertex 

measure of interest, and predictors were age, sex, scanner (1.5T or 3T), and group 

membership. Next, permutation testing was performed in a procedure similar to that used 

in the randomise tool from FSL (Nichols and Holmes, 2002). The set of subject graphs 

was permuted such that each subject was randomly assigned to one of the two subject 

groups, creating two groups with sample sizes matching the original data. The maximum 

t-statistic for the group predictor variable (calculated from the GLM) across vertices was 

recorded; 10,000 permutations were performed. The permutation P-value was calculated 

directly as the number of times the maximum t-statistic in the permutation set exceeded 

the observed maximum t-statistic, divided by the number of permutations, i.e., 

𝑝𝑝𝑒𝑟𝑚 =  
1 +  ∑ 𝑡𝑝𝑒𝑟𝑚(𝑖) ≥ 𝑡𝑜𝑏𝑠𝑖

1 + 𝑁
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where tperm(i) is the i-th t-statistic from the permutation distribution, tobs is the observed 

maximum t-statistic, and N is the number of permutations (here, N = 10,000) (Phipson 

and Smyth, 2010). Vertex differences were considered significant if pperm < 0.05. This 

procedure provides control over the family-wise error rate (see Nichols and Holmes 

(2002)). 

The strength si of vertex i is the sum of the edge weights of all adjacent edges to 

that vertex: 

𝑠𝑖 =  ∑ 𝐴𝑖𝑗𝑊𝑖𝑗

𝑗

 

where Wij is the matrix of edge weights. The shortest path length li of vertex i is 

𝑙𝑖 =  
1

𝑛 − 1
 ∑ 𝑑𝑖𝑗

𝑗 ≠𝑖

 

where n is the number of vertices in the graph and dij is the length of a geodesic path 

between vertices i and j (Newman, 2010). Nodal efficiency is defined in Chapter 2. 

Network-based statistic 

To determine group differences in overall connectivity, the network-based 

statistic (NBS) method was employed (Zalesky et al., 2010a). This method allows for 

familywise error control of network data that is analogous to cluster-based thresholding 

in the functional MRI literature. To calculate the NBS, first a GLM adjusting for age at 

MRI, sex, and scanner field strength was specified for each element of the N ×N 

connectivity matrix (i.e., the matrices thresholded by ROI size). A matrix of t-statistics 
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associated with the Group predictor was thresholded by an initial P-value threshold (here, 

p < 0.001). A graph was then created from this matrix, and the largest connected 

component recorded. Next, the data were permuted 10,000 times, in which each subject 

was randomly assigned to one of two groups (of equal size as the original Fontan and 

control groups). The same GLM was again specified at every matrix entry, a t-statistic 

matrix calculated and thresholded (again by p < 0.001), and the largest connected 

component was recorded for each permutation. The null distribution of largest connected 

component sizes was used to calculate a P-value associated with the connected 

components of the observed data (as the proportion of times the permutation component 

sizes exceeded the observed size). 

Demographic and medical history variables 

Demographic variables included socioeconomic status (measured by the 

Hollingshead Four-Factor Index of Socioeconomic Status) (Hollingshead et al., 1975), 

birth weight, gestational age (GA) at birth, and race. Surgical history variables related to 

the first operation were investigated as potential predictor variables in general linear 

model (GLM) analyses. These included: Norwood status (“Norwood” or “non-

Norwood”), age at first operation (“neonate” or “non-neonate”), type of first operation 

(“open” or “closed”), number of complications during the first operation, and DHCA and 

total support time (in minutes). Medical history variables included: history of any 

seizures, and history of any neurologic event (stroke, seizure, choreoathetosis, and 

meningitis). In between-group comparisons of demographic variables, P-values were 
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calculated by Fisher’s exact test for categorical variables and Wilcoxon rank sum test for 

continuous variables, with significance at a level of p < 0.05. In the GLM analyses of 

between-group differences in global- and vertex-level graph measures, age at MRI, sex, 

and MRI field strength were included as covariates. Associations were considered 

significant if p < 0.01. 

Results 

Subjects 

A total of 112 Fontan subjects and 44 control subjects were included in the 

analysis. The number of subjects with unacceptable data due to motion artifact did not 

differ between groups (18/129 in the Fontan group, and 4/48 in the control group; 

Fisher’s exact test P-value = 0.44). Subject demographics and education history are 

summarized in Table 3.1. Fontan subjects were significantly more likely than controls to 

be scanned at 1.5T (p = 0.007), social class was significantly lower in the Fontan group 

than controls (p = 0.04), and NYHA class was significantly greater (i.e., more limitation 

in ordinary physical activity) in the Fontan group than controls (p < 0.0001). For 

education history, the Fontan group had significantly greater numbers for all variables 

(tutoring, grade retention, early intervention, occupational therapy, physical therapy, 

special education, psychotherapy and counseling, and any special services; all p < 0.01). 

Global graph measures 

The control group had significantly higher network density at each threshold, 

both at the single-subject and group levels. Figure 3.1 shows several graph-level 
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measures plotted against threshold. The control group had significantly higher strength, 

global efficiency (weighted and unweighted), and local efficiency (weighted and 

unweighted) than the Fontan group at most or all thresholds. The Fontan group had 

significantly higher characteristic path length and modularity (weighted and unweighted) 

at most or all thresholds. 

Vertex-level differences 

Figure 3.2 shows a graph containing only vertices with significantly higher 

strength in the control group compared to the Fontan group (p < 0.05, based on 

permutation testing). Vertex and edge color are based on lobe membership. There were 

no vertices in which strength was significantly higher in the Fontan group. A table listing 

the average group difference in vertex strength, the parameter estimate (β), standard error 

of the parameter estimate, t-statistic, and P-value for all vertices is shown in Table 3.2. 

Similarly, Figure 3.3 shows a graph containing only vertices with significantly 

higher weighted nodal efficiency in the control group compared to the Fontan group (p < 

0.05). There were no vertices in which weighted nodal efficiency was higher in the 

Fontan group. The tables of group differences, parameter estimates, standard errors, t-

statistics, and associated P-values are in Table 3.3 (left hemisphere) and Table 3.4 (right 

hemisphere). 

Figure 3.4 shows a graph containing only vertices with significantly lower 

weighted shortest path length in the control group compared to the Fontan group (p < 

0.05). There were no vertices in which weighted shortest path length was lower in the 
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Fontan group. The tables of group differences, parameter estimates, standard errors, t-

statistics, and associated P-values are in Table 3.5 (left hemisphere) and Table 3.6 (right 

hemisphere). 

 

Associations with first operation 

Nodal efficiency 

Table 3.7 shows the operative variables that were significantly associated with 

weighted nodal efficiency in the Fontan group. For type of first operation, a negative 

parameter estimate (β) indicates that weighted nodal efficiency was lower in patients 

with an open first operation compared to those with a closed first operation. For 

Norwood, a negative estimate indicates that weighted nodal efficiency was lower in 

patients who underwent the Norwood procedure compared to those who did not. The 

remaining operative variables are numeric, so a negative association indicates a decrease 

in weighted nodal efficiency with an increase in, for example, number of complications 

during the initial operation. The most robust findings were associated with Norwood 

stratification and number of operative complications. The Norwood subgroup had 

significantly lower weighted nodal efficiency for several brain regions, all located in 

temporal areas, and predominantly in the left hemisphere (all p < 0.01). Figure 3.5 also 

shows the vertices with a significant association, overlaid on brain slices; red vertices are 

associated with number of complications in the first operation, blue vertices are 

associated with Norwood, and green vertices with both. 

Local efficiency 
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Table 3.8 shows the operative variables that were significantly associated with 

weighted local efficiency in the Fontan group. For Norwood, a negative parameter 

estimate (β) indicates that weighted local efficiency was lower in patients who underwent 

the Norwood procedure compared to those who had not. And for operative complications, 

a negative association indicates a decrease in weighted local efficiency with increasing 

number of complications during the initial operation. Norwood patients had lower 

weighted local efficiency in the superior temporal gyrus bilaterally. An increasing 

number of operative complications was associated with lower weighted local efficiency 

in regions of the right frontal lobe. Figure 3.6 also shows the vertices with a significant 

association; red vertices are associated with number of complications in the first 

operation, and blue vertices are associated with Norwood. 

Strength 

Table 3.9 shows the operative variables that were significantly associated with 

vertex strength in the Fontan group. For type of first operation, a negative parameter 

estimate (β) indicates that strength was lower in patients with an open first operation 

compared to those with a closed first operation. For age at first operation, a negative 

parameter estimate indicates that strength was lower in patients who were neonates at 

first operation compared to those who were older. The remaining operative variables are 

numeric, so a negative association indicates a decrease in strength with an increase in, for 

example, DHCA time (in minutes) during the initial operation. None of the operative 

variables were significantly associated with strength in more than one region, but all 
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significant associations were located in the temporal lobes (specifically, fusiform and 

transverse temporal gyri) and insula. 

