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ABSTRACT 

Introduction: There is variance in a healthy population, but it is poorly characterized and 

understood. Variations can come from common factors like demographics, experience of early 

life stress (ELS), physiological factors and personality dimensions. Characterizing the 

heterogeneity in a non-clinical sample is important to (1) understand what “normal” is; (2) better 

understand the differences between healthy and pathology and; (3) identify biomarkers of 

vulnerability and resilience.  

Methods: 253 healthy controls from three CAN-BIND cohorts were assessed. Demographic 

data, sleep quality, personality dimensions and resting-state functional connectivity (rs-FC) were 

collected and analyzed.  

Results: Those who experienced ELS had significantly different sleep duration, quality and 

efficiency compared to those who did not experience ELS. Those who experienced emotional 

neglect were more likely to score higher on the neurotic dimension. Lastly, females are more 

likely to be neurotic and agreeable compared to males. Our meta-analysis found that rs-FC of the 

default mode network (DMN) follows an inverse U-shape where it is strongest in adulthood and 

weakest in children and elderly. Cognitive function is positively correlated with DMN rs-FC. 

Females exhibit stronger intra-network connectivity compared to males. In the CAN-BIND 

cohorts, we found that there are sex and age differences with seeds in all six resting-state 

networks of interest. All five personality dimensions exhibited sex differences in rs-FC with 

seeds in the DMN, fronto-parietal, salience, meso-paralimbic networks. The presence of ELS 

impacted rs-FC in all personality dimensions and measures of sleep quality with seeds in all six 

of the resting-state networks. Lastly, children born from gestations complicated from 
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preeclampsia exhibit altered rs-FC with the bilateral amygdalae and medial prefrontal cortex – 

offering evidence that in utero ELS also impact neural correlates. 

Conclusion: The impact of our results is as follows: (1) there is natural variance in a “normal” 

population; (2) to parse out true clinical findings, researchers must control for our results and 

cannot assume that healthy controls are homogeneous and; (3) identification of vulnerability and 

resilient biomarkers.  
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Chapter 1  
 

Introduction:  
Rationale for the formation of a 

normative comparison base 
characterized by early life stress, 
physiological factors, personality 

dimensions and resting-state  
functional connectivity
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1.1 History of Healthy Controls 

1.1.1 Definition 

The first modern case-control study was Janet Lane-Claypon’s study of breast cancer in 

1926. However, it was not until 1950 when the design became more widely used in medicine and 

the social sciences (Paneth, Susser, & Susser, 2002). The introduction of randomization to 

clinical trials by Bradford Hill, led researchers to adopt the idea of a randomized control group to 

appropriately evaluate the effects of a new intervention (Doll & Hill, 1952). A control group is 

comprised of people similar to the clinical group in all factors that affect the outcome except for 

the pathology and treatment/intervention of interest. Controls are selected on the basis of 

comparability to the target population or the population at risk (Malay & Chung, 2012). Thus, 

the criteria of what a healthy control is allows the research to answer the clinical significance of 

intervention by determining whether a treated group is clinically equivalent post intervention 

(Kendall & Sheldrick, 2000). Clinical significance refers to the meaningfulness of the magnitude 

of change in pre-determined measures that can be attributed to the intervention (Kendall & 

Sheldrick, 2000). Despite the powerful use of normative comparison in addressing the statistical 

significance of interventions, the selection of healthy controls and the criteria used is quite 

narrow. In psychotherapy research, the definition of “healthy” and “normal” is typically defined 

as the absence of the medical pathology being investigated (Kendall & Sheldrick, 2000).   

 

1.1.2 Significance  

There is variance in a healthy population, but this is poorly characterized and understood. 

Healthy controls can vary in obvious factors like demographics, which are often matched to the 

clinical group. However, they can also vary in factors that are common but rarely characterized 
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in studies including, presence of early life stress, physiological factors and personality 

dimensions. These can all have effects on the validity of the findings between groups and 

subsequent generalizability of findings to target populations. In the CAN-BIND (Canadian 

Biomarker Network in Depression) multi-site study, there are many outcome measures that can 

be affected by normal variation – from the macroscopic-like neuroimaging to microscopic-like 

proteomics. Therefore, it is imperative to understand the role of these factors and their 

subsequent effects on potential biomarkers.  

 

1.2 Demographic Factors 

1.2.1 Demographics as Variables in Research 

Demographics refers to the particular characteristics of a population. The word is derived 

from the Greek words demos (people) and graphy (picture) (Lee & Schuele, 2010a). 

Demographic information provides data regarding research participants and is necessary in order 

to know if they are representative of the target population for generalization purposes (Lee & 

Schuele, 2010b). Demographic information are independent variables by definition since they 

cannot be manipulated and are often explored for their potential moderating effects on dependent 

variables (Lee & Schuele, 2010b). Some demographic variables are necessarily categorical such 

as sex whereas others are can be continuous or categorical depending on how they are coded 

such as education and age. Researchers must select a priori which demographic information is 

necessary for description of participants and in data analysis. This is because certain 

demographic variables may enhance the interpretation of results (Lee & Schuele, 2010b).   
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1.2.2 Importance of Demographic Variables 

As mentioned above, selecting appropriate demographic variables have the clear 

importance of supporting generalizability of the study results to the target population and their 

role in data analysis. Relatively less understood and studied are the role of demographic factors 

in explaining the natural variability in a non-clinical “healthy” population.  

It has been found that certain demographic variables may serve as a risk or alternatively 

protective factors following exposure to a traumatic event. For example, risk factors for PTSD 

have been found to be female sex, minority ethnicity, lower education and younger age (Brewin, 

Andrews, & Valentine, 2000). There is also considerable research highlighting the role for 

resources and its role with adults coping with stress (Bonanno, 2004). Understanding the role of 

demographics factors conferring vulnerability or resilience is important since the presence of 

stressful life events and early life stress is quite prevalent.  

The field of neuroimaging and its role in psychiatry has been pivotal in offering strong 

support that psychiatric disorders are disorders of the brain. However, despite the pervasive use 

of magnetic resonance imaging (MRI) and positron emission tomography (PET) in the field of 

psychiatric research, the understanding of what is “normal” is still not clear. Natural variation in 

functional connectivity (task based or at rest), anatomical (volumetric, cortical thickness etc.) 

and metabolic features by demographic factors has not been thoroughly studied.   

 

1.3 Early Life Stress 

1.3.1 Significance of Early Life Experiences and Stress 

   Positive relationships between a parent or peers with a child are important for appropriate 

social, emotional and cognitive development (Veenema, 2009). On the contrary, exposure to 



 5 

early life stress (ELS) can have detrimental effects on the normal development of various 

neuroendocrine and neurobiological systems and can also cause structural and functional brain 

alterations (De Bellis et al., 1999; C. Heim & Nemeroff, 2002). ELS is exposure to single or 

multiple events during childhood that exceeds the child’s coping resources resulting in prolonged 

phases of stress (Pechtel & Pizzagalli, 2011). Thus, the study of adverse ELS in humans on later 

behaviour and neurobiology is an important undertaking. In particular, to understand both the 

effects to those vulnerable and to those resilient to ELS.  

Stress is a part of everyday life and is present in varying degrees. ELS can be studied 

both behaviorally and biologically (Pechtel & Pizzagalli, 2011). From a biological perspective, 

stress involves activation of neuroendocrine and neurobiological systems to preserve viability 

through allostasis (Gunnar & Quevedo, 2007). In mammals, there are two distinct and 

interrelated systems that respond to stress. The first is the sympathetic-adrenomedullary (SAM) 

system (Frankenhaeuser, 1986) and the second is the hypothalamic-pituitary-adrenocortical 

(HPA) axis (Stratakis & Chrousos, 1995). The SAM system is a component of the autonomic 

nervous system in the sympathetic division. It involves the release of epinephrine from the 

adrenal medulla and norepinephrine from the adrenal medulla and noradrenergic neurons. These 

hormones facilitate the rapid mobilization of metabolic resources that orchestrate the fight or 

flight response (Gunnar & Quevedo, 2007). The responses include increase in heart rate, stroke 

volume, vasodilation and hyperglycemia. The SAM system triggers swift physiological and 

behavioural reactions to imminent stressors. In contrast, the HPA axis produces steroid hormones 

called glucocorticoids (GC) by the adrenal cortex. The process involves the release of 

corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP) from the 

paraventricular nuclei (PVN) of the hypothalamus. CRH and AVP travel through the blood 
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where they stimulate the release of adrenocorticotropic hormone (ACTH) from the anterior 

pituitary. ACTH stimulates receptors on the adrenal cortex to produce and release GCs into 

circulation (Stratakis & Chrousos, 1995). The mechanism of action of GCs is different than 

epinephrine and norepinephrine. For example, GCs can cross the blood brain barrier. Further, 

GCs regulate gene transcription on target tissues. Thus the effect of GCs can range from hours to 

prolonged periods of time (Sapolsky, Romero, & Munck, 2000). Stress in itself is not negative, 

however frequent or chronic exposure which is defined as when a person’s emotional or physical 

well-being is challenged beyond their ability to cope, increases the risk of psychiatric disorders 

(Gunnar & Quevedo, 2007). 

ELS is a broad category that encompasses stressors like physical, sexual, emotional and 

verbal abuse and neglect, social deprivation, disaster and household dysfunctions (witnessing 

violence and/or criminal activity, parental separation, parental death or illness, poverty and 

substance abuse) (Brown et al., 2009). A meta-analysis of 24 countries found that sexual abuse 

prevalence ranged from 8-31% for girls and 3-17% for boys (Barth, Bermetz, Heim, Trelle, & 

Tonia, 2013). In the United States, 37.3% of youth experienced physical assault (Finkelhor, 

Turner, Shattuck, & Hamby, 2015). However, the prevalence of ELS is very difficult to 

determine and this is mainly due to the heterogeneity of what is defined as ELS, the low rates of 

disclosure and negative recall bias (Gara et al., 1993; Pechtel & Pizzagalli, 2011). ELS is a 

widespread, global occurrence with potential downstream adverse effects.  

    There are methodological barriers to the current literature investigating childhood 

maltreatment. The majority of research is dominated by sexual abuse; likely due to its most 

deleterious effects. In contrast, there is a relative paucity of research investigating emotional 

abuse and neglect. Research of ELS tends to be cross-sectional and does not allow for 
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conclusions of directionality but rather correlation. Lastly, the majority of research utilizes self-

report measures which is known to be filled with bias. Therefore, there is a need to have more 

objective measures of ELS and studies that are longitudinal in nature.  

 

1.3.2 Vulnerability  

Preclinical Models 

The negative effects of ELS have been well documented in preclinical models. Most 

human studies have been cross-sectional, and the advantage of preclinical models is they have 

allowed investigators to research directionality (Teicher, Samson, & Polcari, 2006).  

Rat dams vary in how much they lick and groom their pups. High licking and grooming dams 

compared to low licking and grooming damns will have pups that as adults are less fearful and 

better able to control their HPA axis in response to stress (D. Liu et al., 1997). How maternal 

care is postulated to occur is through epigenetics. During the first week of life, licking and 

grooming regulates the methylation of GC receptor (GR) genes in the hippocampus (Weaver et 

al., 2001). In particular, licking and grooming reduces methylation, which means there will be 

more hippocampal GRs (Weaver et al., 2001). Since GRs are involved with cessation of the HPA 

stress response via negative feedback mechanisms, more receptors mean higher control (Weaver 

et al., 2001). These epigenetic effects of maternal care may be irreversible and are an example of 

how stress during a sensitive period of time can impact the rat’s future neuroendocrine and 

behavioural responses.  

Childhood maltreatment is not unique to humans. Infant abuse in rhesus macaques via 

social deprivation and physical abuse have been readily observed in captivity as well as in the 

wild. Physical abuse includes dragging, crushing, throwing, stepping/sitting, rough grooming and 
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abusive carrying (Maestripieri & Carroll, 1998). It is estimated that 5-10% of all rhesus macaque 

infants are physically abused by their mothers (Maestripieri & Carroll, 1998). The rhesus 

macaque infant spends the first month in mostly ventro-ventral contact with its mother. The 

mother infant pair remains in physical contact for nearly the first year of life. At the end of the 

first year, the juvenile still maintains a close relationship and the mother plays a vital role in 

providing protection and facilitating appropriate social behaviours (Sanchez, 2006). 

Experiments in primates have yielded similar results to those observed in rodents.  

In squirrel monkeys and rhesus macaques, separation from the attachment figure results 

in behavioural distress such as separation-induced vocalizations and increased activity in both 

the HPA axis and SAM system (Levine & Wiener, 1988; Suomi, 1991). If the infant monkey can 

see and call to its mother, vocal distress and agitation are greater than if the monkey was in 

isolation. However, the response in the HPA axis is greater under isolation (Levine & Wiener, 

1988). Maternal abuse and neglect have varying influences on HPA axis function throughout the 

young monkey’s life. Abused and neglected rhesus macaques during their first month of life will 

have higher basal morning cortisol. Higher basal morning cortisol is positively correlated with 

aggression, anxiety and distress vocalizations (McCormack, Sanchez, Bardi, & Maestripieri, 

2006). In contrast, at three months they will have lower basal cortisol levels and an overall lower 

HPA response. Further, they will also exhibit a blunted ACTH response to a CRH challenge 

across the first three years of life (Veenema, 2009).  

Humans 

 Around 10% of children are affected by maltreatment globally (Butchart, Harvey, Mian, & 

Furniss, 2006; Radford, Corral, Bradley, & Fisher, 2013). These children experience more 

concurrent psychiatric problems and will subsequently suffer the deleterious effects across their 
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life span (Arseneault et al., 2011; Jaffee, Caspi, Moffitt, & Taylor, 2004; Newbury et al., 2018). 

These include major depressive disorder (MDD), alcohol abuse, psychosis and suicidal ideation 

(R. C. Kessler et al., 2010). The emotional and economic consequence of severe psychiatric 

disorders are considerable (Ferrari et al., 2013). It is estimated that the years lived with disability 

is 32.4% and disability adjusted life years is 13% (Vigo, Thornicroft, & Atun, 2016). In 2013, 

the United States spent $201 billion on psychiatric disorders (Roehrig, 2016). There is now 

international urgency to not only understand but also determine potential avenues to reverse the 

adverse effects of childhood experiences like maltreatment (Newbury et al., 2018). 

A powerful study with 51,945 adults found that childhood adversities associated with 

maladaptive family functioning (e.g. Parental mental illness, child abuse/neglect) were the 

strongest predictors of psychiatric disorders at all life course stages (R. C. Kessler et al., 2010). 

These adverse consequences are postulated to result from ELS having deleterious effects on 

brain regions associated with higher-order, complex cognitive and affective functions (Pechtel & 

Pizzagalli, 2011). The consequences of ELS depend not only on the type of adversity but also the 

number of exposures and the timing of the stressor. Adults who were sexually abused after the 

age of 12 were ten times more likely to develop severe symptoms of posttraumatic stress 

disorder compared to those who experienced it prior to the age of 12 who were more likely to 

develop severe depressive symptoms (Schoedl et al., 2010). Even the brain regions affected by 

ELS like sexual abuse depend on timing of the stressor. Females who experience sexual abuse 

between 3-5 years have smaller hippocampal volumes (Teicher et al., 2006) compared to if they 

experienced it between 9-14 years where dysfunctions are seen in the corpus callosum and 

prefrontal cortex (Andersen et al., 2008). In young adults, ELS stress predicts increased levels of 

childhood afternoon basal cortisol which in return predicts altered resting state functional 
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connectivity (rs-FC). The altered rs-FC has been found to be correlated with concurrent 

symptoms of anxiety and depression (Burghy et al., 2012). While research has often focused on 

the effects of ELS of mental health, relatively less work has been dedicated to investigating the 

effects of cognitive, emotional and biological changes on normal brain development.  

 

1.3.3 Resilience  

Preclinical Models 

Far less researched but of equal value is indications that early intermittent exposure to 

stress enhances regulation and resilience not vulnerability. Levine and his colleagues first 

described resilience in animal models. They sought to test Freud’s theory that early life stress 

contributes to the development of psychopathology later in life. Levine and his colleagues 

exposed infant rats to intermittent foot shocks sufficient to elicit an evasive response (Levine, 

Chevalier, & Korchin, 1956). Their original hypothesis was that the rats would show signs of 

emotional instability in adolescence and adulthood. Results however did not support the 

Freudian theory and they concluded that early intermittent stress facilitates the organism to 

respond more effectively when confronted with novel situations and will exhibit a diminished 

emotional response (Levine et al., 1956).   

When first presented with novel food, rats are generally hesitant to eat or drink and 

sample only small amounts. This neophobia has been observed both in wild and domestic rats. In 

a laboratory setting it has been seen that early handling alters the animal’s response to novelty. 

Early handling refers to rats that are separated from the dams for 15 minutes per day and handled 

for 3 minutes prior to being returned to the dam. Handled rats urinate and defecate less in open 

field tests, increased variation seeking, stimulus seeking and complex tasks involving novelty-
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seeking (Weinberg, Smotherman, & Levine, 1978). In addition, rats handled during the stress 

hyporesponsive period show less elevation of plasma glucocorticoids in response to novel stimuli 

(Weinberg et al., 1978). Handled rats also show higher levels of glucocorticoids in response to 

shock exposure and more rapid return to basal levels (Meaney et al., 1996). The differences are 

long lasting and can persist for the entire life. The modified endocrine response of handled rats 

appear to be extremely adaptive since the speed and duration of response would enable them to 

react rapidly while avoiding the effects of prolonged exposure to glucocorticoids, which have 

been shown to have deleterious effects on the nervous system (McEwen, 2004). 

The role of resilience has been demonstrated in many preclinical models. Squirrel 

monkeys live in mixed groups of all ages. Mothers and other group members will intermittently 

leave the newly weaned offspring at around 3-6 months to forage for food (Lyons, Parker, & 

Schatzberg, 2010). Initial separation in experimental settings elicits distress vocalizations from 

the juvenile monkey and an increase in plasma cortisol (Coe, Glass, Wiener, & Levine, 1983). 

Monkeys exposed to early intermittent separations showed decreased anxiety behaviour, 

decreased cortisol and ACTH to novel environments and increased sensitivity to glucocorticoid 

negative feedback on the HPA axis (Levine & Mody, 2003). At 3.3 years of age monkeys 

exposed to early intermittent separations had larger ventromedial prefrontal volumes (Katz et al., 

2009). This is of interest since in humans ventromedial prefrontal cortex size predicts diminished 

impulsivity (Matsuo et al., 2009) and lower harm avoidance (Yamasue et al., 2008).  

Humans 

A key distinguishing feature of adult resilience is its distinction from recovery. The term 

recovery refers to a process which normal functioning gives way to psychopathology – either 

approaching the threshold or passing the threshold and then returns to pre-event levels (Bonanno, 
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2004). In contrast, resilience refers to the ability to maintain a stable equilibrium. The literature 

on development refer to resiliency in respect to protective factors that facilitate the development 

of positive outcomes to adverse life events like early life stress (Bonanno, 2004). Further, 

resilience is more than absence of psychopathology. Resilient individuals may still experience 

transient perturbations in functioning but will still exhibit a stable trajectory across time and the 

ability to generate experiences and positive emotions (Bonanno, 2004). Contrary to prevalent 

assumptions, resiliency may not be a rare phenomenon but rather may be quite common.  

Review of the research on loss, violence and exposure to life-threatening events indicate that 

most individuals do not exhibit chronic symptom profiles but rather exhibit healthy functioning 

suggestive of resilience (Bonanno, 2004). Studies in humans who have experienced physical 

abuse have been found to recognize angry faces with less information and make fewer errors 

when recalling aggressive stimuli compared to children who were not abused (Chaby, 2016; 

Pollak & Sinha, 2002; Rieder & Cicchetti, 1989). Moreover, children of mothers with high 

anxiety, stress or depressive symptoms have more advanced mental and psychomotor 

development (including attention, cooperation motor speed and coordination) (Chaby, 2016; 

DiPietro, Novak, Costigan, Atella, & Reusing, 2006). 

There are many factors that may contribute to resilience in adults despite experiencing 

ELS. Controlled exposure to stress-related cues is a key component of resiliency training in 

humans. Intermittent exposure to relevant stressors is thought to induce learning-like processes 

that modify “erroneous psychobiological conditions” that impair mental health (De Raedt, 2006). 

A study found that lower depressive symptoms in individuals who experienced ELS was 

predicted by self-confidence and self-control (Seok et al., 2012). Self-confidence or self-

enhancement has been associated with benefits such as high self-esteem (Paulhus, 1998). 
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However, these individuals also score high on measures of narcissism and tend to invoke 

negative impressions in others (Paulhus, 1998). Further, evidence also shows that certain 

personality traits like hardiness may help to buffer the effects of exposure to extreme stress. 

Hardiness is composed of three components: commitment to finding a meaningful purpose in 

life, believe that one can influence one’s surroundings and the outcomes of events and the belief 

that one can learn and grow from positive and negative events (Bonanno, 2004; Kobasa, Maddi, 

& Kahn, 1982).  

 

1.3.4 Theories of Early Life Stress 

Three-Hit Concept 

There are many theories that try to understand when a stressor will lead to vulnerability 

versus resilience. One of these models is the “Three-Hit Concept” (Daskalakis, Bagot, Parker, 

Vinkers, & De Kloet, 2013). The model postulates that multi-genic inputs (hit-1) will interact 

with early-life environmental inputs (hit-2) and will program phenotypes via epigenetics with 

differential susceptibility to later life challenges (hit-3) (Daskalakis et al., 2013). In this theory, 

exposure to a challenging but moderately stressful environment could actually promote active 

coping; sometimes referred to as “stress inoculation” and ultimately resiliency. In contrast, 

exposure to severe stress such as severe abuse and neglect could lead to enhanced vulnerability 

(Daskalakis et al., 2013).  

Thrifty Phenotype Hypothesis 

The Thrifty Phenotype Hypothesis was proposed by Hales and Barker to address why 

maternal effects cause context-dependent health outcomes (Hales & Barker, 1992). The 

hypothesis proposes that maternal cues during gestation will signal information to the offspring 
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about resource availability. This will result in immediate but permanent changes in offspring 

phenotype. The changes will assist the offspring to survive acute challenges but puts the 

offspring at risk for future health outcomes – especially if the current environment differs from 

the maternal environment. For example, individuals that are exposed to food restriction 

prenatally may be better prepared for subsequent food restriction, but likely compromise 

longevity and future health in order to cope with food restriction. Exposure to “mis-matched” 

food rich conditions after prenatal food restriction can cause additional, severe problems that 

detract from health, wellbeing, and reproductive capacity such as Type 2 diabetes (Chaby, 2016; 

Hales & Barker, 1992). 

Predictive Adaptive Response Hypothesis 

The Predictive Adaptive Response Hypothesis addresses why effects from early 

environmental conditions can appear after a delay and cause context dependent health and fitness 

outcome (Gluckman, Hanson, & Spencer, 2005). The hypothesis postulates that ELS can be 

advantageous if the offspring’s future environment remains consistent with the early life 

environment but will be detrimental if the environment changes. These changes will manifest 

later in developmental stages. What differentiates this hypothesis from the Thrifty Phenotype is 

that permanent phenotypic changes are influenced by all environments not just extreme ones and 

the manifestation of responses are specific to developmental stages. The role in resiliency is if an 

individual is exposed to developmental stress and is then exposed to an adverse environment 

later in life that matches the range of the developmental environment, then the adaptive 

responses caused by early stress should enhance fitness, compared to unstressed individuals 

(Gluckman et al., 2005). 
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Environmental Mismatch Hypothesis 

Suggests that a match between maternal and offspring quality can increase offspring 

fitness and a mismatch could lead to a decrease in offspring fitness (Chaby, 2016). For example, 

it has been studied that exposure to famine during gestation is correlated with low birth weight. 

If these offspring are born into food-rich environments they will be at an increased risk for 

cardiovascular disease, glucose intolerance, breast cancer, obesity, obstructive airway disease 

and blood coagulation disorders (Roseboom, de Rooij, & Painter, 2006). This supports the idea 

that exposure to mismatched environments; in this case food restricted then food rich can cause 

adverse health outcomes.  

Differential Susceptibility Theory 

The Differential Susceptibility Theory addresses why some children are vulnerable and 

others resilient to similar rearing conditions (Belsky, 1997). The variation in stress responsivity 

in early life offers great explanatory value for differences in vulnerability and resilience in 

children raised in the same household. The theory postulates that children are either context 

sensitive (conditional strategists) or resistant to environmental/social influences (alternative 

strategists). Alternative strategists suggest that those born with less environmentally responsive 

phenotypes are more resistant to the negative effects of stress (Belsky, 1997). 

Biological Sensitivity to Context Theory 

The Biological Sensitivity to Context Theory is very similar to the Differential 

Susceptible Theory. It suggests that children who are highly reactive to their environment will 

cause them to be strongly influenced by both poor and favourable conditions (Ellis, Essex, & 

Boyce, 2005). The major difference is that this model postulates that exposure to any extreme 

condition (positive or negative) can increase later responsivity to an environment. Therefore, 
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individuals that experience moderate conditions in early life will be more resistant to the 

negative effects of adverse conditions later in life (Chaby, 2016; Ellis et al., 2005). 

Allostasis 

The theory of Allostasis describes how organisms can maintain equilibrium and stability 

following predictable or unpredictable challenges through change (McEwen, 2004). These 

changes can be hyperactive or hypoactive. If an extreme allostatic change is maintained, the 

overload can cause pathology acutely by energy demands exceeding available energy or 

chronically by elevated allostatic mediators. Glucocorticoids are allostatic mediators that can 

cause the latter type of Allostatic overload - extended elevation of glucocorticoids (caused by 

persistent social conflict, high predator density, etc.) can decrease hippocampal volume and 

neurogenesis rate, cause neuronal or glial cell death, suppress immune responses, reduce bone 

minerals and muscle, and accelerate or alter aging processes (Chaby, 2016). In this case, the 

ideal phenotype to deal with stress is an individual with minimal prior stress or an individual 

with a wide gap between their homeostasis and overload.  

Reactive Scope 

The Reactive Scope hypothesis was proposed to describe how animals deal with both 

predictable and unpredictable stress and address the limitations of the Allostasis model (Romero, 

Dickens, & Cyr, 2009). The limitations include excessive reliance on energy accounts, 

relationship between GCs and energy mobilization is complicated and not linear, heavy reliance 

on GCs over other factors in stress response, unclear how to incorporate developmental effects, 

does not address role of behavioural and cognitive stress responses and individual variation is not 

directly addressed. The Reactive Scope hypothesis suggests that there are two main states (1) 

predictive homeostasis: facing predictable environmental changes such as circadian or seasonal 
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changes and (2) reactive homeostasis: facing a threat or unpredictable environmental change. 

When an organism is challenged and homeostatic mediators are overwhelmed (e.g. GCs, heart 

rate etc.) that organism will cross the threshold to homeostatic overload (Romero et al., 2009). It 

is postulated that ELS can affect the threshold between reactive homeostasis and homeostatic 

overload (Chaby, 2016). 