Network-based statistic 

Calculation of the network-based statistic revealed 4 connected components with 

a total of 30 vertices in which the connectivity strength was significantly higher in the 

control group compared to the Fontan group (p < 0.05 for all components). Axial and 

sagittal views of the vertices and edges in these components is in Figure 3.7. Vertex and 

edge colors are based on component membership from largest to smallest: red (13 

vertices and 13 edges), green (8 vertices and 8 edges), blue (6 vertices and 5 edges), and 

magenta (3 vertices and 2 edges). These components spanned both hemispheres, and 

most of the regions involved were in the frontal lobes and subcortical gray matter. The 

largest (red) component was solely in the left hemisphere, including regions of frontal 

and temporal lobe, insula, cingulate gyrus, and subcortical gray matter. 
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Total 

(N = 156) 

Control 

(N = 44) 

Fontan 

(N = 112) 
P-value 

Age at MRI, yr 14.96 ± 2.85 15.59 ± 2.42 14.71 ± 2.98 0.10 

Scanner, 1.5T 84 (54) 16 (36) 68 (61) 0.007 

Sex, F 65 (42) 19 (43) 46 (41) 0.86 

NYHA class 2 (1 – 2) 1 (1 – 1) 2 (1 – 2) <0.0001 

Social class at 16 yr 

of age† 

49.91 ± 12.55 54.26 ± 8.13 48.24 ± 13.54 0.04 

Birth weight, kg 3.32 ± 0.62 3.44 ± 0.56 3.28 ± 0.64 0.27 

Gestational age, wk 39.08 ± 2.07 39.56 ± 1.18 38.90 ± 2.29 0.26 

Race (white) 144 (92) 39 (89) 105 (94) 0.32 

Received tutoring 74 (47) 14 (32) 60 (54) 0.02 

Held back in school 26 (17) 0 (0) 26 (23) <0.0001 

Early intervention 63 (40) 2 (5) 61 (54) <0.0001 

Occupational therapy 57 (37) 0 (0) 57 (51) <0.0001 

Physical therapy 59 (38) 7 (16) 52 (46) 0.0004 

Special education 37 (24) 0 (0) 37 (33) <0.0001 

Psychotherapy and 

counseling 

53 (34) 7 (16) 46 (41) 0.003 

Any special services 120 (77) 25 (57) 95 (85) 0.0005 

Table 3.1: Subject demographics and education history. Values are N (%), mean SD, or median (range). 

P-values were calculated by Fisher's exact test for categorical variables and Wilcoxon rank sum test for 

continous variables. yr: years; T: tesla; L: liters; F: female; NYHA: New York Heart Association; kg: 

kilograms; wk: weeks. †Score on the Hollingshead Four Factor Index of Social Status; higher scores 

indicate higher social class 
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Figure 3.1: Global network measures across thresholds. The shaded regions represent 

the 95% confidence regions obtained via predictions from a generalized additive model. 

wt: weighted (indicating that the given measure is calculated using edge weights) 
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Table 3.2: Group differences in vertex strength. List of vertices for which vertex 

strength was significantly different (p < 0.05 determined by linear models and 

permutation testing) between groups. Group differences greater than 0 indicate higher 

values in the control group compared to Fontans. The β values are parameter estimates 

for the Group predictor, shown along with their associated standard errors, t-statistics, 

and P-values. 

L: left; R: right 
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Figure 3.2: Group differences in vertex strength. The vertices shown are those which 

had significantly higher strength in the control group than the Fontan group. Significance 

was determined by permutation testing; p < 0.05. Vertex color corresponds to lobe 

membership (red: frontal; green: parietal; blue: occipital; yellow: insula; orange: 

cingulate; light green: subcortical). The left hemisphere is displayed on the left side of 

the figure. 
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Table 3.3: Group differences in vertex weighted nodal efficiency (L) List of vertices 

for which vertex weighted nodal efficiency was significantly different (p < 0.05 

determined by linear models and permutation testing) between groups. Group differences 

greater than 0 indicate higher values in the control group compared to Fontans. The β 

values are parameter estimates for the Group predictor, shown along with their 

associated standard errors, t-statistics, and p-values. L: left; R: right 
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Table 3.4: Group differences in vertex weighted nodal efficiency (R) List of vertices 

for which vertex weighted nodal efficiency was significantly different (p < 0.05 

determined by linear models and permutation testing) between groups. Group differences 

greater than 0 indicate higher values in the control group compared to Fontans. The β 

values are parameter estimates for the Group predictor, shown along with their 

associated standard errors, t-statistics, and p-values. L: left; R: right 
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Figure 3.3: Group differences in vertex weighted nodal efficiency. The vertices shown 

are those which had significantly higher weighted nodal efficiency. Significance was 

determined by permutation testing; p < 0.05. Vertex color corresponds to lobe 

membership (red: frontal; green: parietal; blue: occipital; yellow: insula; orange: 

cingulate; light green: subcortical). The left hemisphere is displayed on the left side of 

the figure. 
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Region Group diff. β Std. error T P-value 

L nucleus accumbens -0.03 0.05 0.01 5.19 <0.001 

L amygdala -0.13 0.15 0.01 15.86 <0.001 

L caudate -0.07 0.09 0.01 9.47 <0.001 

L entorhinal -0.08 0.11 0.01 10.74 <0.001 

L fusiform -0.09 0.11 0.01 13.00 <0.001 

L hippocampus -0.05 0.07 0.01 7.27 <0.001 

L insula -0.04 0.06 0.01 8.19 <0.001 

L inferior parietal lobule -0.05 0.06 0.01 6.22 <0.001 

L inferior temporal gyrus -0.06 0.08 0.01 8.31 <0.001 

L lingual -0.03 0.05 0.01 5.38 <0.001 

L lateral orbitofrontal -0.05 0.07 0.01 9.36 <0.001 

L lateral occipital gyrus -0.08 0.10 0.01 10.80 <0.001 

L medial orbitofrontal -0.01 0.03 0.01 3.38 0.01 

L middle temporal gyrus -0.05 0.07 0.01 6.65 <0.001 

L pallidum -0.07 0.08 0.01 7.78 <0.001 

L parahippocampal -0.13 0.16 0.01 15.13 <0.001 

L posterior cingulate cortex -0.01 0.03 0.01 3.34 0.01 

L putamen -0.12 0.14 0.01 16.64 <0.001 

L superior frontal gyrus -0.08 0.10 0.01 12.79 <0.001 

L supramarginal gyrus -0.02 0.03 0.01 3.60 0.005 

L superior temporal gyrus -0.04 0.06 0.01 7.75 <0.001 

L thalamus -0.20 0.22 0.01 20.82 <0.001 

L transverse temporal -0.03 0.05 0.01 6.56 <0.001 

L caudal anterior cingulate -0.03 0.05 0.01 6.46 <0.001 

L caudal middle frontal gyrus -0.06 0.08 0.01 10.61 <0.001 

L isthmus cingulate cortex -0.00 0.02 0.01 2.80 0.04 

L pars opercularis -0.07 0.09 0.01 11.38 <0.001 

L pars orbitalis -0.04 0.06 0.01 7.11 <0.001 

L pars triangularis -0.03 0.06 0.01 5.97 <0.001 

L pericalcarine -0.01 0.03 0.01 2.91 0.03 

L precentral -0.03 0.04 0.01 5.83 <0.001 

L rostral anterior cingulate cortex -0.05 0.08 0.01 8.59 <0.001 

L rostral middle frontal gyrus -0.08 0.10 0.01 13.14 <0.001 

Table 3.5: Group differences in vertex weighted shortest path length (L) List of vertices for which 

vertex weighted shortest path length was significantly different (p < 0.05 determined by linear models and 

permutation testing) between groups. Group differences greater than 0 indicate higher values in the control 

group compared to Fontans. The β values are parameter estimates for the Group predictor, shown along 

with their associated standard errors, t-statistics, and p-values. L: left; R: right 
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Region Group diff. β Std. error T P-value 

R nucleus accumbens -0.01 0.03 0.01 3.40 0.01 

R amygdala -0.13 0.15 0.01 14.85 <0.001 

R caudate -0.04 0.06 0.01 7.00 <0.001 

R entorhinal -0.08 0.10 0.01 10.45 <0.001 

R fusiform -0.03 0.05 0.01 6.50 <0.001 

R hippocampus -0.04 0.05 0.01 6.23 <0.001 

R insula -0.06 0.08 0.01 10.50 <0.001 

R inferior parietal lobule -0.02 0.03 0.01 3.47 0.008 

R inferior temporal gyrus -0.04 0.05 0.01 5.71 <0.001 

R lateral orbitofrontal -0.05 0.06 0.01 8.45 <0.001 

R lateral occipital gyrus -0.01 0.03 0.01 3.32 0.01 

R medial orbitofrontal -0.01 0.02 0.01 3.16 0.02 

R middle temporal gyrus -0.19 0.21 0.01 22.36 <0.001 

R pallidum -0.07 0.09 0.01 8.61 <0.001 

R parahippocampal -0.10 0.11 0.01 11.85 <0.001 

R putamen -0.08 0.10 0.01 10.37 <0.001 

R superior frontal gyrus -0.06 0.08 0.01 12.06 <0.001 

R supramarginal gyrus -0.03 0.04 0.01 5.46 <0.001 

R superior temporal gyrus -0.04 0.06 0.01 8.02 <0.001 

R thalamus -0.20 0.22 0.01 22.15 <0.001 

R transverse temporal -0.05 0.07 0.01 7.50 <0.001 

R caudal anterior cingulate -0.01 0.03 0.01 4.79 <0.001 

R caudal middle frontal gyrus -0.06 0.08 0.01 10.95 <0.001 

R pars opercularis -0.06 0.08 0.01 10.43 <0.001 

R pars orbitalis -0.06 0.07 0.01 8.16 <0.001 

R pars triangularis -0.05 0.07 0.01 7.81 <0.001 

R pericalcarine -0.08 0.10 0.01 9.95 <0.001 

R precentral -0.04 0.06 0.01 7.88 <0.001 

R rostral anterior cingulate cortex -0.01 0.03 0.01 4.86 <0.001 

R rostral middle frontal gyrus -0.06 0.08 0.01 10.18 <0.001 

Table 3.6: Group differences in vertex weighted shortest path length (R) List of vertices for which 

vertex weighted shortest path length was significantly different (p < 0.05 determined by linear models and 

permutation testing) between groups. Group differences greater than 0 indicate higher values in the control 

group compared to Fontans. The β values are parameter estimates for the Group predictor, shown along 

with their associated standard errors, t-statistics, and p-values. L: left; R: right 
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Figure 3.4: Group differences in vertex weighted shortest path length. The vertices 

shown are those which had significantly lower weighted shortest path length in the 

control group. Significance was determined by permutation testing; p < 0.05. Vertex 

color corresponds to lobe membership (red: frontal; green: parietal; blue: occipital; 

yellow: insula; orange: cingulate; light green: subcortical). The left hemisphere is 

displayed on the left side of the figure. 
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Predictor Region β Std. error T P-value 

Op. 1 type R transverse temporal -0.0020 0.0008 -2.58 0.006 

DHCA time, min 
L fusiform 

L inferior temporal gyrus 

-0.0000 

-0.0000 

0.0000 

0.0000 

-2.46 

-2.37 

0.008 

0.01 

Support time, min L fusiform -0.0000 0.0000 -2.46 0.008 

 L medial orbitofrontal -0.0007 0.0003 -2.52 0.007 

 L rostral anterior cingulate cortex -0.0007 0.0003 -2.48 0.007 

Op. 1 complications L superior frontal gyrus -0.0007 0.0003 -2.43 0.009 

 R rostral anterior cingulate cortex -0.0007 0.0003 -2.43 0.008 

 R transverse temporal -0.0008 0.0003 -2.98 0.002 

 R insula -0.0009 0.0003 -2.75 0.004 

 L fusiform -0.0025 0.0007 -3.38 <0.001 

 L inferior temporal gyrus -0.0018 0.0006 -3.29 <0.001 

Norwood L middle temporal gyrus -0.0014 0.0006 -2.39 0.009 

 L parahippocampal -0.0027 0.0010 -2.59 0.005 

 L hippocampus -0.0029 0.0012 -2.42 0.009 

 R transverse temporal -0.0021 0.0008 -2.69 0.004 

  

Table 3.7: Associations between nodal efficiency and operative variables. Operative variables that were 

significantly associated with weighted nodal efficiency in the Fontan group. 

L: left; R: right; min: minutes 
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Predictor Region β Std. error T P-value 

Op. 1 complications 

R caudal middle frontal gyrus 

R lateral orbitofrontal 

R paracentral 

-0.0020 

-0.0014 

-0.0010 

0.0008 
0.0005 

0.0004 

-2.50 

-2.54 

-2.49 

0.007 
0.006 

 0.007 

 R pars triangularis -0.0028 0.0010 -2.85  0.003 

Norwood 
L superior temporal gyrus 

R superior temporal gyrus 

-0.0023 

-0.0026 

0.0009 

0.0009 

-2.66 

-2.74 

0.005 

0.004 

Table 3.8: Associations between local efficiency and operative variables. Operative variables that were 

significantly associated with weighted local efficiency in the Fontan group. 

L: left; R: right; min: minutes 
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Figure 3.5: Significant associations with nodal efficiency. Vertices for which weighted 

nodal efficiency was significantly associated (p < 0.01) with one of the surgical variables 

in the Fontan group. Vertex colors denote the surgical variable of interest, with red 

vertices being associated with number of complications in the first operation, blue 

vertices with Norwood procedure, and green vertices with both. 
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Figure 3.6: Significant associations with local efficiency. Vertices for which weighted 

local efficiency was significantly associated (p < 0.01) with one of the surgical variables 

in the Fontan group. Vertex colors denote the surgical variable of interest, with red 

vertices being associated with number of complications in the first operation, blue 

vertices with Norwood procedure, and green vertices with both. 
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Predictor Region β Std. error T P-value 

Op. 1 age L transverse temporal 0.0284 0.0106 2.69 0.004 

Op. 1 type R transverse temporal -0.0230 0.0085 -2.70 0.004 

DHCA time, min L fusiform -0.0008 0.0003 -2.54 0.006 

Support time, min L fusiform -0.0003 0.0001 -2.64 0.005 

Op. 1 complications 
R transverse temporal 

R insula 

-0.0077 

-0.0311 

0.0030 

0.0113 

-2.55 

-2.75 

0.006 

0.004 

Norwood L fusiform -0.0546 0.0165 -3.31 <0.001 

Table 3.9: Associations between vertex strength and operative variables. Operative variables that were 

significantly associated with vertex strength in the Fontan group. 

L: left; R: right; min: minutes 
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Figure 3.7: Network-based statistic results. Connected components with significantly 

lower connectivity strength in the Fontan group compared to the control group. Vertex 

colors are selected based on component membership, from largest to smallest: red, green, 

blue, magenta. 
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Discussion 

This is the first study using probabilistic tractography and graph theory analysis 

in children and adolescents with single ventricle (SV) who have undergone the Fontan 

procedure. Our results in brain white matter networks revealed extensive differences in 

overall network connectivity, integration, and segregation compared to a control group. 

Connectivity strength and measures of network integration were lower in the Fontan 

group at the global level and locally in several brain regions. Measures of network 

segregation were higher in the Fontan group throughout the brain. Additionally, lower 

global and local efficiency, along with vertex-level weighted nodal and local efficiency 

and vertex strength were associated with increasing number of complications in the 

patients’ first operation. Vertex strength and weighted nodal efficiency were further 

negatively associated with DHCA and support time, and lower in the right transverse 

temporal lobe for patients with an open first operation. Thus, management of 

complications that may arise during the initial surgery may be most beneficial to brain 

structural connectivity in post-Fontan SV patients. 

Compared to the control group, the Fontan group demonstrated reduced 

connectivity strength, increased modularity (segregation), increased characteristic path 

length, and lower efficiency. These results are similar to our analyses of WM networks in 

adolescents with d-transposition of the great arteries (d-TGA) (Panigrahy et al., 2015). 

Furthermore, these differences were present at the regional level, across all major lobes 

and both hemispheres. 
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Given these widespread differences, and the fact that WM injury and brain immaturity 

are common in CHD neonates, the data support the idea of the “encephalopathy of 

congenital heart disease” proposed by Volpe (2014) that is evident in infancy and persists 

into adolescence (Volpe, 2014). 

Interestingly, all regions showing altered nodal or local efficiency or vertex 

strength, when patients were stratified by Norwood status, were located in the temporal 

lobes and hippocampus bilaterally. Large portions of these regions are perfused by 

terminal branches of the vascular trees that subserve them and consequently could be 

prone to ischemic injury during periods of hemodynamic compromise (Graham, 1977; 

Gunn and Bennet, 2009; Malone et al., 1981). Interestingly, these areas were identified 

as having lower GM volumes and thicknesses in the same cohort (Watson et al., 

manuscript under review). In the study of CPB-related injury in animal models, 

immature WM—specifically pre-oligodendrocytes—were shown to be particularly 

vulnerable to hypoxia (Ishibashi et al., 2012); even mature oligodendrocytes that 

developed under conditions of hypoxia were more susceptible to injury (Agematsu et al., 

2014) Chronic hypoxia alters the normally protective astrocyte response, which may add 

to WM injury caused by CPB (Agematsu et al., 2016). Neuronal (GM) damage is also 

present but not constant throughout the brain: vulnerability was dependent on the 

region’s vasculature and metabolic properties (Ishibashi et al., 2010). Taken together, 

these results suggest that exposure to chronic hypoxia and/or CPB can result in the 

breakdown of neural connectivity — first in white matter, since oligodendrocytes are 

responsible for myelination of component axons — with consequent neuronal cell death 
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in gray matter through Wallerian degeneration. In aggregate, this alters the normal 

pattern of inputs and outputs of the damaged region. 

As neonates with SV have been shown to have an immature brain even before the 

first operation (Andropoulos et al., 2010; Lynch, 2009), the brains of SV neonates may 

be particularly susceptible to CPB-induced injury. Moreover, the Norwood subgroup 

consisted predominantly of hypoplastic left heart syndrome (HLHS) patients. Patients 

with HLHS have significantly lower cerebral blood flow beginning as early as the second 

trimester (Donofrio et al., 2003; Hahn et al., 2015; Szwast et al., 2012). It is possible that 

these differences in structural brain connectivity have their origin in insufficient blood 

flow throughout the critical period of fetal development. 

This study has some limitations. Not all patients were able to undergo MRI at 

3T field strength; although we used the same acquisition parameters at both 1.5T and 3T, 

and included scanner field strength as a covariate in all analyses, our findings may not be 

as robust as those performed on a single scanner. Second, the Fontan group was not 

homogeneous, and includes patients with several different SV diagnoses. Some of the 

subgroup sizes were too small to be analyzed separately with sufficient power, and there 

may be variability that was not captured by our analyses. The year that the patients 

underwent the Fontan procedure spanned several years, and was not performed at the 

same hospital for all subjects. Therefore, recent advances in perioperative procedures and 

postoperative care may result in improved outcomes. 



128 

 

Conclusions 

In conclusion, post-Fontan children and adolescents with SV have altered brain 

white matter connectivity even many years after completing the staged palliation. Some 

of these deficits are associated with characteristics of the initial surgery, which often 

occurs in the neonatal period and suggests that the early surgery adversely affects 

cerebral organization in adolescence. Considering this patient group has learning and 

behavioral difficulties throughout childhood, early interventions targeting the restoration 

of blood flow and protection from WM injury, in addition to better perioperative care, 

are important options for improving the quality-of-life in children with SV. 