Arousal-Shift Hypothesis 

The arousal-shift hypothesis builds off of the Yerkes-Dodson law in which performance 

for simple tasks has a linear relationship with arousal whereas performance of complicated tasks 

has an inverse parabolic relationship with arousal (Yerkes & Dodson, 1908). The arousal shift 

hypothesis emphasizes that performance is shaped by context (threat level, resource availability 

etc.), difficulty of task and the relationship between current environment and early environment 

(Chaby, Sheriff, Hirrlinger, & Braithwaite, 2015). This model emphasizes that ELS can enhance 

subsequent cognitive performance. Further that these effects may be context-specific following 

ELS such as for high arousal cues/contexts but not low arousal cues/contexts (Masten et al., 

2008). 

 

1.4 Resting State Functional Connectivity (rs-FC) 

1.4.1 Resting State Networks 

 Functional Magnetic Resonance Imaging (fMRI) utilizing blood oxygen level dependent 

(BOLD) contrast provides an indirect measure of neuronal activity. The magnetic susceptibility 

of blood is different whether the hemoglobin is oxygenated versus deoxygenated. Blood is 

diamagnetic (weakly repelled by a magnet) when oxygenated and paramagnetic (attracted to 

magnets and will cause a decline in MR signal) when deoxygenated. Contrast between tissues 
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arises because the differences in oxygenated and deoxygenated blood will create magnetic field 

inhomogeneity which will alter the MR signal. The relative decrease in deoxygenated blood can 

be detected as a weak transient rise in T2* weighted signal (around 2-3% change in signal) 

(Stroman, 2011).  

BOLD contrast relies on the assumption that different brain regions, depending on 

activation will have a differing hemodynamic response. When neurons are “active” they require 

energy and oxygen is required to metabolize glucose. The increase in oxygen consumptions will 

result in increase in local blood flow. Eventually the increase in flow will exceed oxygen 

consumption leading to an increased ratio of oxygenated to deoxygenated hemoglobin and 

subsequently an increase in signal (Stroman, 2011). 

Default Mode Network 

When an individual is not actively engaged in goal-directed cognitive activities, the brain 

is considered to be at “rest”. The study of resting state fMRI gained traction in the mid-90’s 

(Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995). Scientific inquiry continued when it was 

observed that there were measurable and consistent activation patterns in the brain during this 

state of rest (Raichle et al., 2001). In particular, a uniform pattern of deactivation across a 

network of brain regions that include the precuneus/posterior cingulate cortex (PCC), medial 

prefrontal cortex (mPFC) and medial, lateral and inferior parietal cortices upon initiation of a 

goal directed behaviour. These brain regions demonstrate a high degree of functional 

connectivity (Raichle et al., 2001), where functional connectivity is defined to be the temporal 

association of BOLD responses across anatomically distinct brain regions (Salvador, Suckling, 

Schwarzbauer, & Bullmore, 2005). These studies led to the hypothesis that these brain regions 

form a network supporting a “default mode” of brain function when an individual is awake and 
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alert, but not actively involved in an attention demanding or goal-directed task (Raichle et al., 

2001). These DMN coactivation patterns are reproducible and have excellent test-retest 

reproducibility in young healthy adults (Meindl et al., 2010). 

Further work observed “dampening” of DMN activation upon initiation of a task 

performance leading to the coining of “task negative network”, which postulates that the DMN is 

responsible for a self-referential and introspective state (Andrews-Hanna, Reidler, Huang, & 

Buckner, 2010; Greicius, Krasnow, Reiss, & Menon, 2003; Long et al., 2008; McKiernan, 

Kaufman, Kucera-Thompson, & Binder, 2003). This functional theory has been supported with 

studies showing that DMN suppression will increase with task difficulty suggesting that 

introspective attentional resources must be reallocated to focus on an extrinsic task (Singh & 

Fawcett, 2008). Evidence also suggests that the DMN mediates the process of one’s thoughts and 

feelings, which is an important factor for an individual to remember one’s past, form beliefs and 

plan for the future (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle & Snyder, 2007). 

Studies requiring participants to recollect a memory show activation of the DMN which has been 

postulated to show the individual “retrieving” the past experience (Daselaar et al., 2009). 

Salience Network  

The salience network (SN) is a large-scale network that constitutes the anterior insula, 

dorsal anterior cingulate cortex, substantia nigra, ventral tegmental area, ventral striatum, 

amygdala, dorsomedial thalamus and hypothalamus (Peters, Dunlop, & Downar, 2016). Its role 

is involved in detecting and processing salient stimuli and subsequently recruiting relevant 

functional networks. This is achieved via the SN’s cortico-striato-thalamo-cortical loop which 

appears to be central to cognitive control. Ultimately its role is involved in complex functions 
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such as social behaviour, communication and self-awareness via integration of emotional, 

cognitive and sensory stimuli (Peters et al., 2016).  

Fronto-Parietal Attention Network 

The Fronto-parietal attention network (FPAN) involves the lateral prefrontal regions and 

inferior parietal cortex. The FPAN plays a decisive role in dynamic as well as sustained aspects 

of attention (Ptak, 2012). The function of the right fronto-parietal network is for cognitive 

control and attention whereas the left is responsible for language processing and working 

memory. Together, the right and left network play a vital role in the selection of relevant 

environmental information (Ptak, 2012).  

Meso-Paralimbic Network 

The meso-paralimbic network (MPN) or the medial temporal lobe network consists of the 

amygdala, hippocampus, parahippocampal gyrus and temporal poles (Laird et al., 2011). The 

MPNs main role is in processing emotional input and interoceptive awareness (Laird et al., 2011; 

Lois, Linke, & Wessa, 2014).  

Visual Network 

The visual network (VN) plays a critical role in attention to visual stimuli. As such, the 

brain regions involved in the VN are the primary and associated visual cortices (Damoiseaux et 

al., 2006; Heine et al., 2012).  

Sensorimotor Network 

The sensorimotor network (SMN) is a large network including the post-central gyrus 

(somatosensory), pre-central gyrus (motor) and extending into the supplementary motor areas. 

The network is involved in a pre-mediated state that is postulated to “prepare” the brain to 

perform and coordinate motor tasks (Biswal et al., 1995).  
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1.4.2 Demographic Factors 

Age 

Aging is a normal physiological process and understanding its influence on the brain’s 

architecture and functional connectivity is essential. Pathways involved with emotion processing 

such as prefrontal control over the amygdala differ in healthy children and adults. In particular, 

amygdala activation is increased in adults but decreased in children in response to a frustrating 

event (Perlman & Pelphrey, 2011). Interestingly, when comparing healthy adults and older adults 

there is a consistent age-related decrease in amygdala activation in response to negative stimuli 

(Nashiro, Sakaki, & Mather, 2011). Further, understanding and subsequently defining normal 

age progression from adult to elderly populations is crucial. With healthy aging there is a natural 

loss of gray matter especially in the lateral prefrontal cortex, hippocampus, cerebellum and 

caudate nucleus and white matter in the prefrontal cortex (Reuter-Lorenz & Lustig, 2005). 

However, there is an interesting phenomenon where there is an age dependent region-specific 

over-activation for processes involved with executive function, motor control and episodic and 

autobiographical memory, where activation levels and performance are positively correlated 

(Reuter-Lorenz & Lustig, 2005). Healthy young adults exhibit functional connectivity between 

the hippocampus and ventral prefrontal cortex predict performance on a memory encoding task 

while older adults between the hippocampus and dorsolateral prefrontal cortex suggesting a shift 

in cognitive resources with age (Grady, McIntosh, & Craik, 2003). A recent meta-analysis found 

evidence that the strength of DMN functional connectivity follows an inverse U-shape where it is 

strongest in adulthood and lowest in children and the elderly (Mak et al., 2017). A more recent 

study further supports that age is negatively associated with variability of dynamic functional 

network connectivity state (Xia et al., 2019). Despite these findings, there is a need to better 
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understand differences in functional connectivity in all resting state networks across the normal 

aging processes. 

Sex 

The brain is sexually dimorphic in morphology, BOLD activation and functional 

connectivity. For example, regions involved in the DMN such as the posterior cingulate cortex 

are larger in females than males (Goldstein et al., 2001). Further there are sex differences in 

response to positive mood induction such that females experiences greater BOLD signals in the 

right posterior cingulate cortex compared to males (Hofer et al., 2006).  In a large study of 603 

subjects it was found that there is stronger intra-network connectivity in females and stronger 

inter-network connectivity in males especially in resting state sensorimotor networks (Allen et 

al., 2011). Further, a meta-analysis found that females exhibit stronger intra-network 

connectivity in the DMN compared to males (Mak et al., 2017). 

Education 

One study found that a higher education level had a strong effect on the strength of 

functional connectivity in resting networks in general (Marques, Soares, Magalhães, Santos, & 

Sousa, 2015). However, the study was biased since the level of education was significantly 

higher in males than females which could be a significant confound (Marques et al., 2015). A 

large UK study of 3950 individuals found that regions involved in the DMN, dorsolateral PFC 

(dlPFC) and the anterior cingulate cortex (ACC) exhibited stronger connectivity with college 

education attainment (Shen et al., 2018). Whereas connections that were weaker with higher 

educational attainment were located in the inferior part of the PCC and lingual gyrus (Shen et al., 

2018).   
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Socioeconomic Factors 

The above UK study also found higher household income was associated with stronger 

connections with regions including the PCC, mPFC, ventrolateral PFC (vlPFC) and dlPFC (Shen 

et al., 2018). Areas that showed weaker connections for higher household income mainly 

included the superior temporal lobe (Shen et al., 2018). A recent study of 100 youths (6-17 

years) investigated the effects of socioeconomic disadvantage which they defined via annual 

household income and community factors to indicate community “distress” including population 

without a degree, housing vacancy, adults not working, poverty, mean income relative to state, 

change in employment and business establishments (Marshall et al., 2018). It was found that 

greater socioeconomic disadvantage was associated with reduced rs-FC between the ventral 

striatum and the anterior regions of the mPFC. Lower ventral striatum-mPFC rs-FC was also 

associated with higher self-reported anxiety symptoms and the rs-FC mediated the effects of 

socioeconomic disadvantage on anxiety symptoms (Marshall et al., 2018). This particular 

pathway is of interest since it involves the corticostriatal reward circuitry which may indicate 

that there could be implications for future emotional development (Marshall et al., 2018). 

Another study showed that youth residing in more distressed communities demonstrate lower 

hub-like properties (i.e., less efficient global information transfer and fewer connections) of two 

core SN nodes – the anterior cingulate cortex and the left supramarginal gyrus (Gellci et al., 

2019). Similarly, lower household income was associated with lower efficiency of the anterior 

cingulate (Gellci et al., 2019).  
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1.4.3 Early Life Adversity 

Vulnerability 

Brain alterations resulting from ELS are highly specific and depend on type and timing. 

The adaptations may have enhanced survival in the past but in present are associated with 

substantial medical and psychiatric disadvantages (Teicher, Samson, Anderson, & Ohashi, 

2016). Even in young adults with the absence of diagnosed psychiatric disorders have 

measurable and resting state functional connectivity effects. ELS within the first year of life 

predicts higher cortisol levels at four years of age. At 18 years, the childhood cortisol levels were 

significantly inversely correlated with amygdala-vmPFC rs-FC. It is important to note that for 

females only, high levels of ELS predicted increased levels of childhood afternoon basal cortisol, 

which in turn predicted lower amygdala-vmPFC rs-FC. Moreover, amygdala-vmPFC rs-FC was 

negatively correlated with concurrent symptoms of anxiety at 18 years of age in females only 

(Burghy et al., 2012). Experiences of childhood maltreatment is associated with decreased 

hippocampus-subgenual cingulate rs-FC in both adolescent males and females but only lower 

amygdala-subgenual cingulate rs-FC in female adolescents (Herringa et al., 2013). This sex 

difference may explain higher risk for internalizing disorders such as MDD and generalized 

anxiety disorder in females (Herringa et al., 2013). Another study found that severity of ELS was 

correlated with decreased rs-FC between the amygdala and left dlPFC but increased dynamic rs-

FC between the amygdala and rostral (rACC) (Kaiser et al., 2018).  

Genetic risk and ELS predict decreased functional connectivity between the amygdala 

and inferior and middle frontal gyri, caudate and parahippocampal gyrus in school-aged children 

(9-14 years) with greatest genetic (HPS axis genes CRHR1, NR3C2, NR3C1 AND FKBP5) and 

environmental risk load (stressful life events and traumatic life events) (Pagliaccio et al., 2015). 
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The developing DMN may be an important marker for the effects of ELS. Higher interparental 

conflict since birth was associated with infants showing stronger connectivity between two core 

DMN regions, the PCC and the anterior mPFC. In adults who experience ELS, using seed-based 

analysis, there is significantly decreased connectivity between the PCC and mPFC and inferior 

temporal cortex (N. S. Philip et al., 2013). Further the above group have found increased rs-FC 

between the left dlPFC with the left middle frontal gyrus and decreased rs-FC connectivity with 

the left precuneus (N. S. Philip et al., 2014). ELS status is also associated with decreased 

connectivity from the right dlPFC to the left precuneus and left inferior parietal lobule (N. S. 

Philip et al., 2014). The findings further support that altered DMN connectivity is present in 

individuals who experienced ELS at any age. PCC to amygdala connectivity was also increased. 

(Graham, Pfeifer, Fisher, Carpenter, & Fair, 2015). In young urban youth, history of ELS is 

associated with decreased centromedial amygdala-subgenual ACC rs-FC (Thomason et al., 

2015). This finding might be confounded since the researchers found significant differences in 

annual household income with the ELS group having significantly more households with an 

income of <$40,000. As discussed above, factors involved in SES may alter rs-FC.  

Resilience  

A growing body of neuroimaging research supports that resilience is associated with 

brain regions including the vmPFC, dlPFC, insula, ACC, orbitofrontal cortex (OFC) and 

hippocampus (Shi, Sun, Wei, & Qiu, 2019). Compared to PTSD patients, trauma exposed but 

resilient group exhibits decreased rs-FC between the insula and right amygdala (Etkin & Wager, 

2007) and increased rs-FC between the thalamus and the right medial frontal and left rACC. 

These regions are implicated in cognitive and emotional processing (Etkin, Egner, & Kalisch, 

2011; Kong, Wang, Hu, & Liu, 2015). In a sample of healthy controls, a measure of resilience is 
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positively correlated with the strength of the left insula and the right para-hippocampus 

connectivity which is involved in the self-evaluation process (Shi et al., 2019). Resilience is also 

positively correlated with the strength of the left orbitofrontal gyrus (OFC) and the left inferior 

frontal gyrus connectivity which is associated with the flexible use of emotional resources and 

flexible control in processing affective information (Shi et al., 2019). In a recent study, more 

resilient children showed a state-specific inter-network reduction in rs-FC with the salience 

network and the DMN (Iadipaolo et al., 2018). 

Regional homogeneity (ReHo) is a voxel-based analysis measure of brain activity, which 

evaluates the similarity or synchronization between the time series of a given voxel and its 

nearest neighbors (Zang, Jiang, Lu, He, & Tian, 2004a). Strength of ReHo in the bilateral insula, 

right dorsal anterior cingulate cortex (dACC) and right rACC negatively predicted individual 

differences in psychological resilience, revealing the critical role of the SN in psychological 

resilience (Kong et al., 2015). ReHo in the dACC within the SN mediated the effects of 

psychological resilience on life satisfaction (Kong et al., 2015). A small study of 24 healthy 

participants found that increased amygdala activity in those who experienced ELS (Yamamoto et 

al., 2017). It is postulated that the increased amygdala reactivity in absence of depression could 

be a stress buffering or resilience enhancing factor against mood disorders and negative stressful 

events (Yamamoto et al., 2017). Resilience is often studied in the context of resilience to 

developing MDD and PTSD, however, there has been a shift to understand the role of ELS and 

its role in resiliency and vulnerability. As such, neuroimaging studies aimed to identify more 

robust neural correlates of resiliency are needed.  
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1.4.4 Sleep 

Sleep problems are a major public health issue affecting about one third of the general 

population (Léger & Bayon, 2010). Impaired or shortened sleep is a risk factor for mortality, 

diseases such as stroke, artery calcification and cardiovascular events and increased incidence of 

accidents (Åkerstedt, Philip, Capelli, & Kecklund, 2011; Buysse, Grunstein, Horne, & Lavie, 

2010). A consistent finding is that sleep deprivation causes reduced connectivity within the 

DMN and reduced anticorrelation in the task-positive network (De Havas, Parimal, Soon, & 

Chee, 2012). Partial sleep deprivation defined as <4 hrs of total sleep time resulted in higher 

ReHo in the ACC and PCC as well as increasing the global signal variability (Nilsonne et al., 

2017). Voxel-mirrored homotopic connectivity (VMHC) is a validated measure to quantify 

changes in functional connectivity between two hemispheres. Following 10 hours of sleep 

deprivation, there is significantly increased global VMHC and VMHC in specific brain regions 

including the thalamus, paracentral lobule, supplementary motor area, postcentral gyrus and 

lingual gyrus (Zhu et al., 2015). On a greater extreme, 36 hours of sleep deprivation resulted in 

increased corticostriatal connectivity and reduced thalamocortical connectivity (Xu et al., 2018). 

Reduced rs-FC is observed between the left junction of anterior and anterolateral hippocampal 

regions and the DMN and bilateral thalamus after 24 hours of sleep deprivation (Zhao et al., 

2018). This supports the deleterious effects sleep deprivation has on episodic memory which is 

mediated by the anterior hippocampus (Zeidman & Maguire, 2016). Many studies investigate the 

acute effects of sleep deprivation, moderate to extreme, on neural correlates. However, more 

work needs to be done to characterize the effects of chronic sleep pathology on resting state 

networks.  
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1.4.5 Personality Dimensions  

Personality traits have been extensively researched in clinical populations and general 

population based on various demographic factors. However, personality traits and their 

relationship with neural correlates is an emerging area of research. There is strong evidence that 

personality dimensions of neuroticism and extraversion are strongly associated with emotional 

experience and affective disorders. Higher neuroticism scores are associated 

with increased amygdala rs-FC with the precuneus, and decreased amygdala rs-FC with the 

temporal poles, insula, and superior temporal gyrus. Conversely, higher extraversion scores 

were associated with increased amygdala rs-FC with the putamen, temporal pole, insula, and 

several regions of the occipital cortex (Aghajani et al., 2013; Pang et al., 2016). Recent work 

has investigated the impact of personality traits on rs-FC patterns. It has been found that 

neuroticism is associated rs-FC with brain areas involved in self-evaluation and fear (Fox, 

Zhang, Snyder, & Raichle, 2009; Jimura, Konishi, & Miyashita, 2009; Kumari et al., 2007), and 

is known to be associated with anxiety and self-consciousness (Costa & McCrae, 1995; Uliaszek 

et al., 2009). Extraversion is associated rs-FC with brain areas involved in reward and motivation 

(Cohen, Young, Baek, Kessler, & Ranganath, 2005; Mobbs, Hagan, Azim, Menon, & Reiss, 

2005) and is implicated in gregariousness and excitement-seeking (Canli et al., 2001; Costa & 

McCrae, 1995). Openness to experience is associated rs-FC with brain areas involved in 

cognitive flexibility and imagination (DeYoung, Shamosh, Green, Braver, & Gray, 2009; Jung et 

al., 2010), and is associated with fantasy, intellectual curiosity and exploration (Costa & McCrae, 

1995). Agreeableness is associated with rs-FC with brain areas involved in empathy and social 

information processing (DeYoung et al., 2010; Kober et al., 2008), and is linked with 

compassion and friendliness (Costa & McCrae, 1995). Finally, Conscientiousness is associated 



 29 

with rs-FC with brain areas involved in planning and self-discipline (Fox et al., 2009), and is 

implicated in carefulness, industriousness and organization (Costa & McCrae, 1995; Friedman, 

Kern, & Reynolds, 2010). It would of great interest to investigate the effect of personality traits 

in a large healthy population, across age, sex on rs-FC and determine the role of ELS. 

 

1.5 Thesis Hypotheses 

The aim of the study is to use resting state fMRI data collected from CAN-BIND’s healthy 

controls at the baseline visit to form a normative comparison base. Analysis of this information 

will serve as a normal comparative group for both the MDD patients in the entire CAN-BIND 

study and for future studies with similar demographics. Lastly, the findings may identify 

biomarkers of resilience and vulnerability. The specific hypotheses are: 

1. There are differences in physiological factors and personality dimensions by ELS and 

demographic factors. Further, ELS will predict the variances in physiological factors and 

personality dimensions and this relationship may be moderated by sex. 

2. There are resting-state functional connectivity differences by demographic factors and the 

experience of ELS in six common resting-state networks. 

3. Sleep quality and personality dimensions will also yield differences in resting-state 

functional connectivity in six common resting-state networks.  

4. The experience of ELS will interact with the effects of sleep quality and personality 

dimensions on resting-state patterns to identify intermediary biomarkers of resilience and 

vulnerability in a non-clinical samples. 
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The significance of the findings would be to offer a very detailed characterization of a 

healthy control group and their resting-state networks that has not been previously done and to 

better understand a resilient and vulnerable population within a non-clinical sample. 
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2.1 Experimental Design 

2.1. Recruitment  

Baseline healthy controls were recruited from three iterations of CAN-BIND: CAN-

BIND1 (Lam et al., 2016), CAN-BIND3 (The Canadian Psychiatric Risk and Outcome Study, 

PROCAN) (Addington et al., 2018) and CAN-BIND4 (Stress and Reward Anhedonia, SARA). 

Participants were recruited at 7 clinical centres: Vancouver (Djavad Mowafaghian Centre for 

Brain Health), Calgary (Hotchkiss Brain Institute), Toronto (3 sites: University Health Network, 

Centre for Addiction and Mental Health and SunnyBrook Hospital), Hamilton (St. Joseph’s 

Healthcare Hamilton), and Kingston (Providence Care, Mental Health Services).  

Research Ethics Boards at each site approved the study. Recruitment was accomplished 

via community-based advertising (social media, posters on University campuses, school 

counsellors, school social workers) and dedicated knowledge translation activities. Each site 

entered a standardized participant agreement with the Ontario Brain Institute (OBI) to facilitate 

transfer of raw and processed/de-identified data in accordance to OBI’s Governance Policy 

(https://www.braincode.ca/content/governance).  

2.1. Study Procedure 

Participants underwent a screening evaluation followed by the study visit. A full 

psychiatric consultation was conducted by a trained individual and was completed via the Mini 

International Neuropsychiatric Interview (MINI) or Structured Clinical Interview for DSM-

V/IV-TR Disorders (SCID). 
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2.2. Participants 

2.2. Inclusion Criteria 

Participants are 12-65 years of age, any ethnicity, with no psychiatric diagnosis or 

unstable medical diagnosis. Participants must have demonstrated sufficient fluency in English to 

provide informed consent and complete study procedures.  

2.2. Exclusion Criteria 

Healthy control participants were excluded if they had (1) an estimated IQ less than 70 

based on the North-American Adult Reading Test (NAART); (2) neurological disease, history of 

skull fracture, severe or disabling medical conditions; (3) contra-indication for MRI scanning 

such as metal in the eye, extensive dental work with metal, pregnancy etc.; (4) subsequently 

diagnosed with a psychiatric condition through the MINI or SCID at the baseline visit.  

 

2.3 Clinical Measures 

Extensive battery of self-administered and clinician-administered clinical characterization 

assessments were completed. However, only a small subset of relevant assessments were used in 

analysis of this dissertation. 

 

2.3.1 Childhood Experience of Care and Abuse Interview 

The Childhood Experience of Care and Abuse Interview (CECA) is a semi-structured 

interview format where the researcher rather than the participant decides whether an experience 

meets criteria for inclusion (Bifulco, Brown, & Harris, 1994). This is in contrast to many self-

report scales like the Childhood Trauma Questionnaire. There are issues with retrospective data, 
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but it does provide context for adult consequences of ELS while avoiding the cumbersome delay 

of a prospective design.  

Participants were encouraged to narrate their responses to a string of standardized 

questions as stories to allow details to emerge that would make rating clearer. The CECA scoring 

focuses on material which is objective (concerning behaviour) instead of subjective (concerning 

feelings). For example, a participant may perceive that their parents were neglectful but objective 

behaviours may indicate otherwise. The interviewer encouraged the participant to reveal details 

that would provide objective material. Eventually, the scales were marked on a 4-point scale: 1-

marked; 2-moderate; 3-some; and 4-little/none. The scale can be analyzed as a continuous or 

categorical variable. If a category were to be rated as categorical, the participant had to score 

moderate to marked. The CECA measures parental neglect which is the amount of neglect or 

disinterest in the child’s welfare exhibited by the parent or parental substitute. Parental antipathy 

which is the degree of dislike, criticism, hostility or coldness shown by parental figures to the 

child. There is a separate antipathy score for each caregiver and/or parental figure. Parental 

discord or tension which is the amount of conflict in the household in the form of arguments 

between parental figures. Physical abuse which is defined as violence by a household member 

toward the child. Sexual abuse which is defined as sexual contact before the age of 17 other than 

consensual contact with non-related peers. Lastly there is a measure of peer and non-household 

member bullying under the age of 17 which constitutes verbal and physical means. With all 

measures, the perpetrator, frequency and duration of the acts were collected (Bifulco et al., 

1994).  
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2.3.2 Childhood Trauma Questionnaire  

The short form Childhood Trauma Questionnaire (CTQ) is a retrospective scale that 

assesses childhood trauma via 25 Likert-type items (Bernstein et al., 2003). This enhances the 

reliability and maximizes statistical power. The main components of the CTQ are five rotated 

factors that are labeled emotional abuse, physical abuse, sexual abuse, emotional neglect and 

physical neglect (Bernstein et al., 1994). Scores in each category can range from 5 to 25 for a 

minimum total score of 25 and a maximum total score of 125. A sixth category is included as a 

validity scale where a score of 3 indicates that the individual may be minimizing their past 

childhood maltreatment (Bernstein et al., 2003). 

 

2.3.3 Pittsburgh Sleep Quality Index 

The Pittsburgh Sleep Quality Index (PSQI) was administered to assess overall sleep 

quality within the last month. The PSQI is a 19-item self-administered test that generates seven 

“component” scores (0-3): subjective sleep quality, sleep latency, sleep duration, habitual sleep 

efficiency, sleep disturbances, use of sleeping medications and daytime dysfunction. The sum of 

all these seven components yield a global score that indicates either good or poor sleep quality 

(Buysse, Reynolds, Monk, Berman, & Kupfer, 1989). The scores range from 0 to 21 where 

higher scores indicate worse sleep quality; a score greater than 5 is considered the cut-off for 

poor sleep quality. 

 

2.3.4 NEO-Five Factor Inventory 

The NEO-FFI is a questionnaire consisting of 60 items scored on a Likert scale ranging 

from 0 to 4 (Costa & McCrae, 1992). This measure yields five subscales: Neuroticism (N), 
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Extraversion (E), Openness to Experience (O), Agreeableness (A), and Conscientiousness (C). 

The shortened version is the NEO Five-Factor Inventory (NEO-FFI) is designed to take 10 to 15 

minutes to complete; by contrast, the NEO PI-R takes 45 to 60 minutes to complete (McCrae & 

Costa, 2004). These new scales should be appropriate for most respondents aged 14 years and 

older (McCrae & Costa, 2004). Most cross-sectional and longitudinal studies suggest that 

neuroticism, extraversion, and openness tend to decline, whereas agreeableness and 

conscientiousness tend to increase during adulthood (Costa & McCrae, 2006). 

 

2.3.5 The Montgomery-Asberg Depression Scale 

The Montgomery-Asberg Depression Scale (MADRS) is a clinician rated 10-item semi-

structured interview used to establish the clinical severity of depressive symptoms. When 

compared the gold standard Hamilton Depression Rating Scale, the MADRS shows higher inter-

rater reliability and an increased sensitivity to change in depressive symptoms (Montgomery & 

Åsberg, 1979). Scores can range from 0 to 60. A review completed on 10 studies investigating 

569 controls identified a mean score of 4 indicating that this should be used as a marker of 

disease remission and a height cut-off for healthy controls (Zimmerman, Chelminski, & 

Posternak, 2004). 

 

2.4 Clinical Data Analysis 

Statistical analysis of clinical and demographic data was completed using R version 3.5.1 

(https://www.r-project.org). Each clinical questionnaire was scored according to their respective 

criteria. Detailed analysis of each measure will follow in subsequent chapters.  
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2.5 MRI Data  

2.5.1 Imaging Protocol 

The CAN-BIND neuroimaging protocols all included a high-resolution 3D isotropic T1-

weighted scan to assess fine anatomical detail and cortical thickness mapping; diffusion tensor 

imaging for assessment of microstructural and white matter integrity; and blood-oxygen level 

dependent (BOLD) functional MRI sequences to assess functional networks and pathways. 

Six models of scanners were used across the clinical sites, thus mandating extensive and 

ongoing quality control processes. The scanners include a Discovery MR750 3.0T (GE 

Healthcare, Little Chalfont, Buckinghamshire, UK), Signa HDxt 3.0T (GE Healthcare, Little 

Chalfont, Buckinghamshire, UK), MAGNETOM Trio (Siemens Healthcare, Erlangen, 

Germany), SIEMENS MAGNETOM Skyra(Siemens Healthcare, Erlangen, Germany), Achieva 

3.0T (Philips Healthcare, Best, Netherlands) and Intera 3.0T (Philips Healthcare, Best, 

Netherlands). 

 

2.5.2 Whole-Brain T1-Weigted Structural Scan 

See Table 1 for site-specific T1W sagittal structural acquisition parameters. 

 

2.5.3 Resting-State Functional MRI 

See Table 1 for site-specific resting-state acquisition parameters. 
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2.5.4 Data Storage 

Clinical Data 

Clinical data was collected and stored in OBI’s Centre for Ontario Exploration (“Brain-

CODE” https://www.braincode.ca/;). This platform facilitates a multi-site research project by 

allowing researchers to collaborate across large distances. Brain-CODE is operated at the Centre 

for Advanced Computing (CAC) at Queen’s University, Kingston, Ontario. CAC is a member of 

Compute Canada’s higher performance computing consortium that is compliant with processes 

for securing privacy of healthcare data (e.g. ICH E6, 21 CFR Part 11, HIPPA, PIPEDA).  

Neuroimaging Data 

Neuroimaging data was uploaded and stored on SPReD (Stroke Patient Recovery 

Research Database). It is a comprehensive online repository powered by an open source 

Extensible Neuroimaging Archiving Toolkit (XNAT) (Gee et al., 2010; Marcus, Olsen, 

Ramaratnam, & Buckner, 2007). Both structural and functional MRI data were uploaded from 

each site in their original DICOM (Digital Imaging and Communications in Medicine) format. 

Behavioural data, physiological data and session notes associated with each session are uploaded 

through a special sub-process. 

Online clinical and neuroimaging data were accessed through secure websites with 

restricted portals. User profiles with unique usernames and passwords were assigned only to 

relevant study personnel to enter, verify and/or access data. The credentials of each individual 

requiring access were vetted by the program manager.    
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2.5.5 Set-Up and Quality Assurance of MR Protocols  

Set-Up 

Prior to the start of CAN-BIND1 scan parameters from DICOM header files were 

examined in order to match scan parameters across sites. Exceptions included receiver 

bandwidth or multiple scans, acceleration type etc. Quality assurance sample data was acquired 

from each CAN-BIND1 site, examined and recommendations were provided if adjustments or 

revisions to protocol were required. Following revisions, the process was repeated.  

Subsequently a human phantom and expert visited each site to identify scanning issues and 

acquire data. T1 data at sites that did not have a GE Discovery 750 scanner were matched by 

acquiring multiple flip-angle/inversions (TI) values and identifying those that gave a contrast-to-

noise ratio that was most similar. The T1 scan was prescribed to a sagittal acquisition using a 

non-selective radio-frequency (RF) pulse. fMRI and DTI scans were acquired as true axial scans 

to reduce cross-site variation.  
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Monitoring 

Throughout the CAN-BIND1 data collection, all sites obtained monthly scans of two 

geometric phantoms to facilitate scanner calibration and long-term troubleshooting. The 

phantoms were a spherical agar phantom developed by the functional imaging biomedical 

informatics research network (fBIRN) consortium and a custom-built cylindrical model using 

plastic LEGO blocks (Fonov et al., 2010; Friedman & Glover, 2006). Phantom scans were not 

collected at Sunnybrook hospital, the second site for CAN-BIND3. Bi-weekly conference calls 

were held with research coordinators and trainees at each site to ensure that standard operating 

procedures with communicated and instituted and facilitate group troubleshooting. 

Resting State Acquisition Protocol 

Sites were provided with a scripted set of instructions to use to participants prior to 

collecting resting state scans. They were also given a standardized fixation cross to focus on in 

the scanner during scan acquisition.  

 

2.5.6 Quality Control 

Data Naming Convention 

Participants for each iteration of CAN-BIND were assigned a unique identification code 

which is standardized to contain the Program Code (3 letters), study number (2 digits), site 

identification (3 letters) and participant number (4 digits) (e.g. CBN01_QNS_0008). These 

naming conventions were applied to all data. A pipeline assessing the consistency of naming 

conventions was implemented in SPReD and XNAT. If non-compliance was detected, 

notification was sent to relevant study personnel asking that they implement the correction. Only 

upon naming convention would the data undergo quality control checks. 
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Parameter Adherence Checks of MR Protocols  

Implemented in SPReD was a scan protocol quality control pipeline which compares the 

acquisition parameters of newly uploaded scans to a reference protocol. The reference protocol 

was unique to each site and scanner type since it takes into account the scan parameters that 

necessarily different among scanners and manufactures. The reference protocol defines the 

sequences and the appropriate acquisition parameters for each sequence that should exist with 

each session. If discrepancies between data uploaded and reference protocol were identified, an 

e-mail was sent to study personnel to identify cause and indicate a possible need for rescanning. 

Image Quality 

Images with sufficient subjective quality were needed to input them through the 

preprocessing pipeline. This includes images free of major motion artifacts, covering full field of 

view and free of other scanner-related artifacts. Some sequences like resting-state fMRI are more 

susceptible to motion and other artifacts. Due to this, a more liberal threshold of what was 

considered acceptable was placed for these scans. However, other sequences like the T1-

weighted anatomical images are of paramount importance and tolerance for motion or other 

artifacts is very low. This is because many other sequences are reliant on the usability of the T1-

scans. Many of the fMRI sequences are eventually co-registered with them.  

Trained expert manual quality control raters were automatically notified when new data 

was uploaded to SPReD. Visual assessment of image quality was performed using the SPReD 

interface. Quality control raters received standardized training via ONDRI, based on the Data 

Quality Control protocol from the The Centre for Brain Sciences at Harvard University 

(http://cbs.fas.harvard.edu/science/core-facilities/neuroimaging/information-

investigators/qc#qc_manual). Imaging that had insufficient coverage, excessive motion as 



 63 

identified by visual inspection of rigid uniform stripes running horizontally across the brain or 

other imaging artifacts that may interfere with future processing and usability were marked as 

“questionable” or “unusable” depending on severity. If flagged as unusable, the images became 

unavailable for request or subsequent analysis and a request was made to the site to rescan the 

participant if possible.  

 

2.6 Preprocessing of fMRI Data 

All resting-state fMRI data preprocessing was completed through the OPPNI-fMRI pipeline 

(Optimization of Preprocessing Pipelines for Neuroimaging-fMRI). This pipeline specializes in 

preprocessing BOLD (Blood Oxygen Level Dependent) fMRI data. OPPNI combines a set of 

Matlab functions along with pre-compiled AFNI (afni.nimh.nih.gov/afni) and FSL functions 

(fsl.fmrib.ox.ac.uk/fsl). The pipeline allows for a streamlined approach to batch preprocess data 

by taking advantage of the processing strength of the CAC servers. Access through the CAC 

servers was accomplished by creating a Compute Canada account and gaining access to Dr. 

Stephen Strother’s lab.  A standardized approach was used where all data collected at each site 

was preprocessed together (e.g. CAN-BIND4 and CAN-BIND-1 Queen’s data). The steps were 

as follows (Churchill, Spring, Afshin-Pour, Dong, & Strother, 2015): 

1. Estimate the minimum-displacement brain volume: this step identifies the volume with 

minimum head displacement. This volume is then used as a reference for motion 

correction in step 2 by minimizing the average distance of motion alignment from the 

reference scan. The volume is selected by having the minimum Euclidean distance, which 

is the straight-line distance between two pixels, from the median coordinates in Principal 

Component (PCA) space of the 4D data set (Ardekani, Bachman, & Helpern, 2001).  
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2. Motion correction (MOTCOR): used AFNI’s 3dvolreg to perform rigid-body alignment 

of individual fMRI volumes to a “reference” volume in order to minimize confounds due 

to head motion (Cox, 1996). This step is tested in the pipeline since its effects will vary 

by dataset. 

3. Basic Censoring (CENSOR): identifies significant outlier volumes in the fMRI time 

series, which are discarded and replaced with interpolated values from neighbouring 

volumes. This is accomplished by using an algorithm described by Campbell et al., that 

uses a robust sliding time-window approach to identify outlier scans and replace them 

with values interpolated from neighbouring scans via cubic splines (Campbell, Grigg, 

Saverino, Churchill, & Grady, 2013). (nitrc.org/projects/spikecor_fmri). 

4. Slice-Timing Correction (TIMECOR): correct for timing offsets due to TE delays 

between axial slices due to echo planar imaging (EPI) acquisition by using AFNI’s 

3dTshift with Fourier interpolation to resample the voxel time-courses.  

5. Spatial Smoothing (SMOOTH): This step decreases spatial variance by convolving the 

fMRI brain volume with a 3D 6mm isotropic Gaussian kernel with AFNI’s 3dmerge 

algorithm. However, the trade-off is decreased resolution and thus signal bias. 

6. Subject-specific non-neuronal tissue mask: generate a data-driven mask of non-neuronal 

tissues (vasculature, sinuses and ventricles) to be excluded prior to analysis in order to 

prevent false-positive activations. This step uses the PHYCAA+ algorithm to estimate 

subject-specific masks to account for inter-subject differences in vasculature 

(nitrc.org/projects/phycaa_plus) (Churchill & Strother, 2013). 

7. Temporal Detrending [order 0-5] (DETREND): regresses out low-frequency fluctuations 

in the fMRI data by fitting a Legendre polynomial of order N (n=0 to 5) in a general 
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linear model. This step provides non-specific noise correction which encompasses head 

motion, scanner drift and physiological noise. Different detrending models are tested and 

the resulting optimal order varied by site.  

8. Motion Parameter Regression (MOTREG): Perform PCA on the motion parameter 

estimates from output of step 2 and identify the 10k PCs that account for >85% of motion 

variance. These components are then regressed from the data in a GLM model. 

9. Global Signal Regression using PCA (GSPC1): perform PCA on the fMRI data and 

regress out the PC#1 time-series since it tends to be highly correlated with global signal 

effects (Carbonell, Bellec, & Shmuel, 2011). This approach minimizes the distortion of 

signal independent of global effects which in contrast to simple regression of mean 

BOLD signal. 

10. Physiological correction, multivariate data-driven model (PHYPLUS): use the 

multivariate data-driven PHYCAA+ model to identify physiological noise components 

derived in step 6 and regress them out of the fMRI data.  

11. Low-pass filtering (LOWPASS): use a linear filter to suppress BOLD frequencies above 

0.10 Hz, which tend to contain large amount of physiological noise power. This is 

primarily used for resting-state data since functional connectivity in these data sets may 

be more sensitive than task-based analysis.  

12. Generation of ANTs (Advanced Normalization Tools) custom EPI template and spatial 

normalization: this step uses the MNI normalized preprocessed outputs from the above 

OPPNI pipeline. 4D “sNORM” images (mean-EPI) from each site is used as input to 

ANTs template construction tool. This will create one EPI template for each site. The 

site-specific EPI templates are used as inputs to ANTs script to create a consensus EPI 
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template. ANTs antsRegistration registration tool will nonlinearly align the mean 

“sNORM” images to the consensus EPI template transforming to align each 4D time-

series to the consensus EPI template. This method has been shown to be superior to T1 

spatial normalization by showing consistently reduced variability across subjects, lower 

estimates for coregistration distances among subjects and higher group level T-values in a 

task based dataset (Calhoun et al., 2017). 

 

2.7 fMRI Data Analysis 

Seed based analysis (SBA) was completed using the CONN toolbox v.18.b 

(https://www.nitrc.org/projects/conn) in MATLAB. Specific analysis details in chapters to 

follow. 
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The role of early life stress on sleep 
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non-clinical sample
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3.1 Introduction  

The significance of early life experiences and the role it plays on social, emotional and 

cognitive development has been extensively discussed in Chapter 1. This chapter will explore the 

role of particular types of early life stress on physiological factors like sleep and on personality 

dimensions.  

 

3.1.1 Sleep Disturbances 

Sleep problems are very common among adults in North America. In the United States, 

25% of adults report having “a good night’s sleep” only a few nights per month or less and 33% 

report at least one symptom of insomnia every night or almost every night during the past year 

(Chapman et al., 2011). Daytime sleepiness has been strongly associated with the risk of motor 

vehicle accidents or near misses (Powell et al., 2007; Powell, Schechtman, Riley, Li, & 

Guilleminault, 2002), falls among older adults (Fonov et al., 2010; L. Friedman & Glover, 2006) 

and injuries in young children (Marshall et al., 2018). Inadequate sleep defined as more than 14 

days within a 30-day period is significantly correlated with high risk activities such as cigarette 

smoking, physical inactivity, heavy drinking in men and pathologic symptoms like depressive 

symptoms, anxiety and pain (Marshall et al., 2018). Inadequate sleep is also a primary cause for 

absenteeism and reduced productivity at work with a combined direct and indirect cost of around 

$30-35 billion in the United States (Benjamin et al., 1996; Ebstein et al., 1996). In children, 

inadequate sleep has been associated with weight gain in young adolescent girls aged 14-21 

(Lesch et al., 1996). Further, insufficient sleep, poor sleep quality and sleepiness have been 

found to negatively impact school performance (Dewald, Meijer, Oort, Kerkhof, & Bögels, 

2010). Sleep problems encompasses decreased duration, efficiency, quality, daytime disturbance, 
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latency and the need for medication (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989). The 

impact of sleep pathology in children, adolescents and adults is irrefutable. Therefore, the 

understanding of plausible mechanisms is essential. One such link that has been proposed is the 

experience of early life stress (ELS) and its effect of a lifetime trajectory of sleep disturbances – 

from childhood and into adulthood (Charuvastra & Cloitre, 2009; Kajeepeta, Gelaye, Jackson, & 

Williams, 2015; Thordardottir et al., 2016). 

 

3.1.2 Personality Dimensions 

There are five core (“big five”) personality traits with each of the five traits representing 

a range between two extremes (McCrae & Terracciano, 2005).  

Openness this trait features characteristics such as imagination and insight. Individuals 

high on this trait tend to have many interests, are curious about the world and eager to experience 

new experiences. In contrast, those low in this trait may struggle with abstract or theoretical 

thinking, disliking change and resistant to new ideas (Costa & McCrae, 1995; McCrae & 

Terracciano, 2005). 

Conscientiousness features include high levels of thoughtfulness, good impulse control 

and goal-directed behaviour. Individuals also tend to enjoy having a set schedule, preparation 

and finishing tasks right away. In contrast, those low in this trait tend to procrastinate, fail to 

complete necessary tasks and dislike structure and schedules (Costa & McCrae, 1995; McCrae & 

Terracciano, 2005). 

Extraversion is characterized by excitability, sociability, assertiveness and high amounts 

of emotional expressiveness. These individuals tend to feel more energized in social situations. 

Further, these individuals tend to have a large social group and enjoy being the center of 
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attention. In contrast, those low in extraversion (or introversion) tend to be more reserved and 

feel like they are expending energy in social settings. Often those low in this dimension require 

periods of solitude to regain themselves. Further, those low in extraversion tend to find it 

difficult to initiate conversations and making “small talk” (Costa & McCrae, 1995; McCrae & 

Terracciano, 2005).  

Agreeableness is a personality dimension associated with altruism, kindness, affection 

and overall “prosocial behaviours”. These individuals tend to have a great deal of interest in 

other people and enjoy contributing to the happiness of others. In contrast, those low in 

agreeableness tend to take little interest in others any may even exhibit manipulative behaviour 

to get an outcome they desire (Costa & McCrae, 1995; McCrae & Terracciano, 2005). 

Neuroticism is a trait characterized by sadness, moodiness and emotional instability. 

Individuals high on this trait experience a lot of stress, worry about multiple things and struggle 

to process stressful events. In contrast, those low on neuroticism tend to be more stable and 

emotionally resilient (Costa & McCrae, 1995; McCrae & Terracciano, 2005).   

A structural approach to coping postulates that preferred coping styles to events can be 

derived from personality traits such as extraversion and neuroticism (McCrae & Costa, 1986). 

McCrae and Costa found that neuroticism is significantly related to hostile reactions, escapist 

fantasy, self-blame, sedation, withdrawal, wishful thinking, passivity, and indecision; which are 

considered immature or neurotic coping (McCrae & Costa, 1986; Parkes, 1987). In contrast, 

extraversion is significantly linked to coping styles which include rational action, positive 

thinking, substitution and restraint (McCrae & Costa, 1986; Parkes, 1987). These coping styles 

are more problem-focused coping. A transactional approach to stress and coping is 

conceptualized in a person-environment interaction where the interactive nature of the stressful 
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event is emphasized. These transactions depend on the impact of the external stressor. This is 

mediated by firstly the person’s appraisal of the stressor and secondly on the social and cultural 

resources at his or her disposal . Despite the occasional divergent opinion of the specific role of 

personality dimensions in coping styles, both recognize the importance (Cohen, 1984).  

Childhood and adolescence are a time of special stress and a number of physical, psychological 

and sociological influences are brought to bear on the individual at this stage of development. As 

a result, it is especially important to examine the determinants of coping styles and the potential 

role of various personality dimensions in that developmental period. 

 

3.1.3 Early Life Stress and Sleep Disturbances 

The importance of identifying sleep disorders as a consequence of ELS is important to 

better develop targeted therapy. History of overall ELS has been found to be associated with 

higher mean scores of subjective sleep disorder measures including nightmare frequency, sleep 

apnea, narcolepsy, nightmare distress, nightmare impact and psychiatric sleep disorders in 

university aged students. (Chambers & Belicki, 1998). Interestingly, this study found that 

resilient characteristics did not protect trauma and abuse survivors from sleep or dream 

disturbance but simply allowed the individuals to better cope with sleep problems – the negative 

impacts were less apparent to observers (Chambers & Belicki, 1998). Agargun et al., in their 

study of 382 Turkish undergraduate students, found a statistically significant association between 

ELS and violent behavior during sleep (VBS). VBS is a disorder involving self-mutilation, 

sexual assault, or murder attempt during sleep. The authors reported that a greater proportion of 

participants with VBS reported a history of sexual abuse (10.6% vs. 5.5%), physical abuse 

(26.5% vs. 12.1%), parental loss (6.4% vs. 9.3%), and parental separation (11.7% vs. 7.9%) 
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compared with controls (Agargun, Kara, Ozer, Umit, & Selvi, 2002). Understanding the effects 

of ELS and specific types of stressors and traumas on sleep both in childhood and its effects 

persistent to adulthood is important. 

Childhood	

Studies have found that ELS is a risk factor for observed sleep problems in children 

including more nocturnal activity, longer sleep latency and less sleep efficiency (Glod, Teicher, 

Hartman, & Harakal, 1997; Sadeh et al., 1995). Studies have also found that stressors like marital 

conflict (Sheikh, Buckhalt, Mize, & Acebo, 2006) and community violence also has a negative 

impact on children’s sleep (Quille & Lorion, 1999). In a large study of 4043 children aged 7-18 

years of age found that ELS is associated with sleep disturbance (Hall Brown, Belcher, Accardo, 

Minhas, & Briggs, 2016). Of the total study sample, 15.7% had a sleep disturbance as rated by a 

clinician. The two types of stress that had particular effect on sleep disturbance was sexual 

assault (OR=1.76, 95% CI [1.21-2.57], p=0.0046) and community violence (OR=1.61, 95% CI 

[1.19-2.18], p=0.0030) (Hall Brown et al., 2016). 

Adulthood 

There is accumulating evidence documenting an association between ELS and subjective 

sleep quality in adulthood (Kajeepeta et al., 2015). Noll et al. conducted a prospective study of 

84 girls and found that adolescents who were sexually abused in childhood were more likely to 

report sleep problems 10 years after disclosure (Noll, Trickett, Susman, & Putnam, 2006). Bader 

et al. found that among adults with insomnia, those with more severe experiences of childhood 

neglect and abuse demonstrated poorer scores on polysomnographic and actigraphy measures of 

sleep quality (Bader, Schäfer, Schenkel, Nissen, & Schwander, 2007). Higher overall ELS scores 

as measured by the childhood trauma questionnaire (CTQ) significantly predict poorer sleep 
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quality as measured by the Pittsburg Sleep Quality Index (PSQI) in university aged students 

(b=0.26, p<0.001) (Ramsawh, Ancoli-Israel, Sullivan, Hitchcock, & Stein, 2011). Compared 

with no abuse history, poorer sleep quality was observed among those reporting frequent 

physical and emotional with sexual abuse (odds ratio, OR = 3.7; 95% confidence interval, CI = 

1.8–7.6), frequent physical and emotional without sexual abuse (OR = 3.3; 95% CI = 1.8–5.9), 

and occasional physical and emotional with sexual abuse (OR = 1.7; 95% CI = 1.1–2.7) 

(Greenfield, Lee, Friedman, & Springer, 2011).  

 

3.1.4 Early Life Stress and Personality Dimensions 

The association of ELS and personality dimensions is an evolving field of research. Of 

particular consensus is that ELS is associated with maladaptive personality traits. A large study 

of 8114 Brazilian subjects found that physical abuse and neglect showed a positive and 

significant association with harm avoidance (de Carvalho et al., 2015). Emotional neglect was 

significantly negatively associated with reward dependence and persistence (de Carvalho et al., 

2015). Emotional abuse and neglect were significantly negatively associated with self-

directedness (de Carvalho et al., 2015). A study in a Chinese sample of 485 students found that 

total childhood trauma, emotional abuse and sexual abuse showed positive correlations with the 

personality dimension of neuroticism (r=0.13-0.25, p<0.01) (X. Li et al., 2014). Understanding 

risk factors for maladaptive personality traits is important since it has been found that concurrent 

high neuroticism and frequency of ELS are predictors of borderline personality disorder 

(Baryshnikov et al., 2017). In particular, in a sample of 182 well-characterized personality 

disorder subjects, paranoid disorder was predicted by sexual, physical and emotional abuse, 

antisocial personality disorder was predicted by sexual and physical abuse and borderline 
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personality disorder was predicted by emotional abuse (Bierer et al., 2003). Therefore, 

investigating ELS and the relationship with personality dimensions is important to understand a 

potential intermediary phenotype of those at risk of developing psychiatric disorders.  

 

3.1.5 Aims 

The aim of this chapter is to explore the clinical data of MADRS and selected subsets, PSQI 

and its subsets and the NEO-FFI personality dimensions. The goal is to characterize and better 

understand these measures by demographic factors and ELS. The chapter will test the first 

hypothesis of: There are differences in physiological factors and personality dimensions by ELS 

and demographic factors. ELS will predict the variances in physiological factors and personality 

dimensions and this relationship may be moderated by sex. The aims will be accomplished by: 

1. Investigate if there are differences in physiological measures, sleep quality and 

personality dimensions by sex. 

2. Investigate if there are differences in physiological measures, sleep quality and 

personality dimensions by presence or absence of ELS. 

3. Investigate if ELS can predict the variances in physiological measures, sleep quality and 

personality dimensions and if sex moderates this relationship. 

 

3.2 Methods 

3.2.1 Statistical Analysis 

Detailed methods of data collection, management and measures used are described in 

Chapter 2. Statistical analysis of demographic factors and clinical questionnaires was completed 

using the open access statistical program R version 3.5.1 (“Feather Spray”, Lucent Technologies 
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https://www.r-project.org). Graphic images were also generated with the same program. The 

following packages were employed: bstats, car, ggplot2, gvlma, Hmisc, leaps, MASS, ply, 

psych, pwr, reshape2, Quantpsyc (Kabacoff, 2014).  

A Shapiro test was used to determine if age, MADRS, PSQI and NEO-FFI data were 

normally distributed. A power analysis was conducted with a 95% significance level and a 

Cohen’s coefficient of 0.8 to assess for a large effect size and 0.5 to assess for a medium effect 

size. A non-parametric Mann-Whitney U test was completed to assess if there were significant 

group differences of age, MADRS, PSQI and NEO-FFI by sex and experience of ELS.  

Multiple linear regression was used to estimate the effect of age, sex and ELS on 

MADRS, PSQI and NEO-FFI. Stepwise regression and Aikake information criterion determined 

the best models. A p-value <0.05 was considered significant for the above statistical tests. 

 

3.2.2 Details on Measures 

Effects of ELS were analyzed separately between CAN-BIND1/CAN-BIND4 and CAN-

BIND3 since different measures were used. The CECA was collected for CAN-BIND1 and 

CAN-BIND4 which provides both categorical and continuous variables. The measure collected 

for CAN-BIND3 amalgamated information from multiple psychiatric diagnostic interviews and 

questionnaires to generate categorical variables. Sexual abuse was not assessed for the CAN-

BIND3 cohort since no participant endorsed this item. 