 

 

BRAIN STRUCTURAL CONNECTIVITY, SURGICAL HISTORY, AND 

NEURODEVELOPMENT IN POST-FONTAN CHILDREN AND ADOLESCENTS 

Introduction 

Neurodevelopmental deficits are common in children and adolescents with 

congenital heart disease (CHD), especially single ventricle (SV) defects (Bellinger et al., 

2015, 2011; Gaynor et al., 2015). While many patients score in the low-average range on 

cognitive testing, a significant proportion require special educational services and have 

particular difficulties with attention and with visuospatial, fine motor, and executive 

function. As CHD is the most common congenital anomaly, this constitutes a significant 

burden on the educational system (Tennant et al., 2010). In a diffusion tensor imaging 

(DTI) study of adolescents with d-transposition of the great arteries (d-TGA), we showed 

that white matter (WM) microstructure is significantly lower throughout the deep WM 

compared to a control group, and that in a handful of WM tracts, fractional anisotropy 

(FA, a measure of microstructure) was significantly associated with cognitive function 

(Rollins et al., 2014). In the same population, graph theory analysis of DTI tractography 

data revealed group differences indicative of increased network segregation and 

decreased efficiency in the d-TGA group (Panigrahy et al., 2015). There currently are no 

studies using DTI tractography or structural covariance from brain magnetic resonance 

imaging (MRI) to illuminate the relationship between brain structure and 

neurodevelopment in SV children and adolescents several years after undergoing the 

Fontan procedure. 

The properties of structural covariance networks have been shown to be associated 
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with relevant aspects of cognition in healthy subjects and of disease pathology in certain 

disease groups. Saggar et al. (2015) introduced a method for determining the contribution 

of a given subject to a group network, and showed that this metric was significantly 

associated with IQ both in typically-developing adolescents and Fragile X Syndrome 

patients. The direction of this relationship was such that patients who contributed more to 

the group network had a lower IQ (Saggar et al., 2015). Mediation analysis is a statistical 

technique that estimates the indirect effect of one variable on the association between a 

predictor and outcome variable (Baron and Kenny, 1986; MacKinnon et al., 2007). We 

previously applied this technique to DTI tractography networks in adolescents with d-

transposition of the great arteries (d-TGA), showing that measures of network topology 

were mediators of cognitive outcomes, suggesting that markers of impaired connectivity 

mediate the relationship between CHD and cognition (Panigrahy et al., 2015). We further 

showed that network measures mediated outcomes specifically related to ADHD 

symptomatology (Schmithorst et al., 2016). Mediation analysis with graph theory has 

also been applied in adults with cerebral small vessel disease to show that global 

efficiency mediates the relationship between WM microstructure and cognition 

(specifically, executive function and processing speed) (Lawrence et al., 2014). Also in 

small vessel disease, WM fractional anisotropy (FA) of tracts with the highest centrality 

was a mediator between lesion volume and executive function (Reijmer et al., 2016). 

In this chapter, we use graph theory data from structural covariance (cortical 

thickness) networks and DTI tractography networks to investigate the associations 

between both global and regional brain structure and neurodevelopmental outcomes in 
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post-Fontan children and adolescents with SV defects. We use both linear modelling and 

causal mediation analysis to determine whether measures of brain network structure 

mediate the well-known relationship between early heart surgery and impaired cognitive 

and behavioral function. 

Methods 

Subject recruitment details are the same as those outlined in Chapter 2 (“Graph 

theory analysis of gray matter networks in post-Fontan children and adolescents”) and 

Chapter 3 (“Graph theory analysis of white matter networks in post-Fontan children and 

adolescents”). Imaging parameters for the MP-RAGE sequence can be found in Chapter 

2, and for the DTI sequence in Chapter 3. 

Gray matter networks 

For the volumetric data, since there are no subject-level graphs available, the 

leave-one-out (LOO) and add-one-patient (AOP) methods of Saggar et al. (2015) were 

applied to determine individual and regional contributions (IC and RC). These methods 

enable the calculation of either a single value for each subject (representing how much 

that subject “contributes” to the entire group’s graph; IC) or a vector of values for each 

subject (representing the amount each region contributes to the group data; RC). 

LOO 

With the LOO method, correlation matrices are constructed with the same 

procedure as in Chapter 2 (i.e., by correlating the residuals of a general linear model 

[GLM] between pairs of regions), except a matrix is constructed after removing one 
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subject from the group (this method does not iterate over subjects; i.e., each matrix 

reflects data from k−1 subjects, where k is the size of the full group). The original group 

matrix is compared to each of the new matrices using a Mantel test (Mantel, 1967): 

𝑟 =  
1

𝑁 − 1
 ∑ ∑

(𝑥𝑖𝑗 − 𝑥)(𝑦𝑖𝑗 − 𝑦)

𝑠𝑥𝑠𝑦

𝑁

𝑗=1

𝑁

𝑖=1

 

where xij and yij are the i, jth entries of each matrix, x¯ and y¯ are the means of each matrix, 

sx and sy are the standard deviations, and N is the total number of distinct elements 

(equaling n(n−1)/2 if n is the number of vertices in the graph, because the matrices are 

symmetric and the diagonal is not considered). A Mantel test statistic closer to 1 indicate 

that the matrices being compared are highly similar; thus, the individual contribution (IC) 

is taken to be 1−r, and a higher IC indicates a greater contribution of that subject to the 

group matrix. This procedure was performed separately for each group. 

The regional contribution (RC) was taken to be the column-wise sum of the 

absolute value of the difference between the matrices of the full group and the group 

excluding each subject. This results in a single number for each brain region and subject. 

AOP 

With the AOP method, comparisons are made between the correlation matrix of 

the control group and a correlation matrix constructed from the control group in addition 

to each subject from the patient group. As with LOO, this is done separately for each 

group, and IC = 1−r. RC was defined in the same way as for LOO. This was only done 

for the Fontan group, as the comparisons are made against the control group. 
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Statistics 

Associations between subjects’ IC and RC (calculated using both the LOO and 

AOP methods) and neurodevelopmental outcomes in the Fontan group were determined 

using linear models. Covariates (age at MRI, sex, and scanner field strength) were not 

included in these models because they were already adjusted for when constructing the 

structural covariance networks (which were based on inter-regional correlations of model 

residuals). For IC, P-values were adjusted using the false discovery rate (FDR) procedure 

across all neurodevelopmental outcomes; for RC, P-values were adjusted using the FDR 

procedure across brain regions (separately for LOO and AOP). For all analyses, pFDR < 

0.05 was the criterion for statistical significance. 

White matter networks 

For the white matter networks created from DTI tractography data, we performed 

correlation, GLM, and mediation analyses. Spearman correlations were used in the case 

of non-normally distributed variables; otherwise, Pearson correlations were calculated. In 

the GLM analyses, since tractography network construction did not involve any of the 

covariates from Chapter 2, we adjusted for age at MRI, sex, and scanner field strength at 

this stage of the analysis. 

Mediation analysis 

Mediation models were estimated to determine the effects of the independent 

variable (e.g., subject group when including both the Fontan and control groups, or 

surgical history variables within the Fontan group alone) on the dependent variable 
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(neurodevelopmental outcomes; e.g., full-scale IQ (FSIQ)), through the mediating 

(indirect) effect of various graph measures (e.g., weighted global efficiency) (Hayes, 

2009; MacKinnon et al., 2007). This is a causal model because the independent variable 

is hypothesized to influence the mediating variable, which in turn has an effect on the 

dependent variable. 

In a mediation analysis, three linear models are specified (Baron and Kenny, 1986): 

Y = i1 + cX + e1 (4.1a) 

Y = i2 + c’X + bM + e2 (4.1b) 

M = i3 + aX   +e3 (4.1c) 

In Equations 4.1a-4.1c, in and en (n = 1,2,3) are the intercepts and error terms, 

respectively; X is the independent variable; Y is the dependent variable; and M is the 

mediating variable. The parameter estimates c, c’, b, and a are standard regression 

coefficients. To calculate a mediating effect, it is sufficient to specify only Equations 

4.1b and 4.1c, as the statistic of interest is calculated from the product of parameter 

estimates a and b (Imai et al., 2010). This is denoted the average causal mediation 

(ACME) effect (also called the indirect effect). 

All mediation analyses were performed using the mediate package in R (Tingley 

et al., 2014). Bias-corrected and accelerated confidence intervals were calculated based 

on 10,000 bootstrap samples for graph-level measures, and 1,000 samples for vertex-

level measures (Efron, 1987). Several variables were examined as potential mediators: 
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graph-level measures (weighted global and local efficiency, weighted modularity, and 

strength), and vertex-level measures (weighted nodal and local efficiency, strength, 

weighted participation coefficient [PC], weighted within-module degree z-score, and 

weighted shortest path length). ACME P-values were considered significant if p < 0.05. 

Neurodevelopmental outcomes 

Several neurodevelopmental domains were chosen to be outcomes of interest 

based on known deficits in children and adolescents with CHD (Bellinger et al., 2015, 

2011). 

General intelligence 

General intelligence was measured by the Wechsler Intelligence Scale for Children 

–Fourth Edition (WISC-IV) in subjects <17 years old, and the Wechsler Adult Intelligence 

Scale –Fourth Edition (WAIS) in subjects 17-19 years of age (Wechsler, 2003, 2008). 