MADRS was only collected for CAN-BIND1 and CAN-BIND4. Since the population is 

healthy with an absence of clinical pathology, only the total score and items of inner tension, 

lassitude, reduced sleep and reduced appetite were analyzed. PSQI and NEO-FFI were collected 

for all included CAN-BIND studies. All items of the PSQI and NEO-FFI were analyzed. 
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3.3 Results 

Summary of group differences in Table 1.  

3.3.1 Demographic Characteristics 

There was a total of 253 healthy participants included across CAN-BIND1 (n=112), 

CAN-BIND3 (n=72) and CAN-BIND4 (n=69). The age range was between 12-65 years with a 

mean of 27.99±12.25. Age was not normally distributed (p=4.495e-14). There was a total of 154 

females and 99 males. A Mann-Whitney U test showed no significant difference in age by sex 

(p=0.173).  

However, a Mann-Whitney U test showed a significant difference in age by emotional 

neglect for the CAN-BIND3 cohort (p=0.05) (Figure 1). This non-parametric test with a large 

effect size and 95% significance level has a power of 40%.  There were no significant 

differences in age by CECA severe maltreatment (p=0.183), CECA severe bullying (p=0.411), 

CECA severe parental discord (p=0.549), psychological bullying (p=0.613), physical bullying 

(p=0.434), psychological abuse (p=0.876) and physical abuse (p=0.0634). 
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3.3.2 MADRS 

Sex 

There was a total of 171 responses for the MADRS, with 11 participants missing data. 

The MADRS was only collected for the CAN-BIND1 and CAN-BIND4 cohorts. A Shapiro test 

showed that total MADRS score and the sub-scores of inner tension, lassitude, reduced sleep and 

reduced appetite were not normally distributed. This was to be expected since the sample is a 

healthy population that should have minimal symptoms. A Mann-Whitney U test showed no 

significant differences in total MADRS score and sub-scores by sex. This non-parametric test 

with a medium effect size and 95% significance level has a power of 87%. 

Early Life Stress  

A Mann-Whitney U test showed no significant difference by total MADRS score and 

sub-scores by CECA’s severe maltreatment. The categorical variable of severe maltreatment 

encompasses severe emotional maltreatment, severe physical abuse and severe sexual abuse. 

Since severe maltreatment was not significant, the other variables were not independently 

assessed. This non-parametric test with a large effect size and 95% significance level has power 

of 99%. A Mann-Whitney U test showed significant differences in total MADRS score 

(p=0.0374) and the sub-score of reduced sleep (p=0.0134) by CECA’s severe bullying (Figure 2 

and Figure 3).  

All other sub-scores were not significant. This non-parametric test with a large effect size 

and 95% significance level has power of 78%. A Mann-Whitney U test showed no significant 

differences in total MADRS score and sub-scores by CECA’s severe parental discord.  
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Linear Regression 

Age, sex and measures of ELS by CECA did not significantly predict variances in the 

total MADRS scores and the selected MADRS sub-scores.  

 

3.3.3 PSQI 

Sex 

There was a total of 179 responses for the PSQI measure and was collected for the CAN-

BIND1, CAN-BIND3 and CAN-BIND4 cohorts. A Shapiro test showed that total PSQI scores 

and sub-scores of duration, disturbance, latency, day disturbance, sleep efficiency, use of sleep 

medication and quality were not normally distributed. A Mann-Whitney U test showed no 

significant differences in total PSQI score and sub-scores by sex. This non-parametric test with a 

medium effect size and 95% significance level has a power of 90%. 

Early Life Stress  

The following findings are from the CAN-BIND1 and CAN-BIND4 cohorts. A Mann-

Whitney U test showed no significant difference by total PSQI score and sub-scores by CECA’s 

severe maltreatment. The categorical variable of severe maltreatment encompasses severe 

emotional maltreatment, severe physical abuse and severe sexual abuse. Since severe 

maltreatment was not significant, the other variables were not independently assessed. This non-

parametric test with a large effect size and 95% significance level has power of 96%. A Mann-

Whitney U test showed significant differences in total PSQI score (p=0.0198) and the sub-score 

of reduced sleep efficiency (p=0.0037) by CECA’s severe bullying (Figure 4 and Figure 5).  
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All other sub-scores were not significant. This non-parametric test with a large effect size 

and 95% significance level has power of 67%. A Mann-Whitney U test showed no significant 

differences in total PSQI score and sub-scores by CECA’s severe parental discord. This non-

parametric test with a large effect size and 95% significance level has power of 88%. 

The following findings are from the CAN-BIND3 cohort. A Mann-Whitney U test showed no 

significant difference by total PSQI score and sub-scores by emotional neglect. The non-

parametric test with a large effect size and 95% significance level has a power of 33%. A Mann-

Whitney U test showed significant difference by the sub-score of duration by psychological 

bullying (p=0.0021) and psychological abuse (p=0.022) (Figure 6 and Figure 7). The non-

parametric tests with a large effect size and 95% significance level have respective powers of 

90% (psychological bullying) and 40% (psychological abuse). A Mann-Whitney U test showed 

significant differences in sleep efficiency by physical abuse (p=0.0098) but no other PSQI sub-

scores (Figure 8). The non-parametric test with large effect size and 95% significance level has a 

power of 20%. A Mann-Whitney U test showed significant differences in sleep quality by 

physical bullying (p=0.0317) but no other PSQI sub-scores (Figure 9). The non-parametric test 

with large effect size and 95% significance level has a power of 51%. 

Linear Regression 

Age, sex and measures of ELS by CECA did not significantly predict variances in the 

total PSQI scores and PSQI sub-scores. For the CAN-BIND3 cohort, presence of psychological 

bullying (b=1.07, t-value=9.80, p=0.041), physical bullying (b= -2.12, t-value= -2.41, p=0.018) 

and physical abuse (b=4.55, t-value=2.71, p=0.0083) significantly predicted 16.2% of total PSQI 

score variance (p=0.0048). Presence of physical abuse (b=1.29, t-value=3.153, p=0.0024) 

significantly predicted 13.0% of decreased sleep efficiency variance (p=0.0061). 
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3.3.4 NEO-FFI 

Sex 

There was a total of 250 responses for the NEO-FFI for CAN-BIND1, CAN-BIND3 and 

CAN-BIND4 cohorts. A Shapiro test showed that the personality dimensions neuroticism, 

extraversion, openness to experiences, agreeableness and conscientiousness were not normally 

distributed. A Mann-Whitney U test showed no significant differences in the personality 

dimensions of extraversion, openness to experiences and conscientiousness by sex. However, 

neuroticism (p=0.0120) and agreeableness (p=0.00423) significantly differed by sex (Figure 10 

and Figure 11). These non-parametric tests with a large effect size and 95% significance level 

has a power of 99%. 

Early Life Stress 

The following findings are from the CAN-BIND1 and CAN-BIND4 cohorts. A Mann-

Whitney U test showed no significant difference by all personality dimensions by CECA’s 

severe maltreatment. The categorical variable of severe maltreatment encompasses severe 

emotional maltreatment, severe physical abuse and severe sexual abuse. Since severe 

maltreatment was not significant, the other variables were not independently assessed. This non-

parametric test with a large effect size and 95% significance level has power of 99%. A Mann-

Whitney U test showed no significant difference by all personality dimensions by CECA’s 

severe bullying. This non-parametric test with a large effect size and 95% significance level has 

power of 81%. A Mann-Whitney U test showed no significant differences in all personality 

dimensions by CECA’s severe parental discord. This non-parametric test with a large effect size 

and 95% significance level has power of 94%. 
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The following findings are from the CAN-BIND3 cohort. A Mann-Whitney U test 

showed no significant difference for all personality dimensions by psychological bullying, 

physical bullying, psychological abuse and physical abuse. The non-parametric tests with a large 

effect size and 95% significance level have respective powers of 91% (psychological bullying), 

51% (physical bullying), 40% (psychological abuse) and 20% (physical abuse). A Mann-

Whitney U test showed significant difference of neuroticism by emotional neglect (p=0.0363) 

(Figure 12) but was not significant by the other measures of ELS. The non-parametric test with 

large effect size and 95% significance level has a power of 40%.  

Linear Regression  

Age, sex and measures of ELS by CECA did not significantly predict variances in any of 

the personality dimensions. Presence or absence of ELS also did not significantly predict 

variances in any of the personality dimensions. 

 

3.4 Discussion 

3.4.1 Summary of Findings and Impact 

The effects of ELS and its subsequent role in conferring susceptibility or resilience later 

in life is an area of much significance and interest. In particular, the effects of ELS on sleep 

pathology has been shown to be present in children and persistent into adulthood (Kajeepeta et 

al., 2015). Poor sleep quality has been found to be associated with impairment in all health-

related quality of life domains (Strine & Chapman, 2005). Further, past research has shown that 

both frequency and types of ELS are associated with maladaptive personality traits (de Carvalho 

et al., 2015). This study aimed to add to this growing body of literature to better characterize the 

role of ELS on sleep and personality dimensions in a large sample size of 253 participants. 
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Physiological Measures 

For the CAN-BIND1 and CAN-BIND4 cohorts, total MADRS scores and the sub-score 

of reduced sleep were found to be significantly greater by the presence of severe childhood 

bullying. The MADRS is a measure that is not traditionally used to assess healthy controls. What 

was of great interest was that these findings were paralleled in the PSQI which is a measure that 

is well validated to assess sleep quality and disturbance (Buysse et al., 1989). It was found that 

the sub-score of reduced sleep efficiency and total PSQI scores were significantly greater by 

presence of severe childhood bullying. This is significant since the mean score of those who 

experienced severe childhood bullying had a total PSQI score of 5.50 and a score greater than 5 

is indicative of poor sleep quality (Buysse et al., 1989; Buysse, Grunstein, Horne, & Lavie, 

2010).  

For the CAN-BIND3 cohort, decreased sleep duration was found to be significantly 

greater in the presence of psychological bullying and psychological abuse. Those who 

experienced physical abuse were significantly more likely to have decreased sleep efficiency. Of 

interest was that sleep quality was significantly greater in the presence of physical bullying.  

The findings across the three CAN-BIND cohorts support the current body of literature that ELS 

negatively impacts sleep quality across the lifespan. The significance of these findings is that 

sleep quality in healthy controls differed by whether an individual experience ELS and in 

particular, forms of peer bullying. Poor sleep quality is a risk factor for the development of both 

sleep disorders and psychiatric disorders (Lund, Reider, Whiting, & Prichard, 2010; Nutt, 

Wilson, & Paterson, 2008; Pemberton & Fuller Tyszkiewicz, 2016). The identification of 

individuals who are at risk may prove to be an intermediate phenotype on the progression to 

disease. 
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Personality Dimensions 

The personality dimension of neuroticism and agreeableness were significantly greater in 

females compared to males. These findings are in line with past research that indicates that 

women report higher on extraversion, agreeableness and neuroticism (Weisberg, DeYoung, & 

Hirsh, 2011). For the CAN-BIND3 cohort, neuroticism scores were significantly greater in the 

presence of emotional neglect. This finding parallels past work showing the overall ELS is a 

predictor of greater neuroticism scores (Moskvina et al., 2007; Roy, 2002). 

The findings from this study of differences in experiences of ELS such as emotional 

neglect with higher scores on maladaptive personality dimensions such as neuroticism in a non-

clinical sample is important. High neuroticism scores have been found to be negatively 

associated with resilience (Campbell-Sills, Cohan, & Stein, 2006). The higher scores of 

neuroticism in females is significant because it has been found that neuroticism mediates the 

development of depression later in life in adolescent girls (Kercher, Rapee, & Schniering, 2009). 

Interestingly, higher scores of agreeableness was also seen in females and it has been 

found that agreeableness have significant positive relationship with psychological resilience 

(Fayombo, 2010). Therefore, it seems like the experience of ELS may confer vulnerability for 

maladaptive personality dimensions.   

 

3.4.2 Limitations 

Sample Size and Characteristics 

This study has a large sample size of 253 participants across three major CAN-BIND 

cohorts with an age range 12-65 years. The sample has allowed for a robust analysis of 

physiological factors and personality domains across demographic factors and to investigate the 
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effects of ELS. Findings such as the sex differences in neuroticism and agreeableness have a 

power of 97%. Findings with the CECA’s severe bullying showed significant differences by total 

MADRS scores and its sub-score of reduced sleep and had power of 78%. However, the 

difference by severe bullying seen in total PSQI scores and its sub-score of reduced sleep 

efficiency only has a power of 67%. Lastly, the differences for the CAN-BIND3 cohort should 

be taken with caution. A different measure of ELS was employed and therefore the data had to 

be analyzed separately and the low frequency of reported ELS which resulted in a reduction in 

power due to sample size. Despite the varying power in some of the statistical analyses, the 

significant findings and past research findings does offer precedence for further exploration. 

Measures 

Robust and comprehensive measures were collected in all the CAN-BIND cohorts, 

however there are some limitations with the measures employed. The MADRS is a tool that has 

historically been used to characterize depression severity in major depressive disorder patients. 

There are only two sub-score measures of the MADRS that assess depressive symptoms and 

anhedonia directly; the remaining eight measures are very non-specific. Despite the remaining 

eight measures broadly measuring “physiological symptoms”, the MADRS is not typically used 

in healthy controls. Therefore, the significant results of MADRS total score and the sub-score of 

reduced sleep significantly differing by the presence of severe childhood bullying as measured 

by the CECA should be taken with much caution. Since the finding of MADRS reduced sleep 

was paralleled in the PSQI, analysis in chapter 5 will not employ the MADRS measure.  

The CAN-BIND3 cohort did not employ the CECA which is a much more stringent and 

objective measure of ELS.  
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The measure of sleep quality was a subjective self-report questionnaire. It would have 

been of great interest to incorporate objective measures of sleep such as the use of actigraphy or 

polysomnography.  Further, inclusion of more specific diagnoses of sleep disorders such as 

insomnia, night terrors and delayed sleep phase syndrome would have better characterized the 

sleep disturbances in the sample. Lastly, despite our cross-sectional study having a large age 

range in hopes to capture the variability of sleep and personality across age it still only offers one 

snapshot in time. Longitudinal designs that follow participants from childhood to adulthood 

would allow researchers to better characterize ELS and investigate the specific effects across 

development. 

 

3.4.3 Future Directions 

This chapter’s findings add the body of literature emphasizing the significance of ELS on 

sleep and personality dimensions. Future work with inclusion of more robust and expansive 

measures would add to the understanding. As discussed above, the use of objective measures of 

sleep quality better characterize sleep disturbance. Further, more expansive investigations such 

as researching the role of risk genetic polymorphisms and the use of neuroimaging would allow a 

more comprehensive analysis. 

Neuroimaging 

Resting-state functional connectivity is discussed in Chapter 5.  

Measures of Early Life Stress 

 This study utilized both self-report and clinician-rated measures of ELS. What would be 

of great interest would be to correlate these findings with biological markers of stress throughout 

an individual’s lifetime. For example, identifying the onset of a particular stressor in childhood 
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and measuring if there are differences in diurnal variation in cortisol. Further, if any potential 

differences in diurnal variation are associated with behavioural, physiological and neuroimaging 

markers throughout development. Past work has begun to explore this hypothesis - in young 

adults, ELS stress predicts increased levels of childhood afternoon basal cortisol which in return 

predicts altered resting state functional connectivity (rs-FC). The altered rs-FC has been found to 

be correlated with concurrent symptoms of anxiety and depression (Burghy et al., 2012). 

Gene-Environment Interactions 

There is robust evidence that sleep has strong genetic control with environmental factors 

impacting duration and intensity (Sehgal & Mignot, 2011). Genetic regulation is postulated to be 

borne out of the heritability of sleep traits (De Gennaro et al., 2008), the identification of genetic 

polymorphisms that affect these traits, such as those involved in retinoic acid signalling affecting 

cortical synchrony (Maret et al., 2005) and the existence of familial sleep disorders. Future 

studies should investigate the interaction of certain genetic polymorphisms with ELS on sleep 

disturbances and disorders.  

Personality and genetic links have a long history with two seminal articles showing an 

association between novelty seeking as measured by the tridimensional personality questionnaire 

with the dopamine D4 receptor exon III (Benjamin et al., 1996; Ebstein et al., 1996). Subsequent 

work also showed an association with the 5-HHTLPR polymorphism deletion with neuroticism 

as measured by the NEO-PI-R (Lesch et al., 1996). Since then, small effect sizes characteristic of 

non-Mendelian traits, polygenic patterns of inheritance and true heterogeneity between studies 

have confounded earnest attempts to reach an agreement about the role of common 

polymorphisms and their contributions to personality domains (Ebstein, 2006). Caspi et. al 

landmark study illustrated a moderating role of ELS on 5-HTTLPR allele status in depressive 
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symptoms (Caspi et al., 2003). The suggestion is that incorporating environmental information 

with genetics may better characterize their respective roles in personality domain development. 

Future directions of work characterizing sleep disorders and personality dimensions will truly be 

multi-dimensional and multi-disciplinary.  
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4.1 Abstract 

 When the brain is not engaged in goal-directed activities and at “rest”, there are still 

measurable patterns of activity. One resting state network, the default mode network (DMN) is 

responsible for a self-referential introspective state. There are many factors that influence normal 

changes in brain activity. The purpose of this review is to summarize differences in DMN 

functional connectivity in healthy individuals by age, sex, cognitive function and analysis type to 

characterize what is “normal”. Studies were systematically selected up to August 2015. Two 

reviewers independently used predetermined inclusion and exclusion criteria to identify relevant 

studies. Studies that provided sufficient information were included in a subsequent voxel-wise 

meta-analysis. Strength of DMN functional connectivity follows an inverse U-shape where it is 

strongest in adulthood and lowest in children and elderly. Cognitive function is positively 

correlated with DMN functional connectivity. Females exhibit stronger intra-network 

connectivity compared to males. Effects of analysis type were inconclusive and more studies 

need to incorporate complementing techniques. The voxel-wise meta-analysis was only 

conducted for the age factor. Findings supported an immature network in children compared to 

adults and a stronger network in adults compared to elderly. This is the first study to review 

differences of DMN functional connectivity in healthy individuals by age, sex, cognitive 

function and analysis type. Findings add to the understanding of normal variance. Further, 

defining a normal comparative base may allow for the identification of DMN change into 

pathology. This is important since it may allow for the detection of an intermediate risk 

phenotype and could serve as a biomarker for treatment response. 
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4.2 Introduction 

4.2.1 Default Mode Network 

  When an individual is not actively engaged in goal-directed cognitive activities, the brain 

is considered to be at “rest”. The study of resting state functional magnetic resonance imaging 

(fMRI) gained traction in the mid-90’s (Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995). 

Scientific inquiry continued when it was observed that there were measurable and consistent 

activation patterns in the brain during this state of rest.  (Raichle et al., 2001). In particular, a 

uniform pattern of deactivation across a network of brain regions that include the 

precuneus/posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC) and medial, lateral 

and inferior parietal cortices upon initiation of a goal directed behaviour. These brain regions 

demonstrate a high degree of functional connectivity (Raichle et al., 2001), where functional 

connectivity is defined to be the temporal association of blood oxygen level dependent (BOLD) 

responses across anatomically distinct brain regions (Salvador, Suckling, Schwarzbauer, & 

Bullmore, 2005). These studies led to the hypothesis that these brain regions form a network 

supporting a “default mode” of brain function when an individual is awake and alert, but not 

actively involved in an attention demanding or goal-directed task (Raichle et al., 2001). These 

DMN coactivation patterns are reproducible and have excellent test-retest reproducibility in 

young healthy adults (Meindl et al., 2010). 

 Further work observed “dampening” of DMN activation upon initiation of a task 

performance leading to the coining of “task negative network”, which postulates that the DMN is 

responsible for a self-referential and introspective state (Andrews-Hanna, Reidler, Huang, & 

Buckner, 2010; Greicius, Krasnow, Reiss, & Menon, 2003; Long et al., 2008; McKiernan, 

Kaufman, Kucera-Thompson, & Binder, 2003). This functional theory has been supported with 
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studies showing that DMN suppression will increase with task difficulty suggesting that 

introspective attentional resources must be reallocated to focus on an extrinsic task (Singh & 

Fawcett, 2008). Evidence also suggests that the DMN mediates the process of one’s thoughts and 

feelings, which is an important factor for an individual to remember one’s past, form beliefs and 

plan for the future (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle & Snyder, 2007). 

Studies requiring participants to recollect a memory show activation of the DMN which has been 

postulated to show the individual “retrieving” the past experience (Daselaar et al., 2009). 

 

4.2.2 Factors Accounting for Differences Observered via Neuroimaging 

Age and Cognitive Function 

 Aging is a normal physiological process and understanding its influence on the brain’s 

architecture and functional connectivity is essential. Pathways involved with emotion processing 

such as prefrontal control over the amygdala differ in healthy children and adults. In particular, 

amygdala activation is increased in adults but decreased in children in response to a frustrating 

event (Perlman & Pelphrey, 2011). Interestingly, when comparing healthy adults and older adults 

there is a consistent age-related decrease in amygdala activation in response to negative stimuli 

(Nashiro, Sakaki, & Mather, 2011). Further, understanding and subsequently defining normal 

age progression from adult to elderly populations is crucial. With healthy aging there is a natural 

loss of gray matter especially in the lateral prefrontal cortex, hippocampus, cerebellum and 

caudate nucleus and white matter in the prefrontal cortex (Reuter-Lorenz & Lustig, 2005). 

However, there is an interesting phenomenon where there is an age dependent region-specific 

over-activation for processes involved with executive function, motor control and episodic and 

autobiographical memory, where activation levels and performance are positively correlated 
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(Reuter-Lorenz & Lustig, 2005). Healthy young adults exhibit functional connectivity between 

the hippocampus and ventral prefrontal cortex predict performance on a memory encoding task 

while older adults between the hippocampus and dorsolateral prefrontal cortex suggesting a shift 

in cognitive resources with age (Grady, McIntosh, & Craik, 2003). Therefore there is a need to 

better understand differences in functional connectivity and in particular at rest for normal aging 

processes. 

Sex 

 The brain is sexually dimorphic in morphology, BOLD activation and functional 

connectivity. For example, regions involved in the DMN such as the posterior cingulate cortex 

are larger in females than males (Goldstein et al., 2001). Further there are sex differences in 

response to positive mood induction such that females experiences greater BOLD signals in the 

right posterior cingulate cortex compared to males (Hofer et al., 2006).  In a large study of 603 

subjects it was found that there is stronger intra-network connectivity in females and stronger 

inter-network connectivity in males especially in resting state sensorimotor networks (Allen et 

al., 2011). Current findings that support sex differences in brain function and morphology 

provide strong evidence to further investigate if these differences exist in the DMN. 

Methods of Analysis 

There are four main approaches to analyze resting state functional connectivity – seed-

driven analysis (Fox et al., 2005), independent component analysis (ICA) (Beckmann, DeLuca, 

Devlin, & Smith, 2005; Greicius et al., 2007), regional homogeneity (ReHo) (Zang, Jiang, Lu, 

He, & Tian, 2004b) and functional connectivity density mapping (FCDM) (Tomasi & Volkow, 

2010).  
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 Seed-driven analysis requires an a priori selection of a voxel, cluster or anatomical brain 

atlas region and then calculates the Pearson’s correlation coefficients between the seed brain 

region of interest and all other voxels in the brain, thus producing correlation maps (Fox et al., 

2005). The correlation coefficients are then converted to normally distributed Z-scores using a 

Fisher’s transform to allow for second level general linear model analysis (Fox et al., 2005; 

Whitfield-Gabrieli & Nieto-Castanon, 2012). The main advantage over other methods is that it 

provides a direct and easily interpretable answer since it shows the network of regions most 

strongly functionally connected with the “seed”. The main disadvantage with seed-based 

analyses is the influence of noise (scanner or participant based) (Cole, Smith, & Beckmann, 

2010). Further, seed based analysis is a data driven model that assumes that each brain region 

will have the same hemodynamic response, which is the physiological basis behind fMRI BOLD 

responses (Moritz, Meyerand, Cordes, & Haughton, 2000). 

 Independent component analysis assumes that there is an archetypal spatial pattern seen in 

resting-state allowing it to be reliably detected using a template-matching procedure for each 

subject (Greicius et al., 2007). Without any a priori assumption on the hemodynamic model, ICA 

is a data-driven method that can gather more information than a model-driven method. In 

particular, it can identify non-anticipated or transient task-related components. ICA avoids prior 

spatial and noise assumptions associated with seed based analysis and has the ability to 

simultaneously compare the coherence of activity in multiple distributed voxels (Cole et al., 

2010). However, there are indications that ICA cannot discriminate between inter- and intra-

regional functional connectivity (Onoda, Ishihara, & Yamaguchi, 2012). 

 Regional homogeneity (ReHo) is a voxel-based analysis measure of brain activity, which 

evaluates the similarity or synchronization between the time series of a given voxel and its 
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nearest neighbors (Zang, Jiang, Lu, He, & Tian, 2004a). The main advantage of ReHo analysis is 

it overcomes the need for knowledge of the experimental design since the correlation of 

activation at a specific time is simply compared individually do its neighboring voxels which 

gives the size of “activation”. This is accomplished by calculating the Kendall’s coefficient of 

concordance of activated clusters (Zang, Jiang, Lu, He, & Tian, 2004a). Often, ReHo is not used 

as a substitute for data-driven models but rather as a complementary method since it may be 

better at inferring short-distance connectivity within a brain region (Jiang & Zuo, 2015). 

 Functional connectivity density mapping (FCDM) is a new data driven voxelwise method 

that can very quickly identify hubs in resting state networks (Tomasi & Volkow, 2010).  FCDM 

was not designed to be an independent measure of functional connectivity but rather one that is 

complementary to seed-driven analyses. FCDM provides a voxelwise measure of the number of 

functional connections but can not provide directionality (Tomasi & Volkow, 2010). Thus, the 

proposed use of FCDM is to identify “hubs” that can be subsequently used as seed-locations for 

model driven analyses (Tomasi & Volkow, 2010). 

 The purpose of this systematic review is to summarize DMN activity and functional 

connectivity in healthy subjects based on factors such as age, sex, cognitive function and analysis 

type. 

 

4.3 Methods 

4.3.1 Search Strategy 

 Relevant studies were searched systematically up to August 2015. Studies were identified 

through MEDLINE, PsycInfo, Embase and the grey literature. Reference lists from identified 

papers and relevant reviews were searched for articles not found in the above databases. Search 
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terms were: magnetic resonance imaging, default mode network, sex characteristics and limits 

were the following age groups: 0 to 18 years, 19 to 44 years and 45 plus years. A total of 963 

titles were initially identified and following pre-determined inclusion and exclusion criteria, two 

reviewers (LM and RM) determined that 30 were suitable to be included in the review. 