There were five scores of interest: Full-Scale IQ (FSIQ), verbal comprehension, 

perceptual reasoning, working memory, and processing speed. 

Academic achievement 

Academic achievement was measured by the Wechsler Individual Achievement 

Test –Second Edition (WIAT) (Wechsler, 2005). Scores of interest were the Reading and 

Mathematics Composite scores. 

Executive function and attention 

Executive function was measured by the Delis-Kaplan Executive Function System 
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(D-KEFS) (Delis et al., 2001). A summary score was calculated by averaging scores on 

the five subtests (verbal fluency, design fluency, sorting, word context, and tower). 

Additionally, the Behavior Rating Inventory of Executive Function (BRIEF) was 

completed via self-report and administered to a parent and teacher (Gioia et al., 2000; 

Guy et al., 2004). For each subject, the General Executive Composite score from each of 

the three assessments was the outcome of interest. The ADHD Index T-score from the 

Conners ADHD/DSM-IV Scales –Parent (CADS-P) was used as the outcome of interest 

for attention (Conners, 2004). 

Visuospatial function 

The Test of Visual-Perceptual Skills (nonmotor) (Upper Level) –Revised (TVPS) 

was administered to assess visuospatial function (Gardner et al., 1997). Scores from the 

visual memory and visual closure subtests were examined, in addition to a composite 

score calculated from the TVPS subtests. 

Social and emotional cognition 

Social and emotional cognition were assessed by the Autism Spectrum Quotient 

(AQ) and the Toronto Alexithymia Scale (TAS) (Bagby et al., 1994; Baron-Cohen et al., 

2001). From the TAS, a total score was calculated from three subscales (Difficulty 

Identifying Feelings, Difficulty Describing Feelings, and Externally-Oriented Thinking). 

Surgical and medical history variables 

Several surgical and medical history variables were investigated as potential 

treatment variables in the mediation analyses. These included: New York Heart 
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Association (NYHA) functional class, presence of a genetic abnormality (“syndromic” or 

“nonsyndromic”), Norwood status (“Norwood” or “non-Norwood”), history of any 

seizures, history of any neurologic event (stroke, seizure, choreoathetosis, and 

meningitis), age at first operation (“neonate” or “non-neonate”), type of first operation 

(“open” or “closed”), number of complications during the first operation (“zero”, “one”, 

or “two or more”), total number of operations (“one to two”, “three”, or “four to five”), 

total number of open operations (“one”, “two”, or “three or more”), total number of 

surgical complications (“zero”, “one to five”, or “six or more”), total number of 

catheterizations (“one to two”, “three to five”, or “six or more”), and total number of 

catheterization complications (“zero”, “one to two”, or “three or more”). 

Results 

Gray matter networks 

In the following tables, a negative parameter estimate (β) indicates that subjects 

with a higher IC/RC (indicative of a greater departure from the group network) tended to 

have poorer scores (with the exception of the BRIEF, AQ, and TAS scores, in which 

higher scores are worse). 

IC 

For both the LOO and AOP methods, several neurodevelopmental variables were 

significantly associated with global network connectivity as measured by IC (see Table 

4.1 and Table 4.2): general intelligence (FSIQ, processing speed, and perceptual 

reasoning), academic achievement (WIAT Reading and Mathematics Composite Scores), 

executive function (D-KEFS summary score), and social/emotional cognition (AQ). The 
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tables show the parameter estimates, standard errors, t-statistics, and FDR-adjusted P-

values for these significant associations. 

A scatterplot of IC for both LOO and AOP in the Fontan group is shown in 

Figure 4.1 and Figure 4.2, respectively. IC values are plotted along the y-axis, and 

neurodevelopmental scores along the x-axis. Each facet displays the scores for each 

outcome. Also included are the best-fit lines (blue) from a linear regression and 95% 

confidence regions (grey shading). 

 

Outcome β Std. Error T P-value 

WIAT Reading -5015.54 1567.58 -3.20 0.009 

WIAT Math -6668.77 2111.79 -3.16 0.009 

D-KEFS -593.54 208.16 -2.85 0.02 

AQ 1669.18 485.93 3.44 0.008 

Perceptual reasoning -3612.79 1464.73 -2.47 0.04 

Processing speed -5905.22 1449.81 -4.07 0.002 

FSIQ -4300.70 1520.27 -2.83 0.02 

Table 4.1: Significant associations between IC (LOO) and neurodevelopmental 

outcomes. Outcome variables which were significantly (pFDR < 0.05) associated with IC 

(using the LOO method) in the Fontan group. P-values are FDR-adjusted. 

WIAT: Wechsler Individual Achievement Test; D-KEFS: Delis-Kaplan Executive 

Function System; AQ: Autism Spectrum Quotient; FSIQ: Full-Scale IQ 
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RC 

For RC, Table 4.3 lists the outcomes and regions that are significantly associated 

using the LOO method, and Table 4.4 using the AOP method. For social/emotional 

cognition (AQ and TAS) and general intelligence (processing speed), regions were 

predominantly in bilateral frontal and temporal lobes. 

The vertices with a significant association are displayed on an axial brain slice in 

Figure 4.3 (LOO) and in Figure 4.4 (AOP). Vertex colors are based on lobe membership 

(red: frontal; green: parietal; blue: temporal; yellow: insula; orange: cingulate). There 

was almost a complete overlap between both methods for AQ and processing speed. 

A table of the regions in which RC (LOO method) was significantly associated (p 

< 0.05, uncorrected for multiple comparisons) with genetic abnormality is presented in 

Table 4.5. All estimates are positive, indicating that RC was higher in the “Syndromic” 

group for these regions. Results using the AOP method were similar and are not shown. 

Outcome β Std. Error T P-value 

WIAT Reading -953.89 280.07 -3.41 0.004 

WIAT Math -1253.26 377.82 -3.32 0.004 

D-KEFS -115.32 37.16 -3.10 0.006 

AQ 304.92 87.71 3.48 0.004 

Perceptual reasoning -813.59 258.55 -3.15 0.006 

Processing speed -1068.27 259.80 -4.11 0.001 

FSIQ -897.18 269.22 -3.33 0.004 

Table 4.2: Significant associations between IC (AOP) and neurodevelopmental 

outcomes. Outcome variables which were significantly (pFDR < 0.05) associated with IC 

(using the AOP method) in the Fontan group. P-values are FDR-adjusted. 

WIAT: Wechsler Individual Achievement Test; D-KEFS: Delis-Kaplan Executive 

Function System; AQ: Autism Spectrum Quotient; FSIQ: Full-Scale IQ 
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White matter networks 

Graph-level measures 

Several of the global graph measures were significant mediators of the 

association between subject group and neurodevelopmental outcomes; see Table 4.6 for 

ACME estimates and their associated 95% confidence intervals and P-values. At the 

global level, weighted global efficiency was a significant mediator for general 

intelligence (FSIQ, working memory, and perceptual reasoning), and academic 

achievement (WIAT Mathematics Composite Score), weighted local efficiency was a 

significant mediator for general intelligence (FSIQ, working memory, and processing 

speed), and academic achievement (WIAT Mathematics Composite Score), weighted 

modularity was a significant mediator for visuospatial function (TVPS visual memory), 

and graph strength was a significant mediator for scores of general intelligence (FSIQ, 

perceptual reasoning, and processing speed) and academic achievement (WIAT 

Mathematics Composite Score). 
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Outcome Region β Std. Error T P-value 

AQ 

L rostral anterior cingulate cortex 

L supramarginal gyrus 

R parahippocampal 

R precentral 

R superior frontal gyrus 

R superior temporal gyrus 

5.14 

6.72 

5.33 

7.13 

7.60 

7.12 

1.66 

2.05 

1.82 

1.86 

2.41 

2.22 

3.09 

3.28 

2.93 

3.84 

3.16 

3.21 

0.03 

0.03 

0.04 

0.01 

0.03 

0.03 

TAS 

L pars orbitalis 

L rostral anterior cingulate cortex 

L supramarginal gyrus 

R precentral 

R superior frontal gyrus 

13.76 

10.89 

14.01 

15.73 

16.47 

3.56 

3.65 

4.46 

4.01 

5.21 

3.87 

2.99 

3.14 

3.92 

3.16 

0.006 

0.04 

0.03 

0.006 

0.03 

Processing 

speed 

L medial orbitofrontal 

L rostral middle frontal gyrus 

L superior frontal gyrus 

L supramarginal gyrus 

R parahippocampal 

R pars orbitalis 

R precentral 

R superior frontal gyrus 

R transverse temporal 

R insula 

-18.71 

-17.91 

-17.62 

-17.95 

-17.04 

-17.66 

-20.75 

-19.35 

-13.73 

-14.61 

5.42 

6.09 

6.26 

6.29 

5.46 

5.45 

5.64 

6.86 

4.89 

5.02 

-3.45 

-2.94 

-2.82 

-2.85 

-3.12 

-3.24 

-3.68 

-2.82 

-2.81 

-2.91 

0.02 

0.04 

0.04 

0.04 

0.04 

0.03 

0.02 

0.04 

0.04 

0.04 

Table 4.3: Significant associations between RC (LOO) and neurodevelopmental 

outcomes. Outcome variables which were significantly (pFDR < 0.05) associated with RC 

(using the LOO method) in the Fontan group. P-values are FDR-adjusted. 

AQ: Autism Spectrum Quotient; TAS: Toronto Alexithymia Scale; L: left; R: right 

 

Vertex-level measures 

At the regional level, weighted nodal efficiency was a significant mediator for 

academic achievement (WIAT Reading and Mathematics Composite Scores), executive 

function (D-KEFS summary score), social cognition (TAS score), and general 

intelligence (FSIQ, verbal comprehension, perceptual reasoning, and processing speed 

(all p < 0.01); see Table 4.7. The majority of regions were in the right hemisphere, and in 

the frontal and temporal lobes, cingulate gyrus, and subcortical gray matter. 
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Vertex strength was a significant mediator for academic achievement (WIAT 

Reading and Mathematics Composite Scores), executive function (D-KEFS summary 

score), visuospatial function (TVPS composite), and general intelligence (FSIQ, 

perceptual reasoning, processing speed, and verbal comprehension) (all p < 0.01); see 

Table 4.8. Almost all regions with a significant mediation were in the right hemisphere 

and subcortical gray matter, particularly the pallidum and thalamus. 

Weighted local efficiency was a significant mediator for academic achievement 

(WIAT Reading and Mathematics Composite Scores), executive function (D-KEFS 

summary score), and general intelligence (FSIQ, perceptual reasoning, and processing 

speed) (all p < 0.01); see Table 4.9. All but one region with a significant mediation were 

the caudate and pallidum (both left and right hemispheres). 
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Outcome Region β Std. Error T P-value 

WIAT Reading R pars orbitalis -6.64 1.80 -3.69 0.02 

AQ 

L middle temporal gyrus 

L parahippocampal 

L supramarginal gyrus 

R parahippocampal 

R precentral 

R superior frontal gyrus 

R superior temporal gyrus 

2.23 

1.77 

1.69 

2.28 

2.51 

2.13 

1.66 

0.71 

0.59 

0.52 

0.76 

0.60 

0.63 

0.58 

3.15 

3.01 

3.27 

3.00 

4.22 

3.37 

2.88 

0.03 

0.04 

0.03 

0.04 

0.003 

0.03 

0.04 

Processing 

speed 

L medial orbitofrontal 

L parahippocampal 

L rostral middle frontal gyrus 

L superior frontal gyrus 

L supramarginal gyrus 

R medial orbitofrontal 

R pars orbitalis 

R precentral 

R superior frontal gyrus 

R transverse temporal 

R insula 

-3.62 

-4.82 

-4.14 

-4.71 

-4.37 

-3.92 

-4.91 

-6.27 

-5.17 

-5.85 

-4.71 

1.31 

1.77 

1.50 

1.67 

1.59 

1.24 

1.74 

1.83 

1.84 

1.86 

1.66 

-2.77 

-2.72 

-2.76 

-2.82 

-2.74 

-3.17 

-2.82 

-3.42 

-2.81 

-3.14 

-2.83 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

Table 4.4: Significant associations between RC (AOP) and neurodevelopmental 

outcomes. Outcome variables which were significantly (pFDR < 0.05) associated with RC 

(using the AOP method) in the Fontan group. P-values are FDR-adjusted. AQ: Autism 

Spectrum Quotient; TAS: Toronto Alexithymia Scale; L: left; R: right 
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Region β Std. Error T P-value 

L medial orbitofrontal 0.14 0.05 2.73 0.007 

L rostral anterior cingulate cortex 0.15 0.06 2.69 0.008 

L supramarginal gyrus 0.11 0.05 2.40 0.02 

R pars orbitalis 0.13 0.05 2.50 0.01 

R superior temporal gyrus 0.09 0.04 2.09 0.04 

Table 4.5: Significant associations between RC (LOO) and presence of genetic 

abnormality. Regions in which RC (using the LOO method), in the Fontan group, is 

significantly associated with the presence of a genetic abnormality. The displayed P-

values are not adjusted for multiple comparisons. L: left; R: right 

 

Mediator Outcome ACME (95% CI) P-value 

Global eff. 

WIAT Math 

Perceptual reasoning 

Working memory 

2.50 (0.45, 6.27) 

1.50 (0.18, 3.68) 

2.08 (0.62, 5.12) 

0.04 

0.04 

0.009 

 FSIQ 1.85 (0.44, 4.69) 0.02 

Local eff. 

WIAT Math 

Working memory 

Processing speed 

1.95 (0.21, 4.39) 

1.56 (0.33, 3.40) 

1.78 (0.51, 3.47) 

0.04 

0.02 

0.009 

 FSIQ 1.61 (0.40, 3.29) 0.01 

Modularity TVPS memory -3.99 (-9.23, -0.71) 0.02 

Strength 

WIAT Math 

Perceptual reasoning 

Processing speed 

-2.30 (-5.66, -0.52) 

-1.49 (-3.56, -0.26) 

-2.27 (-5.13, -0.76) 

0.02 

0.03 

0.002 

 FSIQ -1.99 (-4.83, -0.52) 0.009 

Table 4.6: Mediation between graph-level measures and neurodevelopmental 

outcomes. Neurodevelopmental outcomes for which graph-level measures were 

determined to be significant mediators (p < 0.05), with subject group as the independent 

variable. The table shows point estimates for the causal mediation effect along with 95% 

confidence intervals and their associated P-values. 

ACME: average causal mediation effect; CI: confidence interval; WIAT: Wechsler 

Individual Achievement Test; FSIQ: Full-Scale IQ; TVPS: Test for Visual-Perceptual 

Skills 
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Figure 4.1: Fontan IC (LOO) and neurodevelopmental outcomes. Scatterplot of 

neurodevelopmental outcomes that are significantly (FDR-adjusted p < 0.05) associated 

to IC (LOO) in the Fontan group. The blue line is the best-fit line from a linear regression; 

the shaded regions represent 95% confidence intervals. 

WIAT: Wechsler Individual Achievement Test; D-KEFS: Delis-Kaplan Executive 

Function System; AQ: Autism Spectrum Quotient; FSIQ: Full-Scale IQ 
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Figure 4.2: Fontan IC (AOP) and neurodevelopmental outcomes. Scatterplot of 

neurodevelopmental outcomes that are significantly (FDR-adjusted p < 0.05) associated 

to IC (AOP) in the Fontan group. The blue line is the best-fit line from a linear regression; 

the shaded regions represent 95% confidence intervals. 

WIAT: Wechsler Individual Achievement Test; D-KEFS: Delis-Kaplan Executive 

Function System; AQ: Autism Spectrum Quotient; FSIQ: Full-Scale IQ 
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Figure 4.3: Significant associations with RC (LOO). Each panel shows the vertices in 

which regional contribution (RC) was significantly (pFDR < 0.05) associated with a 

specific neurodevelopmental outcome. Vertices are colored by lobe (red: frontal; green: 

parietal; blue: temporal; yellow: insula; orange: cingulate. 

AQ: Autism Spectrum Quotient; TAS: Toronto Alexithymia Scale 
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Figure 4.4: Significant associations with RC (AOP). Each panel shows the vertices in 

which regional contribution (RC) was significantly (pFDR < 0.05) associated with a 

specific neurodevelopmental outcome. Vertices are colored by lobe (red: frontal; green: 

parietal; blue: temporal; yellow: insula; orange: cingulate. AQ: Autism Spectrum 

Quotient 
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Outcome Region ACME (95% CI) P-value 

WIAT Reading 

R transverse temporal 

R caudal middle frontal gyrus 

R pars opercularis 

2.24 (0.72, 4.64) 

1.93 (0.68, 5.77) 

2.33 (1.09, 6.71) 

0.004 

0.004 

<0.001 

WIAT Math 

R pallidum 

R transverse temporal 

R pars triangularis 

R rostral middle frontal 

4.84 (1.29, 10.13) 

3.20 (1.14, 6.29) 

2.48 (0.68, 5.91) 

4.47 (1.28, 8.57) 

0.004 

0.002 

0.006 

0.004 

D-KEFS R pallidum 

R transverse temporal 

0.58 (0.20, 1.10) 

0.33 (0.11, 0.64) 

<0.001 

0.002 

TAS 
L amygdala 

L rostral anterior cingulate cortex 

-2.14 (-4.76, -0.58) 

-4.22 (-7.83, -1.57) 

0.008 

0.004 

Verbal 

comprehension 
R transverse temporal 2.08 (0.81, 3.99) 0.002 

Perceptual 

reasoning 
R transverse temporal 1.59 (0.34, 3.63) 0.004 

Processing 

speed 

L amygdala 

L rostral anterior cingulate cortex 

R pallidum 

3.42 (1.19, 6.74) 

5.14 (1.27, 10.07) 

4.19 (2.14, 6.78) 

0.002 

0.006 

<0.001 

FSIQ 
L amygdala 

R pars triangularis 

3.93 (1.47, 8.47) 

1.73 (0.44, 4.32) 

0.002 

0.004 

Table 4.7: Mediation between weighted nodal efficiency and neurodevelopmental 

outcomes. Neurodevelopmental outcomes for which weighted nodal efficiency was 

determined to be a significant mediator (p < 0.01), with subject group as the independent 

variable. The table shows point estimates for the causal mediation effect along with 95% 

confidence intervals and their associated P-values. 