 

4.3.2 Selection Criteria and Quality Assessment  

 Two reviewers LM and RM independently used predetermined inclusion and exclusion 

criteria to review the identified titles and abstracts. Disagreement between reviewers was 0.93%, 

discrepancies were further discussed with a 100% agreement rate. Studies were included if they 

(1) used a non-clinical sample, (2) included comparators such as age or sex or analysis type or 

cognitive function, (3) looked at the default mode network measured by blood oxygen level 

dependent (BOLD) response using functional MRI, (4) observational studies that were either 

cross-sectional or longitudinal in design, (5) used seed-based analysis or voxel wise driven 

analysis or independent component analysis or regional homogeneity and (6) published in a peer-

reviewed journal. Studies were excluded if they included a clinical sample, did not include any 

comparator factors, investigated resting-state functional connectivity that was not the DMN, was 

an interventional study, did not report brain regions that differed by comparator factor or was not 

in English. The process of study inclusion and exclusion is summarized in the PRISMA flow 

chart (Figure 1). 
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 4.3.3 Voxel-Wise Meta-Analysis 

 Studies with reported Montreal Neuroimaging Institute (MNI) or Talairach coordinates and 

t-values or z-scores were included in the meta-analysis. Coordinates were all converted to MNI 

coordinates and z-scores were converted to t-values. Seed-based d Mapping (SDM) was used to 

analyze default mode network by groups and between groups. SDM methods are described in 

detail elsewhere (Radua & Mataix-Cols, 2009). Once coordinates are selected and converted, a 

map of functional differences is recreated for each study. A unique component of this program is 

it combines both positive and negative coordinates in the same map resulting in a signed 

differential mapping. Once each map is created, a meta-analytic map is calculated. Threshold for 

significance was set at p < 0.005 with a cluster size greater than 10 voxels. These values were 

based on the standard values of the SDM program and were determined to optimize sensitivity 

and specificity (Radua et al., 2012). Studies were combined only if they employed the same 

analysis technique. For example, seed-based analysis studies were not combined with 

independent component analysis studies. 
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4.4 Results 

4.4.1 Age 

Preterm to Adolescence and Children vs. Adult 

 Evidence supports the presence of premature resting state networks that are not the DMN 

in infants as young as 25 weeks (Fransson et al., 2007). Preterm infants present with resting state 

networks that are less mature and/or abnormally formed (Smyser et al., 2010). By 4 years of age 

there is marked increase in connectivity and the DMN becomes similar to what is observed in 

adults (Damaraju et al., 2014; Gao et al., 2009; Lee, Morgan, Shroff, Sled, & Taylor, 2013). 

Despite the similarity, the DMN in children between the ages of five to thirteen is present but in 

an immature state (de Bie et al., 2012; Thomason et al., 2008), where there is increasing 

integration between regions of the DMN over time (Sherman et al., 2014). Only two-studies 

(Sherman et al., 2014; Thomason et al., 2008) were included in the further meta-analysis and 

only the first time point was used in the Sherman et al., study. Findings support the premature 

state of the DMN (Figure 2 & Table 1) 

 There is conflicting evidence in the literature comparing children and adults. Some studies 

suggest that DMN regions are more sparsely functionally connected in children (Fair et al., 2009; 

Supekar et al., 2010). In contrast, other studies suggest similar patterns of functional connectivity 

and regional homogeneity in adults and children, but strength is greater in children (Jolles, van 

Buchem, Crone, & Rombouts, 2011; Lopez-Larson, Anderson, Ferguson, & Yurgelun-Todd, 

2011). (supplementary table 1). Comparing adults versus children, adults showed greater 

activation in regions of the DMN (figure 3 & table 1) 
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Adult vs. Elderly 

 Even in middle aged adults, DMN functional connectivity is inversely correlated with 

increasing age (Bluhm et al., 2008; He et al., 2013). However, certain areas such as the thalamus 

and left superior frontal gyrus are positively correlated with age (Bluhm et al., 2008). There is 

decreased activity (Damoiseaux et al., 2008; Koch et al., 2010; Persson, Pudas, Nilsson, & 

Nyberg, 2014; Sambataro et al., 2010; Wu et al., 2011) and functional connectivity between 

regions of the DMN with age (Grady et al., 2010; Madhyastha & Grabowski, 2014; Mevel et al., 

2013; Tomasi & Volkow, 2012) (supp. table 2). Two studies (Bluhm et al., 2008; Persson et al., 

2014) were included in the meta-analysis assessing adults. Findings support a fully formed and 

integrated DMN by adulthood (figure 4 & table 1). Further, three studies (Grady et al., 2010; 

Mevel et al., 2013; Wu et al., 2011) were included in the meta-analysis comparing adults and 

elderly individuals. The right precuneus and left superior frontal gyrus show greater activation in 

adults versus elderly adults (figure 5 & table 1). 

 

4.4.2 Sex 

 Some studies described a higher degree of functional connectivity in women between the 

PCC/precuneus and prefrontal cortex (Bluhm et al., 2008; Tomasi & Volkow, 2012). Regardless 

of age, females have greater local connectivity in the medial temporal regions (Lopez-Larson et 

al., 2011). However, one study found no significant functional connectivity differences in the 

DMN by sex (Weissman-Fogel, Moayedi, Taylor, Pope, & Davis, 2010). (supp. table 3) 
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4.4.3 Cognitive Function 

 Overall, studies suggest that cognitive performance is positively correlated with DMN 

functional connectivity (Hampson, Driesen, Skudlarski, Gore, & Constable, 2006; Mevel et al., 

2013; Persson et al., 2014; Prakash, Heo, Voss, Patterson, & Kramer, 2012; Sambataro et al., 

2010; Yang et al., 2013), although one study found no significant correlation between functional 

connectivity within the DMN and cognitive performance (Onoda et al., 2012). A longitudinal 

study in a Danish birth cohort reported that reduced task induced deactivation in the posterior 

region of the DMN is only seen in a subclinical cognitive decline group and not in the control 

group (Hansen et al., 2014). Overall, the evidence lends support that changes in DMN activation 
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and functional connectivity might be explained by a combination cognitive abilities and age 

effects. (supp. table 4) 

 

4.4.4 Analysis Type 

 There is a paucity of work comparing and contrasting analysis type in DMN studies. One 

study demonstrated that in healthy adults DMN activation was seen in the same brain regions 

across three types of analysis – ReHo, ROI and ICA (Long et al., 2008). Another study found 

that the effects of normal aging such as the loss of PCC co-activity could only be detected by 

ICA but not by volume of interest (VOI) signal time course correlation analyses of DMN inter-

connectivity (Koch et al., 2010). (supp. table 5) 

 In preterm to adolescence, three of the eight studies analyzed their data using seed-based 

analyses while the rest employed ICA. Analysis techniques comparing adolescence to adults 

yield conflicting results. The two ICA studies had conflicting findings where (Jolles et al., 2011) 

found greater connectivity in children versus adults whereas the other (Supekar et al., 2010) 

found that children can attain adult-like levels of connectivity. Findings were also different 

comparing seed-based analysis by (Fair et al., 2009) compared to ReHo by (Lopez-Larson et al., 

2011). Seed-based analysis found that the DMN is sparsely functionally connected in children 

but develops over time whereas ReHo found general decreases with age and the greatest 

reduction being seen in the anterior cingulate and temporal lobe. The two studies completed in 

adults both employed a seed-based region-of-interest (ROI) analysis and one also used ICA. He 

et al., found that functional connectivity was decreased even in middle-aged adults (He et al., 

2013). Using ROI analysis, Bluhm et al., found similar findings with PCC/precuneus functional 

connectivity inversely correlated with age. However, ICA indicates a positive correlation with 
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thalamus and left superior frontal gyrus connectivity and age. Comparing adults and elderly 

individuals, all studies regardless of analysis type support an overall decrease in activity and/or 

correlational strength within the DMN. Four studies in particular support decreased functional 

connectivity between the PCC and other regions of the DMN such as the vmPFC (Grady et al., 

2010; Koch et al., 2010; Mevel et al., 2013; Sambataro et al., 2010; Tomasi & Volkow, 2012). 

Of the studies investigating sex differences, studies using ICA found no significant differences 

by sex in on study (Weissman-Fogel et al., 2010) whereas another study found that women show 

greater activation in the bilateral superior frontal gyrus and right angular gyrus . Two studies 

used ROI analysis and they both found that women have higher functional connectivity in 

regions such as the PCC/precuneus and prefrontal cortex (Bluhm et al., 2008; Tomasi & Volkow, 

2012). The one study using ReHo found greater local connectivity in the right medial temporal 

regions in females only (Lopez-Larson et al., 2011).  

 Studies employing either ICA, seed-based analysis or multiscale entropy found support that 

functional connectivity is correlated with performance on cognitive tasks. However the one study 

that used both ICA bad seed-based analysis found no significant correlation between inter-DMN 

functional connectivity and cognitive performance (Onoda et al., 2012)  

 

4.5 Discussion 

4.5.1 Summary of Results 

 Resting state networks and in particular the DMN are important since they reveal intrinsic 

and spontaneous networks that provide insight into the functional architecture of the brain 

(Whitfield-Gabrieli & Nieto-Castanon, 2012). Understanding their variance across natural 

factors such as age, sex, cognitive function and analysis type is crucial to characterize what is 
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normal (Buckner & Vincent, 2007). The DMN changes in appearance and the strength of 

functional connectivity across age. It is less mature and abnormally formed in preterm infants. It 

continues to develop into adolescence. However, when comparing the strength of functional 

connectivity between children and adults, some studies indicate more sparse and others stronger 

connectivity in children. This discrepancy in the formation and strength of the DMN in infants 

and children may be better explained by how the data is collected. To account for children 

moving in the scanner, researchers often scan this demographic when they are asleep. There are 

natural sleep-induced alternations of the DMN where coupling between the mPFC and ACC with 

the PCC become non-significant (Horovitz et al., 2009; Sämann et al., 2011). Unfortunately, the 

studies included in this review did not comment if their participant’s fell asleep and if this 

impacted their analyses. Further, many of the papers did not appropriately account or correct for 

motion artifacts. Thus findings of decreased functional connectivity in children may be due to 

increased movement. However studies that did have conservative motion correction parameters 

did find lower functional connectivity between the MPFC and PCC of the DMN in children 

compared to adults (Supekar et al., 2010). Therefore, the variance of functional connectivity in 

children might better explained by sleep or motion rather than immature network formation. 

Similar to as discussed above, the pattern in preterm infants requires more evidence to support 

whether the immature network is due to lack of development or due imaging during different 

stages of sleep.  

 In middle-aged adults the strength of functional connectivity in the DMN begins to 

decrease and continues into older age. Thus it appears the strength of DMN functional 

connectivity follows and inverse U-shape where it is greatest in adulthood. The findings from the 

meta-analysis support that adults have greater activation in many regions of the DMN in 
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comparison to children and older adults. More studies are needed that combine analysis 

techniques, strict protocol measures such as accounting for sleep and motion correction to better 

characterize and support the current findings.  

 Cognitive function has an effect on functional connectivity where it is correlated with 

performance on cognitive tasks. Further studies should assess whether the age-related decline in 

functional connectivity is mediated by cognitive function. This finding would be of interest since 

it would help explain if variance is explained by increasing age or rather by cognitive abilities. 

There are sex differences in the DMN where females tend to exhibit stronger intra-network 

connectivity compared to males. However, one study found no significant differences. Despite 

obvious influences of sex on DMN functional connectivity, very few studies investigate sex 

differences. Further, included studies did not take into account the effects of premenstrual 

symptoms on BOLD activations. In women using hormonal contraceptive somatic and 

psychological premenstrual symptoms are positively correlated with connectivity in the posterior 

cingulate cortex and precuneus (De Bondt et al., 2015).  

 Only two studies explicitly compared DMN functional connectivity and analysis type. 

Future studies should incorporate complementing techniques such as seed-based analyses and 

ICA to provide more robust findings and to better determine if variance is truly present. 

 

4.5.2 Limitations 

 This study has three major limitations. First is the relatively small number of included 

studies and further the meta-analysis only included seven of the twenty-nine studies. Despite the 

small number of included studies in the meta-analysis and the limited power, the findings 

provide an impetus for future research. Second is the broad definition of “healthy”. Some studies 
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employed very strict criteria defining healthy as the absence of neurological and psychiatric 

disorders while others did not specify what they defined “healthy” as. Lastly, different analysis 

types were used among the included studies and therefore the findings from combining their 

results have limited power. 

 

4.5.3 Default Mode Network and Pathology 

 Identifying the progression of DMN activation and connectivity change in pathology is 

important since it provides useful information in identifying an intermediate risk phenotype and 

could serve as a biomarker for treatment response. 

 

4.5.4 Future Directions 

Emerging Research 

New areas of research are emerging and findings add to the better characterization of this 

default mode of brain function. A recent study comparing homosexual and heterosexual men 

found differing DMN activities based on sexual orientation. In particular, homosexual men had 

decreased activity in regions such as the left precuneus and the post central gyrus, an area of the 

parietal lobe (Hu et al., 2014). Their work provides further information to characterize what 

“normal” DMN activity is by factors like sexual orientation. In a study investigating healthy 

subjects there was an increase in activity within the DMN associated with decreased emotion 

perception and increased hopelessness (Wiebking et al., 2011). The findings provide interesting 

information on how we define “healthy” and the need to have a broad definition that accounts for 

normal variation. Further, recent evidence supports that the DMN consists of several 

subnetworks with varying specialized roles. This includes self-referential or social cognitive 
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processing (Menon, 2011; Spreng, Mar, & Kim, 2009) or between differentiating self from 

others (van Veluw & Chance, 2014). It would be of great interest to investigate if these 

subnetworks in the DMN differ by age, sex, cognitive function and analysis type. 

 Recent work investigating the effects of external scanning parameters on DMN functional 

connectivity has highlighted the importance of recognizing their contributions. Scanner 

background noise alters attentional demands and consequently has been shown to suppress 

components of the DMN including the mPFC, posterior cingulate and precuneus (Gaab, Gabrieli, 

& Glover, 2008).  Another study corroborated and supports findings that neuroimaging studies 

investigating resting state functional connectivity need to adjust and control for individual 

differences in in-scanner motion (Mowinckel, Espeseth, & Westlye, 2012). 

 Emerging work investigating genetic contribution to DMN variability found that between 

9-41% of the variance is attributed to genetic contribution (Glahn et al., 2010). Where the 

greatest variance explained by heritability was found for functional connectivity between the 

posterior cingulate and right inferior parietal nodes (Korgaonkar, Ram, Williams, Gatt, & 

Grieve, 2014). The findings provide evidence that DMN connectivity variability could serve as 

an endophenotype for genetically predisposed psychiatry and neurological disorders 

(Korgaonkar et al., 2014). 

Environmental Factors 

 In healthy individuals, grey matter volume is significantly decreased in the hippocampus 

and significantly increased in the dorsomedial prefrontal cortex and the orbitofrontal cortex in 

participants who had experienced childhood maltreatment compared with those who had not 

(Chaney et al., 2014).  In a longitudinal study, early life stress within the first year of life predicts 

higher cortisol levels at four years of age and at 18 years of age, the childhood cortisol levels 
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were significantly correlated with amygdala vmPFC resting state functional connectivity 

(Burghy et al., 2012). Childhood maltreatment influences functional connectivity and brain 

morphology; future work should assess its impact in DMN variation. 

 

4.5.5 Conclusion  

 In conclusion, our study is the first to review differences in the DMN in healthy 

individuals. Further findings were stratified by age, sex, cognitive function and analysis type. 
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Age (preterm to 
adolescent) 

Sample Characteristics Methods/Task Main Findings 

Fransson et al., (2007) 12 infants (5 males) born at low 
gestational age & weight (25 
weeks ± 6 days, mean birth 
weight 813 g) 

1.5 T, T2*-weighted EPI resting 
state scans, ICA 

Presence of five unique resting state 
networks, suggesting early 
presence. 

Thomason et al., (2008) 30 children (7-12 years), right 
handed, no learning disorders 

3T, T2*-weighted spiral in-out 
pulse sequence resting state 
scan or working memory task, 
ICA 

TID of the DMN in the working 
memory group and activation of the 
DMN in resting state group. 

Gao et al., (2009) 71 normal subjects: 20 neonates 
(9 males, 24±12 days); 24 1-year-
olds (16 males, 13±1 month), 
and 27 2-year-olds (17 males, 
25±1 month) 

T2*-weighted EPI resting state 
scans, ICA 

Primitive/incomplete DMN present 
in 2-week-olds, followed by a 
marked increase in connectivity, 
and by 2 years, the DMN becomes 
similar to that observed in adults. 

Smyser et al., (2010) 90 longitudinal: from a cohort of 
preterm infants aged from 26 
weeks post menstrual age 
through term equivalent age 

3T, T2*-weighted EPI resting 
state scan, seed-based 
correlation analysis 

Resting state networks are less 
mature and/or abnormally formed 
in preterm infants. 

de Bie et al., (2012) 18 children (6 males, 5-8 years) 1.5 T, EPI resting state scans, ICA DMN in an “immature” state, 
indicating less developed function 
connectivity 

Lee et al., (2013) Longitudinal: 28 preterm, 18 
term, 21 two-year olds, and 18 
four-year olds 

T2*-weighted EPI resting state 
scan, seed based connectivity 
analysis 

Strong local connectivity during the 
pre-term period, which matured 
into inter-hemispheric and 
preliminary default-mode network 
correlations by 4 years of age. 

Damaraju et al., (2014) Longitudinal: 23 infants 
completed the 4 month and 9 
month scan 

3T, T2*-weighted EPI resting 
state scan, ICA 

Strength of functional connectivity 
increased from 4 to 9 months of 
age. 

Sherman et al., (2014) Longitudinal: 45 children (21 
males, first time point 
10.08±0.31 years, second time 
point 13.02±0.32 years) 

3T, T2*-weighted EPI resting 
state scan, seed based analysis 

Increasing integration between the 
PCC and the mPFC and increased 
segregation between the PCC and 
other networks over time. 

Age (adolescent vs. adult) Sample Characteristics Methods/Task Main Findings 
Fair et al., (2008) 210 subjects (66 aged 7-9 years; 

53 aged 10-15 years; 91 aged 19-
31 years) 

1.5 T, T2-weighted EPI resting 
state scans, correlation analysis 

Default regions sparsely functionally 
connected at 7-9 years old. Over 
development, regions integrate into 
a cohesive network. 

Supekar et al., (2010) 22 children (10 males; 7-9 years) 
and 22 adults (11 males, 19-22 
years) 

3T, T2* weighted gradient echo 
spiral in-out pulse sequence 
resting state scan, ICA 

Functional connectivity of the DMN 
in children can reach adult-like 
levels despite weak structural 
connectivity. 

Jolles et al., (2011) 19 children (11-13 years) and 29 
young adults (19-25 years), all 
right handed 

3T, T2* weighted EPI resting 
scan, ICA 

Similar patterns of functionally 
connected regions in children and 
young adults but differences in 
strength of functional connectivity; 
greater in children than young 
adults. 

Lopez-Larson et al., (2011) 58 subjects (11 to 35, 18.1±5.0 
years, 32 males), no psychiatric 
disorders 

3T, EPI resting state scan, ReHo General decrease in regional 
homogeneity with age with the 
greatest reduction seen in the 
anterior cingulate and temporal 
lobe. 

 
Supplementary Table 1
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Age (adult) Sample Characteristics Methods/Task Main Findings 
Bluhm et al., (2008) 40 healthy subjects (29.4±11.28 

years, 17-58) 
4T, T2* weighted gradient echo 
spiralled gradient waveforms 
resting state scan, ICA and ROI 

ROI : PCC/precuneus connectivity 
correlated negatively with age. ICA: 
thalamus & L. sup. frontal gyrus 
correlated positively with age. 

He et al., (2013) 171 subjects (17-62 years, 107 
males) 

3T, T2 weighted spin echo EPI 
resting state scan, ROI 

Functional connectivity in DMN 
decreased even in middle aged 
adults. 

Age (adult vs. elderly) Sample Characteristics Methods/Task Main Findings 
Damoiseaux et al., (2008) 10 younger (age 22.8 ± 2.3, 5 

males) and 22 older (age 70.7 ± 
6.0, 9 males), right handed and 
healthy 

1.5T, T2* weighted gradient 
echo EPI resting state scan, ICA 

Decreased activity in the DMN in 
older participants, even following 
correction of gray matter volume 

Grady et al., (2010) 19 young (25±3 years, 20-30, 9 
males) and 28 older (66±8 years, 
56-84, 14 males), physically 
healthy 

3T, T2* weighted gradient echo 
EPI 4 visual tasks, seed based 
analysis 

Older participants exhibited weaker 
correlations with the PCC and 
vmPFC in the DMN. 

Koch et al., (2010) 17 young (27.1±3.0 years; 21.4-
32.3, 7 male) and 21 older 
(68.6±7.3 years; 56.4-83.0, 10 
males), no psychiatric or 
neurologic disorders 

3T, BOLD sensitive EPI resting 
state scan, VOI signal time 
course and ICA 

ICA: older subjects exhibited 
significantly lower DMN activity in 
the PCC and a tendency to lower 
activity in all other DMN regions in 
comparison to the younger subjects 

Sambataro et al., (2010) 29 young (27.5±5.1 years, 21-25, 
15 male) and 28 older (64.2±8.2 
years, 55-90, 13 males), no 
psychiatric or neurologic 
disorders 

3T, T2* weighted gradient echo 
EPI resting state and working 
memory scan, ICA 

Decreased activation in 
PCC/precuneus, R. angular gyrus 
and L. sup. temporal gyrus and 
connectivity between PCC and 
regions in DMN in older subjects. 

Tomasi et al., (2012) 913 healthy subjects from 19 
research sites (13-85 years, 408 
males) 

Functional connectivity density 
(FCD) mapping, ROI 

Long-range FCD in DMN (PCC, 
precuneus, angular gyrus and 
ventral prefrontal cortex) decreased 
with age 

Wu et al., (2012) 18 young (23.9±1.8 years, 22-33, 
9 males), 22 older (69.8±5.8 
years, 60-80, 10 male) 

1.5 T, T2* weighted gradient 
echo EPI resting state, ROI 

Decreased coactivations in the DMN 
network components in older 
subjects 

Mevel et al., (2013) 70 subjects (44±17.6 years, 19-
80, 21 males), no psychiatric or 
neurological disorders, physically 
healthy 

3T, T2* weighted gradient echo 
EPI resting state with parallel 
imaging, ICA 

R. PCC significant linear decreases 
with age in the right 
vmPFC/orbitofrontal and R. ventral 
PCC. 

Persson et al., (2014) Longitudinal (over 6 years): 38 
subjects (71.0±8.1 years, 55-84, 
11 males) 

1.5T, T2* weighted gradient 
echo EPI resting state and 
semantic categorization task, 
ROI 

Magnitude differences in 
deactivation were observed but no 
longitudinal changes in within-
network connectivity were seen 
between baseline and follow-up. 

Madhyastha et al., (2014) 145 subjects, (56-89 years, 64 
males) 

3T, resting state scan, ROI Decreased intercorrelations within 
nodes of DMN were correlated with 
advanced age 

Supplementary Table 2
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Sex Sample Characteristics Methods/Task Main Findings 
*Bluhm et al., (2008) (see above) (see above) Women showed greater 

connectivity than men within a 
region in the PCC/precuneus and 
bilateral mPFC. Women showed 
greater activation in bilateral sup. 
frontal gyrus and R. angular gyrus. 

Weissman-Fogel et al., 
(2010) 

49 subjects (30±9 years, 21-50, 
23 males) 

3T, T2* weighted gradient echo 
EPI resting state scan, ICA 

No significant functional 
connectivity differences in the 
DMN by sex 

*Lopez-Larson et al., 
(2011) 

(see above) (see above) Greater female local connectivity 
in the right hippocampus and 
amygdala, regardless of age. 

*Tomasi et al., (2012) (see above) (see above) long- range FCD was higher in 
DMN regions (PCC, ventral 
precuneus, angular gyrus and 
ventral prefrontal cortex) in 
females 

Supplementary Table 3 
 

Cognitive Function Sample Characteristics Methods/Task Main Findings 
*Sambataro et al., (2010) (see above) (see above) Strength of the functional coupling 

of PCC with mPFC correlated 
positively with performance on 
working memory task and was 
lower in older adults 

Onoda et al., (2012) 73 subjects (60.2±12.8 years, 36-
86, 43 males), 
neuropsychologically healthy, no 
brain abnormalities 

1.5T, T2* weighted gradient 
echo spiral pulse sequence, 
resting state scan, ICA & seed 
based analysis 

No significant correlation between 
inter-DMN functional connectivity 
and cognitive scores. 

Prakash et al., (2012) 25 young (23.4±3.3 years) and 25 
older (72.2±4.6 years), right 
handed, physically and 
neurologically healthy 

3T, T2* weighted gradient echo 
EPI verbal n-back task with rest 
blocks,  

Reduced deactivation of DMN 
regions with increasing cognitive 
load in elderly 

*Mevel et al., (2013) (see above) (see above) Age-related changes in DMN 
connectivity correlate with 
autobiographical memory 
performance 

Yang et al., (2013) 56 young (27.5±4.1 years) and 99 
older (80.6±5.4 years), all males, 
no psychiatric disorders of 
cognitive deficits 

3T, T2* weighted gradient echo 
EPI resting state scan, multiscale 
entropy 

Signals from DMN areas positively 
correlated with cognitive functions 
in older subjects 

Hansen et al., (2014) 185 healthy adult males from a 
Danish birth cohort (~56 years), no 
brain lesions, psychiatric or 
neurological disorders 

3T, EPI resting state scan, ICA Reduced TID in the posterior 
region of the DMN in the cognitive 
decline group compared to the 
control group. 

*Persson et al., (2014) (see above) (see above) Age-related change in DMN 
connectivity is related to change in 
cognitive performance. 

Supplementary Table 4 
 
 
 
 
 
 
 
 
 
 
 
 



 146 

Analysis Type Sample Characteristics Methods/Task Main Findings 
Long et al., (2008) 40 adult subjects from four 

centers, 24 males 
Different parameters per site DMN activation in same brain 

regions found across ReHo, ROI 
and ICA 

*Koch et al., (2010) (see above) (see above) Effects of normal aging such as 
loss of PCC co-activity could be 
detected by ICA, but not by VOI 
signal time course correlation 
analyses of DMN inter-
connectivity 

*Indicates that study 
provided information for 
more than one comparator 

 EPI=echo planar imaging; 
ICA=independent component 
analysis; ReHo=regional 
homogeneity; 
R/VOI=region/volume of interest 

DMN=default mode network; 
mPFC=medial prefrontal cortex; 
PCC=posterior cingulate cortex; 
TID=task induced deactivation; 
vmPFC=ventral medial prefrontal 
cortex 

 
Supplementary Table 5 
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Chapter 5 

Characterization of resting-state 
functional connectivity in a non-clinical 

sample by demographic factors, early life 
stress, sleep quality and personality 

dimensions 
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5.1 Introduction 

 Early life stress (ELS) and its effects on personality dimensions and sleep quality have 

been discussed extensively in Chapter 3. This chapter will explore the relationship between ELS 

and neural correlates. In particular, the effects of ELS on resting-state functional connectivity 

and its association with certain personality dimensions and sleep quality.  

 

5.1.1 Sex and Neuroimaging 

The prevalence, age of onset and symptomatology of many neurological and psychiatric 

differences differ by sex (Bao & Swaab, 2010; Baron-Cohen et al., 2011; Ostrom et al., 2015; 

Paus, Keshavan, & Giedd, 2008; Rutter, Caspi, & Moffitt, 2003). For example, male-biased 

conditions include autism, attention deficit/hyperactivity disorders, Tourette syndrome, conduct 

disorder and specific language impairments. Whereas female-biased disorders include 

depression, anxiety and anorexia nervosa (Bao & Swaab, 2010; Baron-Cohen et al., 2011; Rutter 

et al., 2003). Identifying sex differences in structural and functional neural correlates will help 

with the understanding of these brain disorders. 

Structural  

On average, males have larger grey matter volume in bilateral amygdalae, hippocampi, 

anterior parahippocampal gyri, posterior cingulate gyri, precuneus, putamen and temporal poles, 

areas in the left posterior and anterior cingulate gyri, and areas in the cerebellum bilateral VIIb, 

VIIIa and Crus I lobes, left VI and right Crus II lobes (Ruigrok et al., 2014). Females on average 

have larger volume at the right frontal pole, inferior and middle frontal gyri, pars triangularis, 

planum temporale/parietal operculum, anterior cingulate gyrus, insular cortex, and Heschl's 

gyrus; bilateral thalami and precuneus; the left parahippocampal gyrus and lateral occipital 
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cortex (Ruigrok et al., 2014). Volume increases in males are mostly in bilateral limbic areas and 

left posterior cingulate gyrus. In contrast, larger volumes in females are most pronounced in 

areas in the right hemisphere related to language in addition to several limbic structures such as 

the right insular cortex and anterior cingulate gyrus (Ruigrok et al., 2014).  

 Diffusion tensor imaging is a technique that assesses white matter microstructure. It does 

this by using water diffusion as a probe to infer microarchitecture of white matter tracts. In a 

longitudinal study, it has been found that males show continuous white matter growth from 

childhood through early adulthood. In contrast, females mainly demonstrate white matter growth 

during mid-adolescence (Simmonds, Hallquist, Asato, & Luna, 2014). A neurite orientation 

dispersion and density imaginag (NODDI) diffusion study found that men tend to have higher 

intra-axonal volume fraction than women (Kodiweera, Alexander, Harezlak, McAllister, & Wu, 

2016).  

Functional 

 There are differences in resting-state networks by sex. In a large study of 603 subjects, it 

was found that there is stronger intra-network connectivity in females and stronger inter-network 

connectivity in males especially in the sensorimotor network (Allen et al., 2011). Further, a 

recent meta-analysis found that females exhibit strong intra-network connectivity in the DMN 

compared to males (Mak et al., 2017). 

In adolescents at risk for substance abuse, they exhibit sex differences in negative affect 

processing. Males show decreased activation in bilateral amygdala and precentral gyrus with age 

whereas females will show persistent activation in this emotional circuit in response to negative 

stimuli (Hardee et al., 2017). There are sex differences in response to positive mood induction 
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such that females experiences greater blood oxygen level dependent (BOLD) signals in the right 

posterior cingulate cortex compared to males (Hofer et al., 2006). 

An interesting emerging opinion is that there may be reporting bias in neuroimaging 

studies of sex differences. A study analyzed the prevalence of conclusions in favour of sex 

differences and the correlation with sample size and number of significant foci identified. They 

found across 179 studies with a median sample size of 32, a median of 5 foci were reported. 88% 

of papers reached conclusions of sex differences but there was no statistically significant 

relationship between sample size and foci. The researchers suggest that the extremely high 

prevalence of “positive” results and the lack of the expected relationship between sample size 

and the number of discovered foci reflect probable reporting bias and excess significance bias 

in this literature (David et al., 2018). 

 

5.1.2 Early Life Stress, Personality Dimensions and Neuroimaging 

 There is limited research investigating the effects of ELS on personality dimensions or 

personality disorders and neural correlates. There is a lot of work that has independently assessed 

the effects of ELS on personality dimensions or ELS on neural correlates. For example, it has 

been found that neuroticism and extraversion mediate the effects of childhood abuse on geriatric 

depression (Jardim et al., 2019). Childhood emotional neglect and a risk oxytocin receptor 

variant are associated with reduced left hippocampal volume and reduced bilateral amygdale 

volume (Womersley et al., 2019). In response to threat-related facial expressions yield stronger 

amygdala responsiveness with higher scores of childhood maltreatment (Dannlowski et al., 

2012). Further, higher childhood maltreatment scores is associated with reduced grey matter in 

the hippocampus, insula, orbitofrontal cortex, anterior cingulate gyrus and caudate (Dannlowski 
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et al., 2012). However, research is needed investigating the relationship between ELS, 

personality and neural correlates.  

Structural 

 Volume reduction in areas of the prefrontal cortex (PFC) have been found in individuals 

with borderline personality disorder (BPD). It has been found that ventrolateral PFC (VLPFC) 

volume reduction in BPD patients with a history of childhood abuse is associated with irritability 

and negativism scores (Morandotti et al., 2013). Suggesting that these abnormalities and 

experience of ELS may contribute to the expression of emotion dysregulation and aggression.  

Functional 

 There may or may not be an interaction between personality dimensions and ELS on 

altered resting-state functional connectivity. Researchers have found that there is reduction of 

functional connectivity between the right amygdala and bilateral precuneus in individuals who 

experienced childhood maltreatment (van der Werff et al., 2013). However, there were no 

differences in any of personality dimensions between those who experienced childhood 

maltreatment (van der Werff et al., 2013). However, their sample size only included 44 

participants who experienced childhood maltreatment therefore it may not have been robust 

enough to confidently conclude that there were no differences in personality dimensions. 

Especially since it has been found that overall childhood trauma and maltreatment is correlated 

with neuroticism (Li et al., 2014). 
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5.1.3 Early Life Stress, Sleep Quality and Neuroimaging 

Structural 

 It has been found that sleep quality mediates the effects of childhood maltreatment on 

hippocampal and inferior frontal gyrus volumes in teenagers. The researchers suggest that their 

findings should prompt future work to assess whether if enhancing sleep quality in maltreated 

children can ameliorate the volumetric differences (Teicher et al., 2018).  

Functional 

 Conducting a brief literature review combining key words of childhood maltreatment, 

sleep quality and functional MRI yielded zero results. Our study aims to address the lack of 

research investigating the effects of ELS, sleep quality and neural correlates.  

 

5.1.4 Aims and Hypotheses 

 This chapter has four aims and its goals are to address three major hypotheses. One, that 

there are resting-state functional connectivity differences by demographics and experience of 

ELS. Two, sleep quality and personality dimensions will result in differences in the networks. 

Lastly, the experience of ELS will interact with the effects of sleep quality and personality 

dimensions on networks to identify intermediary biomarkers of resilience and vulnerability in a 

non-clinical sample. This will be accomplished by: 

1. Assess whether the resting-state networks of interest (default mode network (DMN), 

salience network, fronto-parietal network, meso-paralimbic network, visual network and 

sensorimotor network) are present with the a priori selected seeds.  

2. Characterize resting-state functional connectivity by age, NEO-FFI dimensions and PSQI 

items. 
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3. Determine if there are resting-state functional connectivity differences in age, NEO-FFI 

dimensions and PSQI items by sex and experience of ELS. 

4. Determine if ELS interacts with the effects of NEO-FFI dimensions and PSQI items on 

resting-state functional connectivity.  

 

5.2 Methods 

5.2.1 Pre-Processing  

All resting-state fMRI scans were pre-processed through the OPPNI pipeline 

(Optimization of Preprocessing Pipelines for Neuroimaging-fMRI). Details of each step are 

outlined in Chapter 2. 

 

5.2.2 Data Analysis 

Resting-state functional connectivity analysis was performed via a seed-based analysis 

(SBA). The CONN toolbox v.18.b (https://www.nitrc.org/projects/conn) for MatLab (R2016a, 

The MathWorks, Natick, MA, USA) was used to define region-of-interests (ROIs) and to 

conduct the statistical analyses (Whitfield-Gabrieli & Nieto-Castanon, 2012) In particular, a 

seed-to-voxel analysis approach was selected. Temporal correlations between selected seeds and 

each voxel was calculated by computing a Pearson’s correlation to produce a T-value to describe 

the strength of correlation and effect size. A very conservative height or primary threshold of  

p < 0.001 was chosen to prevent the identification of giant groups of suprathreshold voxels 

which would reduce the spatial sensitivity of the results (Woo, Krishnan, & Wager, 2014). 

Liberal primary thresholds will produce clusters that span multiple anatomical regions and would 

make the ability to infer true effects difficult (Woo et al., 2014). The cluster threshold was set to  
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p-False Discovery Rate (p-FDR) < 0.05 to control for multiple comparisons across the entire 

brain (Carp, 2012; Genovese, Lazar, & Nichols, 2002; Woo et al., 2014).  

Choice of seed ROIs were selected a priori based on the resting-state networks of 

interest. The selected seed ROIs were used for the following networks: posterior cingulate cortex 

(PCC) for the DMN, bilateral dorsal lateral prefrontal cortices (DLPFC) for the frontal-parietal 

network, bilateral anterior insula for the salience network, bilateral amygdalae for the meso-

paralimbic network, medial section of the primary visual cortex (V1) was used for the visual 

network and the medial section of the precentral gyrus was used for the sensorimotor network.  

ROIs were defined via FSLs Harvard-Oxford atlas in CONN (Desikan et al., 2006).  

Each of the below sections underwent quality control with the a priori selected seeds to 

ensure that the resting-state networks of interest were present (Supplementary A, B and C). 

Reported findings include the target cluster with MNI (Montreal Neurological Institute) 

coordinates, cluster size (k), t-value and cluster level p-FDR.  

 

5.3 Results 

Section A: CAN-BIND1, CAN-BIND3 and CAN-BIND4 

A.5.3.1 Demographic Factors 

Out of the 253 healthy controls, 218 scans were available (CAN-BIND1=97, CAN-

BIND3=58, CAN-BIND4=63). Of the 218 scans, 136 were females and 82 were males. Males 

and females had altered connectivity in the DMN and sensorimotor network. Females have 

greater functional connectivity between the PCC of the DMN and the right lingual gyrus but 

decreased functional connectivity between the PCC and the right caudate compared to males 

(Figure 1). Females have greater functional connectivity with the medial portion of the 
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postcentral gyrus of the sensorimotor network and bilateral supramarginal gyri compared to 

males (Figure 1, Table 1). Lastly, controlling for the individual effects of age and sex, with 

increasing age females have increased functional connectivity with the right DLPFC of the 

fronto-parietal network and the right supramarginal gyrus but decreased functional connectivity 

with the precuneus compared to males (Table 1).  

The average of those with scans is 28.24±12.22 years. With increasing age, there is 

increased functional connectivity with the PCC seed of the DMN and bilateral lingual gyri, the 

right cuneal cortex and the precuneus. However, with increasing age there is decreased 

functional connectivity with the PCC of the DMN and the right frontal pole. With increasing age 

there is increased functional connectivity with the medial portion of V1 in the visual network and 

the bilateral precuneus (Figure 2, Table 2).   

A sub-analysis was also completed grouping ages into four bins to allow analysis 

between the developing brain versus adults (18 and under vs. over 18 – all CAN-BIND cohorts) 

and adults versus older brains (under 50 vs. 50 and over – CAN-BIND1 and CAN-BIND4). 

Compared to those 18 years and under, adults have altered rs-fMRI in the three resting state 

networks. Adults over the age of 18 have decreased functional connectivity between the right 

insula of the salience network and the right paracingulate gyrus, decreased functional 

connectivity between the left DLPFC of the fronto-parietal network and left superior parietal 

lobule and decreased functional connectivity between the right amygdala of the meso-paralimbic 

network and PCC (Figure 3, Table 2).  

Compared to those 50 years and over, younger adults have altered functional connectivity 

in three resting state networks. Adults under 50 years have decreased functional connectivity 

with the PCC of the DMN and right cuneal cortex. Adults under 50 have increased functional 
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connectivity with the medial portion of V1 of the visual network and the right frontal pole but 

decreased functional connectivity with the precuneus and left middle temporal gyrus. Adults 

under 50 have decreased functional connectivity with the medial portion of the postcentral gyrus 

of the sensorimotor network and the left supramarginal gyrus (Figure 3, Table 2).  
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A.5.3.2 NEO-FFI 

Of the 218 scans, 218 participants had NEO-FFI data. With increasing scores of 

extraversion and openness to experience there are differences in rs-fMRI with the a priori 

selected seeds for certain resting state networks. In particular, with increasing scores of 

extraversion there is increased functional connectivity with the left insula of the salience network 

and the right superior parietal lobule (Figure 4).  

With increasing scores of openness to experience, there is increased functional 

connectivity with the right DLPFC of the fronto-parietal network and bilateral middle temporal 

gyri and the left DLPFC of the fronto-parietal network and left lateral occipital cortex. Further, 

there is increased functional connectivity between the medial portion of the precentral gyrus and 

the right precentral gyrus in the sensorimotor network (Table 3). 

Controlling for the individual effects of age and sex, there are differences in the 

personality dimensions by males and females. With increasing scores of neuroticism, females 

will have greater functional connectivity with the left DLPFC of the fronto-parietal network and 

right postcentral gyrus compared to males (Table 3).  

With increasing scores of extraversion, females will have decreased functional 

connectivity with the right insula of the salience network and the left temporal gyrus and left 

supramarginal gyrus compared to males (Figure 4, Table 3).  

With increasing scores of openness to experience, females have decreased functional 

connectivity with the right amygdala of the meso-paralimbic network and the left precuneus 

compared to males (Table 3).  

With increasing scores of agreeableness, females have increased functional connectivity 

with the left DLPFC of the fronto-parietal network and the right amygdala and the right 
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hippocampus and increased functional connectivity with the right amygdala of the meso-

paralimbic network and the left middle frontal gyrus compared to males (Figure 5, Table 3). 

Lastly, with increasing scores of conscientiousness, females will have decreased 

functional connectivity between the PCC of the DMN and the left putamen and left middle 

temporal gyrus and decreased functional connectivity with the right DLPFC of the fronto-parietal 

network and the left occipital cortex/middle inferior temporal gyrus compared to males  

(Table 3). 
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A.5.3.3 PSQI 

Of the 218 scans, there was data for 148-153 participants depending on the PSQI item. 

With worsening scores of sleep duration, latency, quality and day disturbance there are 

differences in rs-fMRI with the a priori selected seeds for certain resting-state networks.  

With worsening scores of sleep duration, there is decreased functional connectivity with 

the medial portion of the precentral gyrus and the right precentral gyrus in the sensorimotor 

network (Table 4).  

With worsening scores of sleep latency, there is increased functional connectivity with 

the right DLPFC of the fronto-parietal network and the right amygdala (Figure 6, Table 4).  

With worsening scores of day disturbance due to sleep problems, there is decreased 

functional connectivity with the left insula of the salience network and the right superior parietal 

lobule, increased functional connectivity with the right DLPFC of the fronto-parietal network 

and the right precentral gyrus and increased functional connectivity with the medial portion of 

V1 and the right opercular cortex in the visual network (Table 4).  

With worsening scores of sleep quality there is increased functional connectivity with the 

medial portion of the postcentral gyrus and the right superior temporal gyrus in the sensorimotor 

network (Table 4). 

Controlling for the effects of age and sex, there are differences in items of the PSQI 

between males and females.  

With worsening scores of sleep latency, females have decreased functional connectivity 

between the right DLPFC of the fronto-parietal network and right putamen and decreased 

functional connectivity with the left amygdala of the meso-paralimbic and right superior parietal 

lobule compared to males (Figure 6, Table 4).  
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With worsening scores of day disturbance due to poor sleep, females have increased 

functional connectivity between the right insula of the salience network and the left precentral 

gyrus and decreased functional connectivity between the right DLPFC of the fronto-parietal 

network and the right superior/middle temporal gyrus compared to males (Table 4). 

Lastly, with increased need for sleep aid medication females have increased functional 

connectivity with the medial portion of V1 in the visual network and the left superior/middle 

frontal gyrus compared to males (Table 4). 
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Section B: CAN-BIND1 and CAN-BIND4 

B.5.3.1 Early Life Stress (CECA) 

There are 181 healthy controls between the CAN-BIND1 and CAN-BIND4 cohort, of 

these participants 160 had rs-fMRI scans (CAN-BIND1=97 and CAN-BIND4=63). Three 

categorical ELS variables of the CECA were examined, severe maltreatment (N=151), severe 

bullying (N=151) and severe parental discord (N=146). Controlling for the effects of age, sex 

and ELS there was only significant differences with the presence of severe parental discord. 

Those who experienced severe parental discord have increased functional connectivity with the 

right DLPFC of the fronto-parietal network and right lateral occipital cortex ([+28, -84, +14], 

104 voxels, t-value = 5.14, p-FDR = 0.0063).  

 

B.5.3.2 NEO-FFI by ELS (CECA) 

All analyses are controlled for the individual effects of age, sex and ELS. 

Severe Maltreatment 

The CECA’s severe maltreatment combines the effects of severe physical abuse, sexual 

abuse and emotional neglect. If the following analyses were significant, a sub-analysis was 

completed to assess if any of these items contributed to that relationship.  

With increasing scores of neuroticism, those who experienced severe maltreatment have 

decreased functional connectivity between the right amygdala of the meso-paralimbic network 

and left precuneus and increased functional connectivity between the medial portion of V1 in the 

visual network and the left precuneus and the right angular gyrus. It was found that those who 

experienced sexual abuse have increased functional connectivity between the right amygdala of 

the meso-paralimbic network and the left middle frontal gyrus ([-32, +08, +58], 64 voxels, t-
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value = 5.33, p-FDR = 0.038), but none of the other items of abuse contributed to altered 

connectivity in neuroticism and past experience of severe maltreatment (Figure 7, Table 5). 

With increasing scores of openness to experience, those who experienced severe 

maltreatment have decreased functional connectivity with the left amygdala of the meso-

paralimbic network and the right middle/inferior temporal gyrus. None of the other items of 

abuse significantly contributed to this altered connectivity (Figure 8, Table 5).   

Severe Bullying 

With increasing scores of neuroticism, those who experienced severe bullying had 

increased functional connectivity between the right amygdala of the meso-paralimbic network 

and the right frontal operculum cortex (Figure 7, Table 5). 

With increasing scores of extraversion, those who experienced severe bullying had 

increased functional connectivity between the PCC of the DMN and the left pre- and postcentral 

gyrus, increased functional connectivity between the left amygdala of the meso-paralimbic 

network and the right precentral gyrus and increased functional connectivity between the medial 

portion of the postcentral gyrus of the sensorimotor network and the left superior frontal gyrus 

(Table 5). 

With increasing scores of openness to experience, those who experience severe bullying 

had decreased functional connectivity between the right amygdala of the meso-paralimbic 

network and right precentral gyrus (Figure 8, Table 5). 

With increasing scores of agreeableness, those who experienced severe bullying have 

increased functional connectivity with the left insula of the salience network and precuneus, 

decreased functional connectivity with the right amygdala of the meso-paralimbic network and 

precuneus and right lateral occipital cortex and decreased functional connectivity with the left 
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amygdala of the meso-paralimbic network and right lateral occipital cortex and increased 

functional connectivity with the medial portion of the postcentral gyrus of the sensorimotor 

network and the left planum temporale and right superior temporal gyrus (Table 5). 

With increasing scores of conscientiousness, those who experienced severe bullying have 

increased functional connectivity with the PCC of the DMN and left postcentral gyrus and 

increased functional connectivity between the left amygdala of the meso-paralimbic network and 

right pre- and postcentral gyrus (Figure 9, Table 5).  

Severe Parental Discord 

There is no significant altered resting-state functional connectivity with the presence of 

severe parental discord and any of the personality dimensions. 
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B.5.3.3 PSQI by ELS (CECA) 

Severe Maltreatment 

The CECA’s severe maltreatment combines the effects of severe physical abuse, sexual 

abuse and emotional neglect. If the following analyses were significant, a sub-analysis was 

completed to assess if any of these items contributed to that relationship.  

With worsening scores of sleep duration, those who experienced severe maltreatment 

have decreased functional connectivity with the right insula of the salience network and the right 

putamen. This altered connectivity between the right insula and right putamen was paralleled in 

those who experienced physical abuse ([+26, +02, +00], 189 voxels, t-value = -6.35, p-FDR = 

0.00017) and emotional neglect ([+22, -02, +04], 172 voxels, t-value = -5.81, p-FDR = 0.00031) 

(Figure 10, Table 6). 

With worsening scores of sleep latency, those who experienced severe maltreatment have 

decreased functional connectivity between the left insula of the salience network and the right 

lateral occipital cortex. However, none of the other items of abuse significantly contributed to the 

altered connectivity (Table 6).  

With increased day disturbance due to poor sleep, those who experienced severe 

maltreatment have increased functional connectivity between the left insula and right insular 

cortex in the salience network. It was also found that those who experienced sexual abuse had 

increased functional connectivity between the left insula of the salience network and left 

middle/temporal gyrus ([-58, -18, -08], 78 voxels, t-value= 5.67, p-FDR=0.029). However, none 

of the other items of abuse contributed to altered connectivity in increased day disturbance and 

past experience of severe maltreatment (Table 6). 
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Severe Bullying 

With worsening scores of sleep duration, those who experienced severe bullying have 

increased functional connectivity with the PCC of the DMN and the left lateral occipital cortex 

and left temporal gyrus and decreased functional connectivity between the left DLPFC of the 

fronto-parietal network and the right frontal pole (Figure 11, Table 6).  

With worsening scores of sleep latency, those who experienced severe bullying have 

decreased functional connectivity with the left insula of the salience network and the left 

postcentral gyrus and supramarginal gyrus, increased functional connectivity with the left 

amygdala of the meso-paralimbic and right pre- to post-central gyrus (Table 6). 

With increased day disturbance due to poor sleep quality, those who experienced severe 

bullying have decreased functional connectivity with the left amygdala of the meso-paralimbic 

network and the right lateral occipital cortex (Table 6). 

With worsening sleep quality, those who experienced severe bullying have decreased 

functional connectivity with the left insula of the salience network and the right lingual gyrus 

(Table 6). 

With an overall worsening score of the PSQI, those who experienced severe bullying 

have increased functional connectivity with the PCC of the DMN and the right middle/superior 

frontal gyrus, the right lateral occipital cortex and the right occipital fusiform gyrus. Lastly, there 

is decreased functional connectivity with the left DLPFC of the fronto-parietal network and the 

left pre- to postcentral gyrus (Figure 12, Table 6). 
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Severe Parental Discord 

With worsening scores of sleep duration, those who experience severe parental discord 

have increased functional connectivity between the right DLPFC of the fronto-parietal network 

and the right supramarginal gyrus (Table 6). 

With increased day disturbance due to poor sleep, those who experienced severe parental 

discord have decreased functional connectivity between the right insula of the salience network 

and the left frontal pole and left angular gyrus (Table 6). 

With increased need for sleep medication due to poor sleep, those who experienced 

severe parental discord have decreased functional connectivity between the left DLPFC and the 

right frontal pole the in the fronto-parietal network (Table 6). 

With worsening scores of sleep disturbance, those who experienced severe parental 

discord have decreased functional connectivity between the PCC of the DMN and the right 

superior/middle frontal gyrus. Interestingly, those with worsening total PSQI scores also 

exhibited the above altered resting state functional connectivity in the DMN (Figure 12, Table 6).  
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Section C: CAN-BIND3 

C.5.3.1 Early Life Stress (Trauma Questionnaire) 

There are 72 baseline healthy controls in the CAN-BIND3 cohort and of those, 58 had rs-

fMRI scans available. Four categorical variables of the trauma questionnaire were examined, 

psychological bullying, physical bullying, emotional neglect and psychological abuse. Physical 

abuse was excluded since only one participant endorsed this item and sexual abuse was excluded 

since no participants endorsed this item. There were no missing trauma questionnaire data points 

for the included participants with scans. Controlling for the effects of age, sex and ELS there was 

only significant differences with the presence of psychological bullying, emotional neglect and 

psychological abuse in certain resting-state networks. 

Those who experienced childhood psychological bullying have increased functional 

connectivity between the left DLPFC and left superior parietal lobule of the fronto-parietal 

network. Those who experienced childhood emotional neglect have decreased functional 

connectivity with the right DLPFC and left frontal pole in the fronto-parietal network and 

decreased connectivity with the medial portion of V1 in the visual network with the right 

superior parietal lobule. Lastly, those who experienced childhood psychological abuse have 

increased functional connectivity between the medial portion of V1 of the visual network and the 

left precentral gyrus but decreased functional connectivity with the right parietal lobule. In the 

sensorimotor network, they have increased functional connectivity between the medial portion of 

the postcentral gyrus and the right lingual gyrus and precuneus (Table 7).  
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C.5.3.2 NEO-FFI by ELS (Trauma Questionnaire) 

Psychological Bullying 

With increasing scores of neuroticism, those who experienced childhood psychological 

bulling have increased functional connectivity between the left DLPFC of the fronto-parietal 

network and left amygdala and increased functional connectivity with the left amygdala of the 

meso-paralimbic network and left middle frontal gyrus (Figure 13, Table 8). 

With increasing scores of conscientiousness, those who experienced childhood 

psychological bullying have decreased functional connectivity with the medial portion of the 

postcentral gyrus of the sensorimotor network and the right pars opercularis (Table 8). 

Physical Bullying 

With increasing scores of neuroticism, those who experienced childhood physical 

bullying have decreased functional connectivity with the right DLPFC of the fronto-parietal 

network and the right insular cortex (Table 8). 
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With increasing scores of agreeableness, those who experienced childhood physical 

bullying have increased functional connectivity with the medial portion of the postcentral gyrus 

of the sensorimotor network and the right middle frontal gyrus (Table 8). 

Emotional Neglect 

With increasing scores of neuroticism, those who experienced childhood emotional 

neglect have decreased functional connectivity with the PCC of the DMN and right lateral 

occipital cortex and decreased functional connectivity with the medial portion of V1 in the visual 

cortex and bilateral precentral gyri (Table 8). 

With increasing scores of extraversion, those who experienced childhood emotional 

neglect have decreased functional connectivity with the PCC of the DMN and right lingual gyrus 

and decreased functional connectivity with the medial portion of V1 in the visual network with 

the right supramarginal gyrus (Table 8). 

With increasing scores of agreeableness, those who experienced childhood emotional 

neglect have decreased functional connectivity with the medial portion of V1 and the left lateral 

occipital cortex in the visual network (Table 8).  