ACME: average causal mediation effect; CI: confidence interval; WIAT: Wechsler 

Individual Achievement Test; D-KEFS: Delis-Kaplan Executive Function System; TAS: 

Toronto Alexithymia Scale; FSIQ: Full-Scale IQ 
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Outcome Region ACME (95% CI) P-value 

WIAT Reading 
R pallidum 

R thalamus 

-2.72 (-5.30, -0.96) 

-5.64 (-8.84, -2.82) 

0.006 

<0.001 

WIAT Math 

R caudate 

R pallidum 

R thalamus 

-4.20 (-8.92, -1.54) 

-3.72 (-7.27, -1.25) 

6.87 (-11.32, -3.06) 

<0.001 

0.002 

<0.001 

D-KEFS 
R pallidum 

R thalamus 

-0.40 (-0.75, -0.13) 

-0.76 (-1.22, -0.37) 

0.006 

<0.001 

TVPS composite R fusiform -5.14 (-11.05, -1.69) 0.002 

Verbal 

comprehension 
R pallidum -1.55 (-3.61, -0.35) 0.008 

Perceptual 

reasoning 

R pallidum 

R thalamus 

-2.64 (-5.32, -0.92) 

-4.79 (-7.70, -1.92) 

<0.001 

0.002 

Processing speed 

L superior frontal gyrus 

R pallidum 

R thalamus 

-3.65 (-6.67, -1.36) 

-2.81 (-5.57, -0.93) 

-5.88 (-9.74, -2.86) 

  <0.001 

0.002 

<0.001 

FSIQ 

L superior frontal gyrus 

R pallidum 

R thalamus 

-3.47 (-5.94, -1.10) 

-2.91 (-5.40, -0.88) 

-5.62 (-9.03, -2.33) 

0.004 

<0.001 

<0.001 

Table 4.8: Mediation between strength and neurodevelopmental outcomes. 

Neurodevelopmental outcomes for which strength was determined to be a significant 

mediator (p < 0.01), with subject group as the independent variable. The table shows 

point estimates for the causal mediation effect along with 95% confidence intervals and 

their associated P-values. 

ACME: average causal mediation effect; CI: confidence interval; WIAT: Wechsler 

Individual Achievement Test; D-KEFS: Delis-Kaplan Executive Function System; TAS: 

Toronto Alexithymia Scale; FSIQ: Full-Scale IQ 
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Outcome Region ACME (95% CI) P-value 

WIAT Reading 
R caudate 

R pallidum 

-2.38 (-5.39, -0.94) 

7.26 (3.04, 13.85) 

0.002 

<0.001 

WIAT Math 

L caudate 

R cuneus 

R pallidum 

-4.83 (-9.03, -1.70) 

-8.19 (-14.34, -4.39) 

8.83 (3.32, 17.16) 

<0.001 

<0.001 

0.002 

D-KEFS 

L caudate 

R caudate 

R pallidum 

-0.41 (-0.76, -0.12) 

-0.32 (-0.60, -0.09) 

0.95 (0.34, 1.74) 

0.006 

0.008 

0.004 

Perceptual reasoning 
L caudate 

R pallidum 

-2.41 (-4.98, -0.59) 

6.94 (2.99, 11.84) 

0.008 

<0.001 

Processing speed 
L caudate 

R pallidum 

-3.65 (-6.28, -1.67) 

6.12 (2.65, 10.66) 

<0.001 

<0.001 

FSIQ 
L caudate 

R pallidum 

-3.18 (-6.07, -1.13) 

7.02 (3.01, 12.12) 

0.002 

<0.001 

Table 4.9: Mediation between weighted local efficiency and neurodevelopmental 

outcomes. Neurodevelopmental outcomes for which weighted local efficiency was 

determined to be a significant mediator (p < 0.01), with subject group as the independent 

variable. The table shows point estimates for the causal mediation effect along with 95% 

confidence intervals and their associated P-values. 

ACME: average causal mediation effect; CI: confidence interval; WIAT: Wechsler 

Individual Achievement Test; D-KEFS: Delis-Kaplan Executive Function System; TAS: 

Toronto Alexithymia Scale; FSIQ: Full-Scale IQ 
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Discussion 

Using linear models and causal mediation analyses to relate measures of brain 

structural connectivity with neurodevelopmental outcomes in children and adolescents 

who underwent the Fontan procedure, multiple areas of cognition and behavior were 

found to be significantly associated with overall contributions to structural covariance 

networks and with measures of network segregation and integration in white matter (WM) 

connectivity networks. Specifically, weighted global and local efficiency, modularity, 

and network strength were mediators for differences in general intelligence, academic 

achievement, and visuospatial function. In addition, local connectivity measures in 

multiple brain regions were shown to be associated with several of these 

neurodevelopmental outcomes. Poorer scores in the Fontan group for social/emotional 

cognition and processing speed were associated with network contribution bilaterally in 

frontal, parietal, and temporal lobe regions. The chosen outcome variables represent 

complex cognitive processes that require coordinated information processing across the 

brain. Overall, the results of these analyses show that brain structural connectivity is an 

important determinant of cognitive and behavioral function in single ventricle patients 

several years after the Fontan procedure. Strategies aimed at neuroprotection early in the 

perioperative period and early intervention should be emphasized in this patient group. 

Patients with single ventricle (SV) heart defects show deficits in 

neurodevelopment beginning in infancy (Gaynor et al., 2015). These deficits continue to 

be present in childhood and into adolescence after the Fontan procedure is performed, 

and are accompanied by an increased use of special educational services and poorer 
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school performance (Bellinger et al., 2015; Forbess et al., 2001; Gaynor et al., 2014; 

Goldberg et al., 2014, 2000; Mahle et al., 2000; Wernovsky et al., 2000). As SV patients 

require multiple open-heart surgeries beginning as early as the neonatal period, in 

addition to further re-operation or catheterization procedures later in childhood, one 

explanation is that repeated exposure to cardiopulmonary bypass (CPB) results in brain 

injury that interferes with normal developmental processes (Agematsu et al., 2016, 2014; 

Ishibashi et al., 2012; Korotcova et al., 2015). On the other hand, abnormalities in brain 

structure, metabolism, blood flow, and growth have been demonstrated in utero and in 

the neonatal period, before any operations (Brossard-Racine et al., 2014; Clouchoux et al., 

2013; Goff et al., 2014; Licht et al., 2009; Limperopoulos et al., 2010). Thus, it is likely 

that the brain immaturity in CHD neonates increases vulnerability to CPB-related injury 

experienced during cardiac surgery. 

There are only a few reports of brain structure in SV patients after the Fontan 

procedure. At 5 years of age, 73% of patients had an abnormal MRI, with most lesions 

consistent with stroke or ischemic damage (Sarajuuri et al., 2012). The patients with the 

most extensive lesions had significantly worse neurodevelopmental outcomes compared 

to the SV patients with no/minor lesions. In an analysis of the present cohort, at age 10-

19 years, we found that SV patients were 11 times more likely to have any MRI 

abnormality (66% vs. 6%) compared to the control group (Bellinger et al., 2015). 

Importantly, 13% of patients had evidence of a stroke. Associations of gross MRI 

abnormalities with neurodevelopmental outcomes were minor and only present between 
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focal infarction or atrophy and executive function, attention, and social cognition. We 

also performed more detailed analyses of brain structure in this cohort. In gray matter, 

cortical thickness and cortical and subcortical gray matter volume was significantly lower 

in the Fontan group throughout the brain (Watson et al., manuscript under review). These 

gray matter differences were associated with older age at first operation, total number of 

catheterizations, and total number of operative or catheterization complications. In white 

matter, measures of microstructure were different in most of the fiber tracts analyzed: 

fractional anisotropy (FA) and axial diffusivity (AD) were significantly lower and radial 

diffusivity (RD) was significantly higher in the Fontan group compared to controls. 

These were present bilaterally both in deep cerebral white matter and in cerebellar white 

matter (Watson et al., manuscript in preparation). We hypothesized that these 

differences were consistent with primary white matter injury that was pervasive and deep, 

and that included Wallerian degeneration to disrupt gray matter, as well. Furthermore, 

lower FA in the Fontan group was associated with more complications during the first 

operation, more operations, history of stroke, and history of any neurologic event. Taken 

together, these studies show that differences in brain structure are widespread, have long-

term effects, and are common in the post-Fontan population. 

In the present analysis, cortical thickness covariance was found to be significantly 

associated with neurodevelopmental outcomes in the Fontan group. Individual 

contribution (IC), a measure representing global connectivity in the cortical thickness 

networks (Saggar et al., 2015), was significantly associated with scores in several 

neurodevelopmental domains, including academic achievement, executive function, 
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social cognition, and general intelligence. The direction of these relationships were such 

that patients with a higher IC (i.e., those who contribute more to the group network) have 

poorer scores. The outcomes of interest all represent broad measures of higher-order 

cognition and behavior, which rely on the integration of multiple connected brain regions. 

These results suggest that intact overall structural connectivity is important for normal 

cognitive functioning. Using a similar procedure to determine the contribution of 

individual brain regions, the most robust associations were between social cognition and 

processing speed present in brain regions of bilateral frontal, temporal, and parietal lobes. 