Lastly, with increasing scores of conscientiousness, those who experienced childhood 

emotional neglect have decreased functional connectivity with the right amygdala of the meso-

paralimbic network and the right lateral occipital cortex and decreased functional connectivity 

with medial portion of V1 and the left lateral occipital cortex in the visual network  

(Figure 14, Table 8). 
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Psychological Abuse 

With increasing scores of neuroticism, those who experienced childhood psychological 

abuse have increased functional connectivity with the medial portion of V1 and the left lateral 

occipital cortex in the visual network (Table 8). 

With increasing scores of extraversion, those who experienced childhood psychological 

abuse have decreased functional connectivity with the PCC of the DMN and the left pre- to 

postcentral gyrus (Table 8). 

With increasing scores of agreeableness, those who experienced childhood psychological 

abuse have decrease functional connectivity with the medial portion of V1 and the left occipital 

pole in the visual network (Table 8). 

Lastly, with increasing scores of conscientiousness, those who experienced childhood 

psychological abuse have altered resting-state functional connectivity in three networks. There is 

decreased functional connectivity with the PCC of the DMN the left precentral gyrus and 

bilateral lingual gyri. There is increased functional connectivity with the left DLPFC in the 

fronto-parietal network and the cingulate gyrus. Finally, there is decreased functional 

connectivity with right amygdala of the meso-paralimbic network and the left postcentral gyrus 

(Figure 9, Table 8). 
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C.5.3.3 PSQI by ELS (Trauma Questionnaire) 

Psychological Bullying  

With worsening scores of sleep duration, those who experienced childhood psychological 

bullying have decreased functional connectivity with the medial portion of V1 in the visual 

network and the right precuneus (Table 9). 

With worsening scores of sleep disturbance, those who experienced childhood 

psychological bullying have increased functional connectivity with the PCC of the DMN and the 

left planum temporale, the right planum temporale and the left postcentral gyrus (Table 9). 

With worsening scores of sleep latency, those who experienced childhood psychological 

bullying have increased functional connectivity with seeds in the meso-paralimbic network. In 

particular, the right amygdala and the right supratemporal gyrus and left amygdala  

(Figure 15, Table 9). 

With worsening scores of sleep efficiency, those who experienced childhood 

psychological bullying have increased functional connectivity with the PCC of the DMN and the 

right pre- to postcentral gyrus but decreased functional connectivity with the right pars 

opercularis and triangularis (Table 9). 

With increasing need for sleep aid medication, those who experienced childhood 

psychological bullying have increased functional connectivity with the left DLPFC of the fronto-

parietal network and the left lateral occipital cortex. In the visual network, there is increased 

functional connectivity with the medial portion of V1 and the left lateral occipital cortex, right 

superior parietal lobule, left middle frontal gyrus, left superior frontal gyrus and left 

middle/inferior temporal gyrus but decreased functional connectivity with the bilateral frontal 

pole (Table 9).  
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Individuals with overall worse scores of the PSQI and experienced childhood 

psychological bullying have altered resting-state functional connectivity in three resting state 

networks. There is increased functional connectivity with the right insula of the salience network 

and the right pre- to postcentral gyrus. There is increased functional connectivity with the right 

amygdala of the meso-paralimbic network and the right superior temporal gyrus (Figure 15). 

Lastly, there is increased functional connectivity with the medial portion of V1 in the visual 

network and right middle/inferior temporal gyrus, right frontal pole, right superior parietal lobule 

and right superior frontal gyrus but decreased functional connectivity with the right frontal pole 

(Table 9). 
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Physical Bullying  

With worsening scores of sleep duration, those who experienced childhood physical 

bullying have decreased functional connectivity with the right insula of the salience network and 

right middle frontal gyrus (Table 10). 

With worsening scores of sleep latency, those who experienced childhood physical 

bullying have increased functional connectivity with the medial portion of the postcentral gyrus 

in the sensorimotor network and precuneus/PCC but decreased functional connectivity with the 

left paracingulate, left supramarginal gyrus and left pars opercularis (Table 10). 
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With worsening scores of sleep disturbance, those who experienced childhood physical 

bullying have increased functional connectivity with the PCC of the DMN and right postcentral 

gyrus (Table 10). 

With worsening scores of day disturbance due to poor sleep, those who experienced 

childhood physical bullying have decreased functional connectivity with the right DLPFC and 

left middle frontal gyrus, left superior parietal lobule and left frontal gyrus in the fronto-parietal 

network. (Figure 16, Table 10) 

With worsening scores of sleep efficiency, those who experienced childhood physical 

bullying have increased functional connectivity with the right insula of the salience network and 

the right cuneal cortex, right precentral gyrus and right lingual gyrus. In the visual network they 

have increased functional connectivity with the medial portion of V1 and the left lateral occipital 

cortex but decreased functional connectivity with the left parahippocampal gyrus (Table 10). 
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Emotional Neglect  

With worsening scores of sleep duration, those who experienced childhood emotional 

neglect have decreased functional connectivity with the right amygdala in the meso-paralimbic 

network and the left intracalcarine cortex (Table 11). 

With worsening scores of sleep disturbance, those who experienced childhood emotional 

neglect have decreased functional connectivity with the right DLPFC of the fronto-parietal 

network and the right intracalcarine cortex and right precuneus but increased functional 

connectivity with the right supramarginal gyrus. There is decreased functional connectivity with 
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the medial portion of V1 in the visual network and the right supramarginal gyrus, right frontal 

pole and the right superior parietal lobule (Table 11). 

With worsening scores of sleep efficiency, those who experienced childhood emotional 

neglect have altered connectivity in four resting-state networks. There is decreased functional 

connectivity with the PCC of the DMN and bilateral postcentral gyrus. In the fronto-parietal 

network, there is increased functional connectivity with the right DLPFC and right superior 

parietal lobule and right middle frontal gyrus. There is decreased functional connectivity with the 

left amygdala of the meso-paralimbic network and the left supramarginal gyrus. Lastly, there is 

decreased functional connectivity with the medial portion of V1 in the visual network and the 

right superior parietal lobule (Table 11). 

With worsening sleep quality, those who experienced childhood emotional neglect have 

increased functional connectivity with the medial portion of V1 in the visual network and 

bilateral intracalcarine cortices and increased functional connectivity with the medial portion of 

the postcentral gyrus and bilateral supplementary motor cortex and right pre- to postcentral gyrus 

in the sensorimotor network (Table 11). 

With the increasing need for sleep aid medication due to poor sleep, those who 

experienced childhood emotional neglect have increased functional connectivity with the left 

insula and the left superior temporal gyrus and right precentral gyrus in the salience network. In 

the fronto-parietal network, they have increased functional connectivity with the right DLPFC 

and the right superior parietal lobule (Table 11).  
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Psychological Abuse 

With worsening scores of sleep duration, those who experienced childhood psychological 

abuse have decreased functional connectivity with the medial portion of V1 and the left lateral 

occipital cortex in the visual network (Table 12). 

With worsening scores of sleep latency, those who experienced childhood psychological 

abuse have increased functional connectivity with the medial portion of V1 and the left lateral 

occipital cortex in the visual network (Table 12). 
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With worsening scores of sleep efficiency, those who experienced childhood 

psychological abuse have decreased functional connectivity with the PCC of the DMN and the 

right superior/middle temporal gyrus and the left pre- to postcentral gyrus (Table 12).  

With worsening scores of sleep quality, those who experienced childhood psychological 

abuse have altered resting-state functional connectivity in three networks. In the meso-paralimbic 

network, they have increased functional connectivity with the right amygdala and the right 

hippocampus. In the right visual network, there is increased functional connectivity with the 

medial portion of V1 and the right intracalcarine cortex. Lastly, there is increased functional 

connectivity with the medial portion of the postcentral gyrus and the right supplementary motor 

cortex and bilateral postcentral gyri in the sensorimotor network (Table 12). 

With the increasing need for sleep aid medication due to poor sleep quality, those who 

experienced childhood psychological abuse have increased functional connectivity with the right 

DLPFC and the right superior parietal lobule in the fronto-parietal network. They also have 

decreased functional connectivity with the medial portion of V1 in the visual network and the 

right superior parietal lobule and right supramarginal gyrus (Table 12). 
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5.4 Discussion 

5.4.1 Summary of Results 

Section A: CAN-BIND1, CAN-BIND3 and CAN-BIND4 

A1.5.4.1 Demographic Factors 

Resting-state networks differed by demographic factors such as age and sex. Males and 

females have altered functional connectivity with the PCC in the DMN and the postcentral gyrus 

in the sensorimotor network. Females have decreased connectivity between the PCC of the DMN 

and the right caudate nucleus. This finding is interesting because it has been found that in 

medication free early depressed patients exhibit decreased functional connectivity between the 

PCC and bilateral caudate nucleus (Bluhm et al., 2009). In Canada, the prevalence of major 

depressive disorder (MDD) in 2012 was 5.8% in females compared to 3.6% in males – 

representing a 1.6-fold greater incidence in women (Albert, 2015). The sex difference in this 

healthy population may represent an intermediary biomarker that may contribute as a risk factor 

for females to develop MDD and could potentially be a contributing factor for the sex difference 

in MDD prevalence. Females also have increased connectivity with the medial portion of the 

postcentral gyrus and bilateral supramarginal gyri indicating that females have stronger intra-

network connectivity compared to males. This finding is in contrast with the largest single 

sample study which had a sample size of 5216, that found that males have stronger connectivity 

within regions of the sensorimotor network (Ritchie et al., 2018). This difference may be 

explained by the difference in age of the two samples. Ritchie et al., study’s average age was 

61.7 years whereas the average age for this study is 28.2 years which may suggest that the 

differences may not purely be driven by sex, but the effects of age may be interacting with sex. 

In our study, we found that with increasing age there is increased functional connectivity 
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between regions involved in the sensorimotor network. This relationship was also paralleled 

when we created age bins. Individuals 50 and over also exhibit increased functional connectivity 

within regions of the sensorimotor network. These findings suggest that our results might 

illustrate a clearer sex difference suggesting that females have stronger intra-network 

connectivity compared to males and that previous findings may be driven by age. Upon further 

analysis, controlling for the effects of age and sex, our study found no interaction between sex 

and age in the DMN and sensorimotor network, but this may be due to the limited sample size of 

218 and not a reflection of an absent effect. Therefore, our findings suggest that future work 

investigating sex differences in resting-state networks must assess the effects of common 

covariates such as age.  

With increasing age, there is altered functional connectivity in the DMN, visual network 

and sensorimotor network. In particular we see greater intra-network connectivity with the PCC 

and regions of the DMN and the postcentral gyrus and regions of the sensorimotor network. 

Whereas we see greater inter-network connectivity with V1 of the visual network and a 

functional core component of the DMN, the precuneus (Utevsky, Smith, & Huettel, 2014). 

Interestingly, this finding is paralleled when we created age bins. Individuals 50 and over also 

exhibit the above altered intra- and inter-network connectivity suggesting that this relationship 

may be driven by older adults. This finding is in contrast of previous work that has suggested 

that connectivity within the DMN follows an inversed U-shape pattern or does not change at all 

with older age (Goldstone et al., 2016; Jockwitz et al., 2017; Mak et al., 2017). Of the 218 

subjects, only 23 participants were over the age of 50 and our sample has an average age of 28.2 

years. Our findings may not fully represent the effects of older age on resting state networks and 

future work should include a more robust age range with a less skewed average age.   
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Those 18 and younger exhibit overall greater connectivity with seeds in the salience 

network, fronto-parietal network and meso-paralimbic network. In particular, individuals 18 and 

younger have greater intra-network connectivity with the right insula and regions of the salience 

network and the left DLPFC and regions of the fronto-parietal network. However, there is greater 

inter-network connectivity between the seed of the meso-paralimbic network and the PCC of the 

DMN. Participants in this group ranged from 12-18. This age range is a sensitive period of time 

that encompasses physiological changes such as puberty and the risk of developing psychiatric 

disorders (La Maison et al., 2018; Merikangas, Nakamura, & Kessler, 2009). The overall 

increased functional connectivity could be a reflection of natural brain development or could 

potentially be a biomarker of risk for neurodevelopmental or psychiatric disorders. For example, 

it has been found that children with autism spectrum disorder have hyperconnectivity within 

networks including the salience network (Uddin et al., 2013). In contrast, strength of the salience 

network has also been found to provide a hierarchical approach in modulating its anticorrelated 

resting state network the DMN in healthy adolescents and young adults (Zhou et al., 2018). Chai 

et al., recently demonstrated that the expression of the fronto-parietal network increased both and 

strength and flexibility through normal development (Chai et al., 2017). However, it has also 

been observed that there is increased connectivity with regions of the fronto-parietal network in 

anorexia nervosa in young adolescent women (Boehm et al., 2014). Whereas, it has been 

observed that there is decreased intra-network connectivity with regions of the fronto-parietal 

network in children with attention-deficit hyperactive disorder (Lin, Tseng, Lai, Matsuo, & Gau, 

2015). In young adults with behavioural inhibition, it is observed that there is increased 

connectivity between the amygdala and PCC (Roy et al., 2014). Behavioural inhibition is a 

temperament identified in the first years of life characterized by hypervigilance, heightened 
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reactivity to novelty and social reticence (Fox, Henderson, Marshall, Nichols, & Ghera, 2005). 

This temperament is stable with time and is associated with an increased risk for behavioural 

disorders (Lahat, Hong, & Fox, 2011). In the PROCAN cohort, those who experienced 

psychological bullying also exhibit greater intra-network functional connectivity between the left 

DLPFC and left superior parietal lobule. Longitudinal studies are required to delineate if the 

observed altered resting-state functional connectivity is reflective of normal strengthening of 

cortico-cortical and cortico-subcortical networks with age (Solé-Padullés et al., 2016) or are 

intermediate biomarkers for the later development of pathology. 

 

A2.5.4.1 NEO-FFI 

Extraversion 

Extraversion is a personality dimension characterized by excitability, sociability, 

assertiveness and high amounts of emotional expressiveness. These individuals tend to feel more 

energized in social situations (Costa & McCrae, 2006). It was found that individuals high on the 

extraversion spectrum exhibit increased functional connectivity between the left insula and right 

superior parietal lobule in the salience network. The salience network plays a strong role from 

“switching” between the self-monitoring DMN to being aware of the external environment 

(Zhou et al., 2018). It accomplishes this by integrating external cognitive stimuli and emotional 

information to guide allocation of attention. There is evidence that activation in the insula is 

positively correlated with extraversion (Wei et al., 2011). The superior parietal lobule is critical 

for sensorimotor integration by maintaining an internal representation of the body’s state 

(Wolpert, Goodbody, & Husain, 1998). The increased functional connectivity between regions of 

the salience network and a brain region involved with spatial orientation could be postulated to 
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support an extravert’s ability to be more engaged with their surroundings. There are no self-

reported sex differences in extraversion as reported in Chapter 3. However, there are sex 

differences in resting-state functional connectivity for extraverts suggesting that despite self-

reported personality dimensions of extraversion not differing by sex, the neural correlates may 

illustrate a different case. Within the domain of extraversion, it has been documented that men 

score higher on the trait of assertiveness reflecting characteristics related to agency and 

dominance (Costa, Terracciano, & McCrae, 2001). Female extraverts exhibit decreased 

functional connectivity with the right insula and the left superior temporal gyrus and left 

supramarginal gyrus compared to male extraverts. It has been found that the left superior 

temporal gyrus and supramarginal gyrus are involved with change detection in syllables and 

tones as well as visual word detection (Celsis et al., 1999; Stoeckel, Gough, Watkins, & Devlin, 

2009). The sex difference seen between male and female extraverts may be driven by the sex 

differences observed in assertiveness. The altered connectivity with the right insula in the 

salience network with regions involved with language processing could be postulated to support 

that males recruit areas involved with external awareness and language to be more assertive.  

Agreeableness 

Females who report high scores on the agreeableness personality dimension exhibit 

greater functional connectivity with the right limbic areas such as the amygdala and 

hippocampus with left prefrontal regions compared to male who are agreeable. Past research has 

found that there are sex differences and females tend to score higher on the agreeableness 

personality dimension, this finding was also supported in this study (Chapter 3 Results, Table 1) 

(Weisberg, DeYoung, & Hirsh, 2011). The greater connectivity between the amygdala and 

DLPFC may indicate stronger engagement of neural structures involved in control-related 
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processes (Koelsch, Skouras, & Jentschke, 2013). Findings from this study and past work 

support that self-regulation may be an essential component of agreeableness due to activation 

patterns with lateral aspects of the PFC involved in inhibitory control (Rodrigo et al., 2016). The 

sex difference observed in the functional connectivity of agreeableness offers evidence for neural 

correlates that support why females score higher on this personality dimension.  

 

A3.5.4.1 PSQI 

Latency 

Sleep latency is defined as when the individual attempts to sleep until actual sleep onset. 

Longer sleep latency would result in poorer sleep efficiency (Shrivastava, Jung, Saadat, Sirohi, 

& Crewson, 2014). Individuals who experienced worsening sleep latency have increased 

functional connectivity between the right DLPFC and right amygdala. It has been found that 

individuals with up-regulation of emotional regulation, greater emotional reactivity and 

rumination also parallel this functional connectivity pattern (Fowler, Miernicki, Rudolph, & 

Telzer, 2017; Morawetz, Bode, Baudewig, & Heekeren, 2017). It could be suggested that the 

increased functional connectivity between regions involved with cognitive control and emotional 

evaluation could result in a state where it is harder for an individual to fall asleep and thus result 

in greater sleep latency. 

Females with sleep latency issues have decreased functional connectivity between the 

right DLPFC and right putamen compared to males. The DLPFC and putamen are two distinct 

brain regions involved with motor learning and disturbance (T. Wu et al., 2009; Wymbs, Bassett, 

Mucha, Porter, & Grafton, 2012). One sleep disorder is restless leg syndrome, it has a reported 

prevalence of 4-29% in the general population with a female predominance (Manconi et al., 
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2012). The putamen and DLPFC are brain regions involved with restless leg syndrome 

(Margariti et al., 2012). It could be interpreted that the altered connectivity between the right 

DLPFC and right putamen in females who experience greater sleep latency may be due to the 

increased risk of certain sleep disorders, resulting in experiences of more motor disturbances 

compared to males.   

 

Section B: CAN-BIND1 and CAN-BIND4 

B1.5.4.1 NEO-FFI by CECA 

Neuroticism 

Individuals high on the neuroticism dimension who experienced severe childhood 

maltreatment and bullying exhibit altered functional connectivity with the right amygdala and the 

left precuneus and right frontal operculum respectively.  

Past research has shown that neuroticism is associated with a decreased functional 

connectivity relationship with the right amygdala and right precuneus (Pang et al., 2016). This 

decreased inter-network functional connectivity between the right amygdala seed in the meso-

paralimbic network and a major hub in the DMN could highlight the influences of the amygdala 

on modulation of self-referential processes in neurotic individuals. The severe maltreatment 

variable encompasses other markers of ELS including sexual abuse. We found that neurotic 

individuals who experienced sexual abuse exhibit increased functional connectivity between the 

right amygdala and the left middle frontal gyrus. Our finding is also paralleled in neurotic 

individuals in the above study (Pang et al., 2016). This increased inter-network connectivity 

between the right amygdala seed in the meso-paralimbic network and the middle frontal gyrus of 

the fronto-parietal network may illustrate an aberrant ability of the middle frontal gyrus in 
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regulating emotional processes in complex scenarios in neurotic individuals (John, Bullock, 

Zikopoulos, & Barbas, 2013; Phelps, 2006). Evidence has shown that there is decreased 

functional connectivity between the limbic regions such as the amygdala in adults who 

experienced childhood maltreatment (Hart & Rubia, 2012; van der Werff et al., 2013). Further it 

has been found that individuals who experienced childhood maltreatment exhibit increased 

functional connectivity with the amygdala and DLPFC (Jedd et al., 2015). We did not find any 

altered functional connectivity when we assessed the neuroticism dimension alone. Our findings 

suggest that this relationship of altered limbic functional connectivity with the precuneus and the 

middle frontal gyrus in neurotic individuals is moderated by the presence of severe childhood 

maltreatment. 

We found that neurotic individuals who experienced severe childhood bullying have 

increased functional connectivity between the right amygdala and right frontal operculum, which 

lies as a “lid” on top of the insular cortex. In unmedicated depressed patients who score high on 

the neuroticism dimension present with increased activation in the frontal operculum (Fournier et 

al., 2017). Individuals with generalized anxiety disorder (GAD) have increased functional 

connectivity between the right amygdala and ventrolateral PFC (Makovac et al., 2016). One 

major risk factor for the development of MDD and GAD is the experience of peer bullying in 

childhood (Copeland, Wolke, Angold, & Costello, 2013; Kaltiala-Heino, Rimpelä, Rantanen, & 

Rimpelä, 2000; van Oort, Lord, Ormel, Verhulst, & Huizink, 2011). Neuroticism has been found 

to be a mediator of anxiety and depression with a proposed mechanism through rumination 

(Muris, Roelofs, Rassin, Franken, & Mayer, 2005; Roelofs, Huibers, Peeters, & Arntz, 2008) and 

rumination is associated with increased co-activation of amygdala and insular regions (Cooney, 

Joormann, Eugène, Dennis, & Gotlib, 2010). The altered connectivity observed in neurotic 
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individuals who experienced severe childhood bullying may be an intermediary biomarker for 

the risk of developing affective disorders such as MDD and GAD. 

Openness to Experience 

Openness to experience is a personality dimension characterized by curiosity, creativity, 

interest and eagerness to experiences new experiences (McCrae & Costa, 2004) and is the only 

Big Five trait to be consistently and positively associated with intelligence (DeYoung, Peterson, 

& Higgins, 2005). We found that those high on this dimension exhibit altered functional 

connectivity with the amygdala and the right middle/inferior temporal gyrus and right precentral 

gyrus in the presence of severe childhood maltreatment and bullying.  

Research from the structural neuroimaging literature finds that openness to experience is 

inversely correlated with cortical thickness and volume in the inferior temporal gyrus (Vartanian 

et al., 2018). Recent studies have found that the temporal lobe is involved in creative insight (W. 

Shen, Yuan, Liu, & Luo, 2017). In particular, the ability to creatively generate ideas involves 

distinct brain regions including the inferior temporal gyrus (Perchtold et al., 2018) and artistic 

creativity with the left amygdala (Schlegel et al., 2015) – all components that may contribute to 

an individual who is high on the openness to experience dimension. Interestingly, openness to 

experience has been found to mediate the effects of childhood abuse on negative life events. The 

proposed mechanism can be explained by the “Biological Sensitivity to Context Theory” in that 

those who experience ELS may result in stress sensitization where that individual is more likely 

to be reactive to all life events – both positive and negative (Ellis, Essex, & Boyce, 2005). We 

found that individuals high on the openness to experiences dimension and experienced severe 

childhood maltreatment have decreased functional connectivity between the left amygdala and 

right middle/inferior temporal gyrus. In response to fearful and arousing stimuli there is greater 
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co-activation in the amygdala and inferior temporal gyri which is suggested to play a role in 

motivation and directing attention to perceptual processing (Sabatinelli, Bradley, Fitzsimmons, 

& Lang, 2005). A possible mechanism is that experience of severe childhood maltreatment may 

dampen this response to fearful stimuli to facilitate an individual to be more open to experiences 

– both positive and negative.  

Individuals who are high on the openness to experiences dimension and experienced 

severe childhood bullying have decreased functional connectivity between the right amygdala 

and right precentral gyrus. This altered inter-network connectivity between a seed in the meso-

paralimbic network and a large hub in the sensorimotor network may suggest that there is 

attenuated processing of emotional input and interoceptive awareness and subsequently 

preparedness to perform and coordinate tasks compared to those who did not experience severe 

childhood bullying. 

Conscientiousness 

We found that individuals who are conscientious and experienced severe childhood 

bullying have increased inter-network functional connectivity with the left amygdala of the 

meso-paralimbic network and the right postcentral gyrus of the sensorimotor network. 

Interestingly, neurotic individuals tend to exhibit greater connectivity between the amygdala and 

postcentral gyrus (Brück, Kreifelts, Kaza, Lotze, & Wildgruber, 2011). Emerging evidence has 

shown that individuals who are high on the neuroticism and simultaneously high on the 

conscientious dimension have lower levels of circulating cytokine IL-6 and subsequently may 

explain why these individuals have lower comorbid conditions such as obesity and chronic 

inflammation (Turiano, Mroczek, Moynihan, & Chapman, 2013). The researchers postulated that 

this combination may be adaptive since these individuals tend to be high-functioning, very 
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organized, goal oriented and reflective (Turiano et al., 2013). This “healthy neuroticism” may 

provide the necessary self-discipline that reduces unhealthy neurotic behaviours and in contrast 

are hyper-vigilant about their lifestyle (H. S. Friedman, 2000). Through the biological sensitivity 

to context theory (Ellis et al., 2005), conscientious individuals who experienced severe bullying 

exhibit this neurotic like neural correlate profile as an adaptive mechanism and may potentially 

be illustrative of a resilient phenotype. In contrast, the opposite relationship is seen in our CAN-

BIND3 cohort, where individuals who are conscientious and experienced psychological abuse 

have decreased functional connectivity between the amygdala and postcentral gyrus suggesting 

that the type of maltreatment may play an important role. 

 

B2.5.4.1 PSQI by CECA 

Duration 

Individuals who have worsening scores of sleep duration and experienced severe 

childhood maltreatment exhibit decreased intra-network functional connectivity between the 

right insula and right putamen in the salience network compared to those who did not experience 

severe childhood maltreatment. When we investigated the contributory effects of physical abuse 

and emotional neglect, we also found that they exhibited this altered functional connectivity 

between the right insula and right putamen. The putamen is a part of a group nuclei located at the 

base of the forebrain that constitute the basal ganglia. The basal ganglia acts as a cohesive unit to 

regulate motor function, habit formation, reward and addictive behaviours as well as maintaining 

wakefulness and the suppression of sleep to complete those fundamental tasks (Lazarus, Chen, 

Urade, & Huang, 2013). There is decreased functional connectivity between the insula and the 

putamen in adults who experienced childhood maltreatment (van der Werff et al., 2013) and 
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emotional neglect in particular significantly predicts insomnia symptoms (Hamilton, Brindle, 

Alloy, & Liu, 2018). This altered functional connectivity was not observed with poor sleep 

duration alone, so it may potentially mediate the effects of childhood maltreatment and result in 

decreased intra-salience network functional connectivity.  

Individuals who have poor sleep duration and experienced severe childhood bullying and 

parental discord exhibit altered functional connectivity with the DLPFC in the fronto-parietal 

network and other distinct brain regions. From the diffusion tensor imaging literature, it has been 

found that resistance to sleep deprivation is associated with microstructural properties of the 

superior longitudinal fasciculus – a white matter tract connecting the fronto-parietal regions (Cui 

et al., 2015). Further it has been found that sleep deprivation and sleep deficits are associated 

with decreased metabolic demands in the frontal lobe (J. C. Wu et al., 2006). The decrease in 

intra-network functional connectivity with the left DLPFC and the right frontal pole parallel the 

structural and positron emission tomography studies. In a sleep deprived state, the anti-correlated 

reciprocal inhibition of the fronto-parietal network and DMN is perturbed and activation in 

fronto-parietal regions is reduced (Krause et al., 2017). Individuals who experience severe 

childhood bullying may be at a greater risk for the altered neural correlates seen in the fronto-

parietal network as a consequence of poor sleep duration. 