In the white matter networks, measures of both global and regional connectivity 

were significant mediators between the relationship between subject group and 

neurodevelopmental outcome in several domains. The results of our mediation analyses 

suggest a causal link in which the well-documented deficits in cognitive and behavioral 

functioning in SV patients are dependent on white matter connectivity. We reported 

similar findings in adolescents with d-Transposition of the Great Arteries (d-TGA): lower 

global efficiency, higher modularity, and increased small-worldness were significant 

mediators of general intelligence, academic achievement, memory, executive function, 

and visuospatial function (Panigrahy et al., 2015). Furthermore, white matter connectivity 

mediated worse Attention Deficit Hyperactivity Disorder (ADHD) related outcomes, and 

both of these variables were affected differently in patients with different apolipoprotein 

E genotypes (Schmithorst et al., 2016). Although d-TGA is a different heart defect with 

different surgical course and outcomes, the results of these studies highlight the vital role 

that brain connectivity plays in the neurodevelopment of CHD patients. 
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Conclusions 

The results of the present set of analyses show that impaired structural brain 

connectivity, in both gray and white matter and at the global and local levels, are 

predictive of poor functioning in high-level cognitive and behavioral domains. Children 

and adolescents with single ventricle who have undergone the Fontan procedure 

demonstrated patterns of aberrant brain connectivity in combination with significantly 

lower neurodevelopmental scores. Importantly, while interesting in their own right, these 

associations between brain organizational measures in both gray and white matter 

underscore the urgency for development of remedial treatments that take advantage of the 

greater cortical plasticity thought to exist in young children. Treatments and interventions 

that seek to restore or facilitate the normal developmental course are crucial to the 

improvement of the lives and reduction of cognitive morbidity in this group of children 

whose lives have been saved by surgical innovations of the last few decades. 



 

 

CONCLUSIONS 

The Fontan procedure, as well as staged palliation via the Norwood procedure for 

hypoplastic left heart syndrome (HLHS) and the bidirectional Glenn, represented major 

steps forward in the care of patients with single ventricle (SV) defects. Prior to the 

establishment of these procedures, survival was low: in HLHS patients, survival to 1 

year of age was virtually 0%. More recently, the Single Ventricle Reconstruction Trial 

(SVRT) found that 3-year survival in HLHS patients was 64%; other groups have shown 

that 10 year survival is over 90% for all patients undergoing the Fontan procedure in the 

current era. Consequently, focus has turned progressively toward neurologic injury and 

its effects on neurodevelopmental outcomes in the aging SV population. 

In this dissertation, I have presented the results from several analyses of children 

and adolescents (age 10-19 years) with SV defects who had undergone the Fontan 

procedure several years prior. In Chapter 2, I analyzed networks based on cortical 

thickness covariance to highlight differences both between a healthy control group and 

the Fontan group as a whole, and within the Fontan group, in which patients were 

stratified based on factors relating to their initial surgical procedure. The Fontan network 

was symmetric in its connections compared to a strong rightward asymmetry in the 

control group network. Furthermore, the distribution of hub regions (regions of high 

importance in a network context) showed almost no overlap across groups; the control 

group had predominantly right-hemispheric hubs. Several regions had significantly 

lower nodal efficiency and betweenness centrality (measures that represent information 

flow in networks) in the Fontan compared to the control group; again, most were in the 
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right hemisphere. Within the Fontan group, patients whose first operation was the 

Norwood had significantly lower betweenness centrality in several regions across both 

hemispheres and major lobes of the brain. These data show that the differences in gray 

matter covariance are, rather than being localized to one or a few brain regions, relatively 

widespread, and may be associated with surgical factors. In Chapter 3, I analyzed brain 

networks from diffusion tensor imaging (DTI) tractography data which, similar to the 

cortical thickness analysis, showed widespread differences in brain connectivity between 

groups. Once again, measures of brain connectivity were lower in the Fontan group 

compared to controls, both globally and locally in regions spanning all major lobes of the 

brain. Within the Fontan group, lower efficiency in several regions was associated with 

the Norwood operation and a greater number of complications in the initial operation. 

The regions involved were almost exclusively in frontal, temporal, cingulate, and medial 

cortical regions. Finally, in Chapter 4 I combined data from both the structural 

covariance and tractography networks along with several summary scores which 

measure major areas of cognitive and behavioral function. Fontan patients with a greater 

contribution to the structural covariance networks globally and locally had poorer 

neurodevelopmental outcomes in multiple domains. In the tractography networks, 

connectivity strength and efficiency were significant mediators of the relationship 

between subject group and neurodevelopmental outcomes. There was a strong tendency 

for the regions involved to be in frontal, temporal, and cingulate cortices along with 

subcortical gray matter. Similar to the results of the previous two chapters, the right 

hemisphere was more involved than the left. 
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A common theme arising from these analyses is that brain structural connectivity 

in post-Fontan children and adolescents tends to be more affected in the right hemisphere, 

and specifically in frontal, temporal, and medial cortical areas as well as the basal 

ganglia and thalamus. There was overlap, in associations with neurodevelopmental 

outcomes, between results from the gray matter covariance networks and white matter 

tractography networks. The probable cause in differences in brain structural connectivity 

in the single ventricle patient is likely to be cerebral injury that disrupts the normal 

trajectory of brain development due to impaired cerebral blood flow in concert with the 

deleterious effects of serial open heart procedures with cardiopulmonary bypass (CPB) 

exposure. There are known asymmetries in the vasculature and flow rates of the arteries 

that supply the brain with blood, such that blood flow in the right internal carotid artery 

is typically lower than in the left (Bogren et al., 1994). Furthermore, the affected cortical 

and subcortical regions are located at arterial border zones (for the cortical regions) 

and/or supplied by deep perforating arteries (in the case of the thalamus and basal 

ganglia) (Mangla et al., 2011; Tatu et al., 1998). These regions tend to be most prone to 

hypoxic-ischemic damage (Moody et al., 1990). Thus, it is possible that, since right 

carotid blood flow is lower than left, hypoperfusion leads to a more pronounced drop in 

cerebral oxygen delivery in the right hemisphere in SV patients. Exposure to CPB causes 

white matter (WM) damage, particularly among immature oligodendrocytes (Agematsu 

et al., 2014; Ishibashi et al., 2012). Hypoxic-ischemic damage also has secondary 

consequences in gray matter (GM), manifest in the loss of thalamocortical connectivity 

(Ishibashi et al., 2010; Leviton and Gressens, 2007; McQuillen and Ferriero, 2005). The 
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present analyses were not designed to be able to determine the timing of any brain injury, 

but given other reports in the literature, I hypothesize that initial injury likely occurred in 

the pre/perinatal period, and additional injuries may have resulted from factors related to 

neonatal open heart surgeries. 

There are some general methodological considerations that should be kept in 

mind. First, brain MRI data do not directly measure actual neural connectivity. The 

structural covariance networks are based on statistical calculations, and the DTI 

tractography networks are based on measurements of water molecule diffusion. Thus, 

false positive and negative connections will always be present and these data can only be 

considered an approximation of the true underlying structural network. Second, network 

construction and comparison is not standardized in the neuroimaging literature; there are 

no guidelines or “best practices” as there are in functional MRI (Poldrack et al., 2008), 

magnetoencephalography (Gross et al., 2013), or volumetric MRI analysis (Ridgway et 

al., 2008). The choice of parcellation varies in number and size of regions, and may 

affect some measures (Bassett et al., 2011; Zalesky et al., 2010b). In structural 

covariance networks, a range of thresholds typically is applied to match network 

densities between groups. This means that the thresholds differ between groups, and the 

network of one group may contain statistically weaker connections (correlations) than 

the other group. One proposed solution is to integrate the subsequent network measures 

over the entire range of densities (Ginestet et al., 2011). For DTI (or other multi-subject) 

networks, the resulting networks can differ along (at least) two dimensions: the choice of 

initial matrix threshold (e.g., normalize streamline counts by ROI volumes), and the 
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choice of a group threshold (e.g., keep only connections that are present in at least 50% 

of subjects). The resultant network measures do not vary linearly across possible 

threshold choices (data not shown). Third, the number of statistical comparisons in this 

dissertation is very high, which comes with a risk of false positives due to multiple 

comparisons. Some of the reported P-values were adjusted for multiple comparisons 

(cortical thickness permutations of vertex-level measures, DTI network global- and 

vertexlevel measures, individual and regional contributions in cortical thickness 

networks), but other analyses report only uncorrected P-values (DTI regressions and 

mediation analyses). These results should be considered preliminary, and further 

investigation, possibly with a more homogeneous cohort, is warranted. 

Overall, this work reinforces the large body of literature showing 

neurodevelopmental and structural brain deficits in children with SV defects. It adds 

significantly to the field in several ways. First, this is the largest cohort of CHD 

patients—at any age and any CHD type—from whom detailed, quantitative MRI data 

have been acquired. Second, the patient group comprises only those who have a SV 

defect and who had undergone Fontan palliation prior to study enrollment, as opposed to 

a group consisting of patients with a multitude of CHD types. Third, the Fontan patients 

also underwent several hours of neuropsychological testing, completed behavioral 

questionnaires, and underwent genetic evaluation. Much of the literature on 

neurodevelopment in SV patients addresses only one or a few testing domains. Finally, 

this is the only series of studies to obtain all of these forms of data in patients who are 

nearing the end of development, into late adolescence. These studies were not designed 
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to determine whether the observed differences are due to pre/perinatal physiology, 

genetics, or the patients’ surgical course, but it is likely that there is a complex 

interaction between all of these factors. 

The main conclusion that may be drawn is that events occurring very early in 

development have long-term, detrimental effects on SV patients’ lives. Diagnosis early 

in gestation should be a goal of clinicians so that early intervention can begin when brain 

development increases rapidly. Fetal interventions aimed at restoring a normal level of 

cerebral blood flow may have the best outcomes by facilitating normal brain growth and 

minimizing the potential for white matter injury. Earlier diagnosis will also allow for 

better preparation for and planning of the patient’s surgical course. More complete 

understanding of how the timings of Stage I, Stage II, and the Fontan operation affect 

brain development would better inform clinical decisions. Finally, perioperative 

management is of paramount importance, as is the minimization of any surgical 

complications and the number of procedures the patient undergoes.
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