Total PSQI Score 

Higher PSQI scores indicate overall worse sleep quality. Those with worsening PSQI 

scores and who experienced severe childhood bullying and severe parental discord exhibit 

altered functional connectivity with the PCC and the right superior/middle frontal gyrus – 

indicative of altered intra-network functional connectivity. Instability of the DMN has been 

implicated in attentional impairment with sleep deprivation. In particular, the inability to 



 206 

“disengage” midline and anterior and posterior cortical regions in both selective and sustained 

task performances (Czisch, 2012; Tomasi et al., 2009). The individuals with overall poor sleep 

quality and who experienced severe childhood bullying exhibit increased intra-network 

connectivity with the PCC and the right superior/middle gyrus which may be indicative of the 

DMN’s inability to disengage. This may be a mechanism for neural correlates of severe 

childhood bullying and its effect on later poor sleep quality.  

Interestingly, those with poor sleep quality and sleep disturbance who experienced severe 

childhood parental discord exhibit the opposite relationship where there is decreased intra-

network functional connectivity between the PCC and right superior/middle frontal gyrus. 

Recent work has proposed that the DMN may have two subdivisions – the dorsal DMN which is 

involved in introspective, self-oriented processes and a ventral DMN which is engaged in 

decision making and more complex processes requiring higher cognitive functions (Andrews-

Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010). The regions with reduced functional 

connectivity in our sample are in the dorsal DMN where this relationship has been associated 

with impairments of basic cognitive function in those with sleep deprivation (W.H. Chen et al., 

2018). The experience of severe parental discord and the later development of poor sleep may 

result in these individuals exhibiting neural correlates that put them at risk for impaired 

cognition.   
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Section C: CAN-BIND3  

C1.5.4.1 NEO-FFI by Trauma Questionnaire 

Neuroticism 

When we assessed for the effects of psychological bullying on the neuroticism 

personality dimension in the CAN-BIND3 cohort, we found it paralleled the findings in section 

B. There is altered functional connectivity between the limbic regions, the amygdala, and more 

fronto-cortical regions, the prefrontal cortex. In particular we found that neurotic individuals who 

experienced psychological bullying exhibited increased functional connectivity between the left 

DLPFC of the fronto-parietal network and the left amygdala, and the left amygdala of the meso-

paralimbic network and the left middle frontal gyrus. The effects of psychological bullying may 

impact the increased inter-network connectivity between core regions of the meso-paralimbic 

network and fronto-parietal network and may result in an aberrant ability of the fronto-cortical 

regions to regulate limbic regions to processes complex emotional scenarios in neurotic 

individuals (John et al., 2013; Phelps, 2006). 

Conscientiousness 

Conscientiousness is a personality trait that embodies the desire of an individual to do a 

task well, be efficient and organized. They exhibit a tendency to show self-discipline, planned 

rather than spontaneous behaviour and are generally dependable (Thompson, 2008). We found 

that individuals who are high on the conscientiousness dimension and experienced emotional 

neglect exhibit decreased functional connectivity between the right amygdala and the left lateral 

occipital cortex. Typically, emotional abuse and neglect are negatively associated with 

conscientiousness, since this trait is usually associated with emotional stability (Lee & Song, 

2017). Individuals with social anxiety and a history of emotional maltreatment exhibit decreased 
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functional connectivity with the right amygdala and left lateral occipital cortex (Pannekoek et al., 

2013). It has been found that conscientiousness partially protects withdrawn adolescents from 

increased risk of emotional difficulties (K. A. Smith, Barstead, & Rubin, 2016). The experience 

of emotional neglect and the presence of altered functional connectivity between the amygdala 

and lateral occipital cortex may be working antagonistically to the typically protective 

personality trait of conscientiousness. These individuals may be at greater risk for the 

development of anxiety disorders compared to their conscientious counterparts who have not 

experienced emotional neglect.   

 

C2.5.4.1 PSQI by Trauma Questionnaire 

Day Disturbance 

Increasing effects of day disturbance due to poor sleep quality in those who experienced 

childhood physical bullying have decreased functional connectivity between the right DLPFC 

and left superior parietal lobule, the middle frontal gyrus and the left superior frontal gyrus 

compared to those who did not experience physical bullying. The decreased connectivity 

between the left DLPFC seed of the fronto-parietal network and the right frontal pole may 

provide evidence for intrusions of the DMN during task engagement (Krause et al., 2017). The 

behavioural outcome would likely be impaired attention and working-memory performance 

(Krause et al., 2017). This altered connectivity was not present when we analyzed day 

disturbance itself. The effects of physical bullying could potentially moderate the effects of 

fronto-parietal network dampening and subsequently the effects of day disturbance due to poor 

sleep quality. 
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Latency  

Individuals with increasing sleep latency and who experienced psychological bullying 

have increased functional connectivity between the right amygdala and right superior temporal 

gyrus. This altered functional connectivity is also observed with individuals with overall poor 

sleep quality and who experience psychological bullying. The superior temporal gyrus is an 

important structure in the pathway from the amygdala to the prefrontal cortex involved in social 

cognition processes (Bigler et al., 2007). It has been proposed that sleep and social processes are 

bi-directional – how well an individual sleeps affects how an individual interacts with the social 

world and how an individual interacts with the social world affects an individual’s sleep quality 

(Gordon, Mendes, & Prather, 2017). Psychological bullying may alter the functional connectivity 

seen between the amygdala and superior temporal gyrus – a crucial functional and structural 

pathway in social and cognitive processes (Iidaka, Miyakoshi, Harada, & Nakai, 2012) and 

subsequently affect sleep latency and overall sleep quality. This relationship may be bidirectional 

where increasing sleep latency and overall poor sleep quality will reinforce this altered 

functional connectivity.  

 

5.4.2 Limitations 

Sample Characteristics 

One of the major limitations of our study is despite the large age range of 12-65, the 

average is 28.24±12.22 years. We investigated the effects of age both as a continuous variable as 

well as categorical by creating age bins. We found significant differences in all six of the major 

resting-state networks with our a priori selected seeds through SBA. However, since our average 

age is skewed towards younger adults, we cannot conclude that our findings are generalizable to 
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the full age range. For example, we found adults 50 and over exhibited stronger intra-network 

functional connectivity in the DMN and sensorimotor network. However this is in contrast with 

our past work that suggests functional connectivity exhibits an inverse U-shape with age (Mak et 

al., 2017). Future studies should ensure that the average age is not as skewed in order to 

represent the true age range.   

We investigated if there are sex differences present between males and females. 

However, we did not control for the natural hormonal variation present in cycling females and 

differences in baseline sex hormones. Sex hormones act throughout the entire brain of both 

males and females via both genomic and nongenomic receptors. Sex hormones can act through 

many cellular and molecular processes that alter structure and function of neural systems and 

influence behavior as well as providing neuroprotection (McEwen & Milner, 2017). Future 

studies should take into account the broader scope of sex differences as it has to do with 

biological markers.  

Site Differences 

In the last decade, research has moved towards large multi-site networks that foster 

greater sample sizes and facilitate collaborative work. With this innovative approach comes with 

certain limitations that must be taken into account. For the three CAN-BIND cohorts included 

our study, of the 8 sites there were a total of 6 different scanners. Variation in scanner 

performance will lead to variation in activation patterns which ultimately call into question the 

validity of the results (L. Friedman, Glover, Fbirn Consortium, 2006).  

The CAN-BIND consortium took necessary measures based on previous multi-site fMRI 

studies in order to reduce scanner-scanner variability (Fonov et al., 2010; L. Friedman et al., 

2006; L. Friedman & Glover, 2006; L. Friedman et al., 2008). Prior to the initiation of the 
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studies, a human phantom and expert visited each site to identify scanning issues and acquire 

data. T1 data at sites that did not have a GE Discovery 750 scanner were matched by acquiring 

multiple flip-angle/inversions (TI) values and identifying those that gave a contrast-to-noise ratio 

that was most similar. Throughout the CAN-BIND1 data collection, all sites obtained monthly 

scans of two geometric phantoms to facilitate scanner calibration and long-term troubleshooting. 

The phantoms were a spherical agar phantom developed by the functional imaging biomedical 

informatics research network (fBIRN) consortium and a custom-built cylindrical model using 

plastic LEGO blocks (Fonov et al., 2010; L. Friedman & Glover, 2006). Phantom scans were not 

collected at Sunnybrook hospital, the second site for CAN-BIND3. 

The neuroimaging platform for CAN-BIND1 is still in the process of investigating the 

site related effects on BOLD signal variation. At the time of this chapter, findings have not yet 

been published. Despite measures taken to reduce between site scanner variation, we cannot 

confidently state that the effects absolutely did not affect the activation patterns discussed in the 

results section. Future research will continue to utilize multi-site collaborative network 

consortiums. Methodology research must continually be done to investigate approaches that will 

minimize multi-site effects.  

Study Design 

Our study investigated the effects of ELS and sex on current personality dimensions and 

sleep quality. Despite the use of well-validated measures, our study was still cross-sectional in 

nature. Our results found that ELS and sex may potentially moderate personality dimensions and 

sleep quality on their effects on resting-state networks of interest. For example, we found that 

sexual abuse and psychological bullying result in findings of increased functional connectivity 

between the amygdala and middle frontal gyrus, however this relationship was not observed 
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when we looked at neuroticism as a covariate itself. Further, we found that experiences of severe 

bullying and severe parental discord in childhood had the opposite effects of functional 

connectivity between the PCC and right superior/middle frontal gyrus in those who experienced 

overall poor sleep quality. However, this relationship was not present when we looked at overall 

sleep quality as a covariate itself. Despite these findings offering interesting insight into the 

effects of sex and ELS on potential neural correlates, we cannot conclude causality or 

directionality. We cannot not conclude if altered neural correlates present in some individuals 

that they will make them more susceptible to the effects of ELS or sex on personality dimensions 

or sleep quality. In contrast, we also cannot conclude if ELS or sex impact neural correlates that 

will subsequently effect personality dimensions or sleep quality. Lastly, we cannot comment on 

any potential dynamic interactions these factors may have over time. Longitudinal studies are 

needed to fully characterize and illustrate the effects of ELS, sex and the effects of aging on a 

“normal” non-pathologic individual.  

 

5.4.3 Future Directions 

Socioeconomic Status 

We did not assess whether factors influencing socioeconomic status (SES) impact 

resting-state functional connectivity. For example, it has been found that higher household 

incomes are associated with greater intra-network functional connectivity within the DMN (X. 

Shen et al., 2018). A recent study of 100 youths (6-17 years) investigated the effects of 

socioeconomic disadvantage which they defined via annual household income and community 

factors to indicate community “distress” including population without a degree, housing 

vacancy, adults not working, poverty, mean income relative to state, change in employment and 
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business establishments (N. A. Marshall et al., 2018). It was found that greater socioeconomic 

disadvantage was associated with reduced functional connectivity between the ventral striatum 

and the anterior regions of the medial prefrontal cortex (MPFC). Lower ventral striatum-MPFC 

functional connectivity was also associated with higher self-reported anxiety symptoms and the 

resting-state functional connectivity mediated the effects of socioeconomic disadvantage on 

anxiety symptoms (N. A. Marshall et al., 2018). However, many of these studies do not take into 

account the role of childhood maltreatment. It has been found that low SES increases the odds of 

being a victim of bullying (Tippett & Wolke, 2014). Our study found that neurotic individuals 

who experienced bullying – both psychological and physical results in increased functional 

connectivity with the amygdala and prefrontal cortex. This pattern is also seen in anxious adults 

(Gold et al., 2016). It would be interesting to examine the potential interacting effects of SES and 

ELS on outcomes later in life such as personality and sleep quality and subsequently on neural 

correlates.  

Gene by Environment Interactions 

 As discussed in Chapter 3, there is strong evidence that sleep has genetic control and 

environmental factors will impact sleep duration and intensity (Sehgal & Mignot, 2011). Further, 

personality and genetic links have a long history with two seminal articles showing an 

association between novelty seeking as measured by the tridimensional personality questionnaire 

with the dopamine D4 receptor exon III (Benjamin et al., 1996; Ebstein et al., 1996). Subsequent 

work also showed an association with the 5-HHTLPR polymorphism deletion with neuroticism 

as measured by the NEO-PI-R (Lesch et al., 1996). Future studies should investigate the role of 

gene-environment interactions such as polymorphisms of interest and ELS on neural correlates.  
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Neuroimaging Modalities 

Future work should include multi-modal techniques in addition to resting-state data. This 

includes structural data such as DTI, cortical thickness and volumetric analysis. As well as other 

techniques of resting state data including independent component analysis, regional homogeneity 

and functional connectivity dynamic modeling. Further emerging techniques that combine pre-

existing modalities to further add to understanding of functional connectivity. Assessing the 

directionality of “signaling” across distinct brain regions is essential to further understand 

disease states and normal connectivity. Metabolic connectivity mapping integrates undirected 

functional connectivity from fMRI and effective connectivity from positron emission 

tomography (PET) to propose directionality. This method operates under the assumption that 

neuronal energy consumption is predominantly consumed postsynaptically (Riedl et al. 2016). 

Together, the differing techniques will be able to provide a more holistic characterization of the 

effects of ELS, sex, personality dimensions and sleep quality on neural correlates.  

Stressor Characteristics 

 In our study we assessed the presence of ELS and various types from 18 years of age and 

under. We did not assess whether timing of stressor had any effects on neural correlates, sleep 

quality of personality dimensions. It has been found that brain regions affected by ELS like 

sexual abuse depend on timing of the stressor. Females who experience sexual abuse between 3-

5 years have smaller hippocampal volumes (Teicher et al., 2006) compared to if they 

experienced it between 9-14 years where dysfunctions are seen in the corpus callosum and 

prefrontal cortex (Andersen et al., 2008). Future work should assess timing and type of stressor 

to better characterize its effects.  
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We have been focusing on the effects of ELS during on individuals from birth to 18 years 

of age. The effects of ELS in this period both in preclinical models and in humans has been 

extensively researched. The in utero environment and later effects on neural correlates of 

offspring is an emerging field. However, the in utero environment and its effect on health 

outcomes in offspring is well established. Maternal health such as gestational diabetes (Simeoni 

& Barker, 2009) and preeclampsia (Fraser, Nelson, Macdonald-Wallis, Sattar, & Lawlor, 2013; 

Figueiró-Filho, Mak, Reynolds, Stroman, Smith et al., 2017) and ingestion of drugs such as 

alcohol (Rangmar et al., 2015) all have been shown to have consequences on offspring later in 

life. In the following chapter, we discuss the effects of maternal pre-eclampsia – a pregnancy 

complication characterized by high blood pressure on resting-state functional connectivity in 

their offspring at 7-10 years of age (Mak et al., 2018).  
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6.1 Abstract 

Background: Individuals (PE-F1s) born from preeclampsia (PE)-complicated 

pregnancies have elevated risks for cognitive impairment. Intervals of disturbed maternal plasma 

angiokines precede clinical signs of PE. We hypothesized pan-blastocyst dysregulation of 

angiokines that predicts altered PE-F1 brain vascular and neurological development. This could 

alter brain functional connectivity (FC) patterns. Materials and Methods: Resting-state 

functional MRI datasets of ten, matched child pairs (5 boys and 5 girls aged 7-10 years of age) 

from PE or control pregnancies were available for study. Seed-based analysis and independent 

component analysis (ICA) methodologies were used to assess whether differences in resting-

state functional connectivity (rs-FC) were present between PE-F1s and controls.  Bilateral 

amygdala, bilateral hippocampus, and medial prefrontal cortex (MPFC) were selected as regions 

of interest (ROI) for the seed-based analysis based on previous imaging differences that we 

reported in this set of children. Results: Compared to controls, PE-F1 children had increased rs-

FC between the right amygdala and left frontal pole, the left amygdala and bilateral frontal pole, 

and the MPFC and precuneus. PE-F1 children additionally had decreased rs-FC between the 

MPFC and the left occipital fusiform gyrus compared to controls. Conclusion: These are the 

first reported rs-FC data for PE-F1sof any age. They suggest that PE alters FC during human 

fetal brain development. Altered FC may contribute to the behavioural and neurological 

alterations reported in PE-F1s. Longitudinal MRI studies with larger sample sizes are required to 

confirm these novel findings. 
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6.2 Introduction 

Preeclampsia (PE) is an acute, hypertensive, emergency syndrome of human pregnancy 

that occurs at a frequency of 2-8% of all gestations (Roberts et al., 2013). PE presents as 

hypertension with systemic vascular inflammation between mid-pregnancy and term 

(Karumanchi & Granger, 2016; van Oostwaard et al., 2015). The current leading hypothesis to 

explain the pathophysiology of PE is that there are progressive deficits in extraplacental 

angiogenesis and maternal vascular remodelling that result in placental stress, hypoxic responses, 

and subsequently systemic maternal vascular inflammation(Torry, Wang, Wang, Caudle, & 

Torry, 1998). 

Imbalances in soluble angiokines and their receptors that are predominantly products of 

the placenta (Verdonk et al., 2015), are commonly identified in maternal plasma well before 

onset of clinical signs (Cetin et al., 2016; Zeisler et al., 2016). Vascular endothelial growth factor 

(VEGF) and its related family member placental growth factor (PGF) are highly expressed at 

predictable times over pregnancy (Carmeliet et al., 1996; Sundrani et al., 2013). In normal 

pregnancies, amniotic fluid concentrations of VEGF and PGF increase during mid-pregnancy 

and are positively correlated with birthweight (Kalampokas et al., 2012; Papapostolou et al., 

2013). In contrast, reduced PGF levels during pregnancy may represent persistent effects on 

offspring’s vascular structures (Gishti et al., 2015). 

We posit that the progressive dysregulation of angiokines associated with the pathogenic 

development of PE reflects gene dysregulation not only in placenta but also in all developing 

fetal tissues and organs (Dang, Croy, Stroman, & Figueiró-Filho, 2016). Placentally-derived 

angiokines are deviated in women who progress to PE. They are also established prior to 

blastocyst formation and are as equally expressed in the tissue derivatives of the inner cell mass  
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(Brennan, Morton, & Davidge, 2014; Carmeliet et al., 1996; Lambert-Messerlian et al., 2014; 

Staff et al., 2013; Torry et al., 1998) as in the placenta. 

This hypothesis predicts that fetal cerebrovascular and brain development are altered 

(Dang et al., 2016) during what is classically considered a placental-induced and associated 

disease. Mouse studies suggest the normal gestational roles of PGF are to optimize vascular 

development within the decidua basalis and to sustain normal maternal cardiac function in late 

gestation (Aasa et al., 2015; Rätsep, Carmeliet, Adams, & Croy, 2014). Our laboratory identified 

reduced and aberrant vascular branching in the decidua basalis during early pregnancy (6.5-9.5d) 

(Rätsep et al., 2014) in PGF null mice (PGF-/-), and enlarged labyrinthine vascular spaces in late 

placentas (GD 15.5-18.5). The latter finding was interpreted as a negative feature resulting from 

reduced vascular branching into capillaries in the placental exchange region (Rätsep et al., 2014). 

In mice, by 10.5 days of pregnancy, PGF-/- animals show altered fetal brain vascular 

development (10.5d) (Rätsep et al., 2014) and the earliest deviations are in vessels of the 

hindbrain, the development of the circle of Willis and the growing vascular plexus of the retina 

in the early postpartum interval (Luna et al., 2016; Rätsep et al., 2015). These vascular 

alterations include deficient collateral branching, atypical crossovers and narrower lumens and 

these deviations persist into adulthood. Vascular alterations may underlie these neurological 

tissue changes or they may be due to absence of PGF in neurons themselves (Luna et al., 2016). 

PGF has been studied as a  member in the cytokine network of Wallerian Degeneration 

(Chaballe, Close, et al., 2011) and after injury, PGF-/- mice have demonstrated poorer functional 

recovery represented by decreased Schwann cell proliferation and less macrophage invasion than 

matched inbred controls (Chaballe, Close, et al., 2011). 
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The neural tube formation  in fetal human brain begins at early pregnancy (GA 3-4 w) 

(Tau & Peterson, 2010). The rostral portion of neural tube differentiates into three vesicles that 

eventually form the forebrain, midbrain and hindbrain (Tau & Peterson, 2010), following its 

closure. During early human pregnancy (18days) the fetal cerebral vasculature is formed by six 

pairs of brachial arches, each containing primitive branchial arch arteries (Menshawi, Mohr, & 

Gutierrez, 2015) and the internal carotid arteries are formed with 24 days. At 28 days, each 

internal carotid artery splits into anterior and posterior divisions, driven by the formation of the 

brain stem and occipital lobe (Kathuria, Gregg, Chen, & Gandhi, 2011; Menshawi et al., 2015).  

Once the main branches of the cerebral arterial tree have formed, the fetal brain utilizes this 

blood supply to grow rapidly. Neurons begin to migrate along glial cell scaffolds and the brain 

folds into gyri and sulci (Lenroot & Giedd, 2006). 

In circumstances of maternal stress and uteroplacental nutrient deprivation, human fetal 

brain development takes priority over other tissues, with evidence of head sparing effects (Baker 

et al., 2010). In humans, lower second trimester maternal PGF levels were associated with 

offspring narrower retinal arteriolar calibre at the age of 6, suggesting that PGF lower levels 

affect fetal microvascular development. This association was not explained by mother’s or 

offspring’s sociodemographic or lifestyle characteristics, type of birth or childhood blood 

pressure and body mass index (Gishti et al., 2015). 

Offspring of mothers who developed preeclampsia (PE-F1s) differ from offspring of 

typical pregnancies. Behavioural and neurological effects reported in offspring of hypertensive 

pregnancies that included PE are problematic temperaments at 12 months of age (Robinson et al., 

2013) and lower social cognition at 18 months of age (Wade & Jenkins, 2016). Deficits in 

cognitive functioning test outcomes are reported for PE-F1s between 3-68 years of age 
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(Ehrenstein, Rothman, Pedersen, Hatch, & Sørensen, 2009; Tuovinen et al., 2013; Warshafsky et 

al., 2016). The domains of PE-related deviations include reduced arithmetic reasoning 

(Tuovinen, Räikkönen, Kajantie, Henriksson, et al., 2012; Tuovinen, Räikkönen, Kajantie, 

Leskinen, et al., 2012), lower IQ scores (Heikura et al., 2013; van Wassenaer et al., 2011), and 

reduced verbal and non-verbal abilities (Morsing & Maršál, 2014; Whitehouse, Robinson, 

Newnham, & Pennell, 2012). Depression and more rapid loss of cognitive functions are also 

reported in elderly PE-F1s (Tuovinen et al., 2010; Tuovinen, Räikkönen, Pesonen, et al., 2012) 

We undertook a pilot cohort study to assess whether clinical cognitive function test 

outcomes, eye movement control test outcomes, and brain magnetic resonance imaging (MRI) 

differ between well matched PE-F1s and typical 7-10 year old children (Rätsep, Hickman, et al., 

2016; Rätsep, Paolozza, et al., 2016). Our pilot study identified cognitive testing and eye 

movement control differences between the study groups (Rätsep, Hickman, et al., 2016). Initial 

volumetric analyses of brain MRI anatomical scans from the same study participants identified 

five regions of anatomic enlargement in PE-F1s (left amygdala, right amygdala, cerebellum, 

temporal lobe, and brain stem). In addition, reduced vascular radii were identified in the occipital 

and parietal lobes from MR angiography (MRA) datasets collected without sedation or 

administration of contrast medium (Rätsep, Paolozza, et al., 2016). The present paper aimed to 

verify whether there were differences in resting-state functional connectivity (rs-FC) assessed by 

MRI on PE-F1s brains compared to controls. 
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6.3 Materials and Methods 

6.3.1 Participants 

Twenty children (7yr44wk to 10yr36wk) were recruited between July 2014 and February 

2015 from the established Preeclampsia New Emerging Team birth cohort developed at Kingston 

General Hospital between September 2003 and October 2009 (Smith et al., 2009). Half of the 

children experienced PE during their gestation while typical controls, matched for sex (5M/5F), 

gestational and current ages, experienced normal pregnancy. PE was clinically defined using the 

2002 criteria of American College of Obstetricians and Gynecologists (Smith et al., 2009). All 

births were singleton and not complicated by diabetes, pre-existing cardiovascular, or other 

maternal disease. The study was reviewed and approved by the Human Research Ethics Board, 

Queen’s University and Kingston General Hospital. Mean gestational ages at birth were not 

statistically different (PE-F1 37.16; controls 39.47 p=0.055). Lower birth but not current weight 

was the only offspring or maternal difference statistically present between the participant groups 

(PE-F1 2665 vs control 3420 p=0.013). These participants are described in full detail in our 

earlier publications (Rätsep, Paolozza, et al., 2016, Rätsep, Hickman, et al., 2016). 

Over a single half day of study, each participant undertook multiple cognitive function 

tests, eye movement control testing to demonstrate regional brain function, and magnetic 

resonance imaging and angiography (MRI/MRA) protocols that did not employ sedation or 

contrast medium enhancement (Rätsep, Paolozza, et al., 2016). The cognitive, functional and 

initial anatomic and angiographic results have been reported (Rätsep, Hickman, et al., 2016; 

Rätsep, Paolozza, et al., 2016). Here, rs-FC for these same individuals is described. 
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6.3.2 Defining Regions of Interest 

 Resting-state networks are believed to characterize individual differences in intrinsic 

brain function (Fox & Raichle, 2007). The medial prefrontal cortex (MPFC) was chosen as a 

seed because it is a brain region in the resting state default mode network (DMN). The DMN is a 

very robust resting state network and was initially observed as a uniform pattern of deactivation 

across a network of brain regions upon initiation of goal-directed behaviour (Raichle et al., 

2001). Rs-FC is inferred from the temporal correlation of BOLD responses at rest (B. Biswal, 

Yetkin, Haughton, & Hyde, 1995; B. B. Biswal, Van Kylen, & Hyde, 1997; Friston, 2009). The 

DMN consists of the precuneus/posterior cingulate cortex, medial prefrontal cortex (MPFC), and 

medial, lateral and inferior parietal cortices (Greicius, Krasnow, Reiss, & Menon, 2003; Raichle 

et al., 2001). 

 DMN studies led to the belief that this network represents a “default mode” of brain 

function when an individual is awake and alert but not actively engaged in task (Raichle et al., 

2001). Furthermore, dampening of DMN activation upon initiation of a task led to the postulate 

that the DMN is responsible for an introspective, self-referential state (Andrews-Hanna, Reidler, 

Huang, & Buckner, 2010). Evidence also supports DMN mediation of an individual’s thoughts 

and feelings regarding their past, their abilities to form beliefs and to plan for the future 

(Buckner, Andrews-Hanna, & Schacter, 2008; Raichle & Snyder, 2007). 

 Other seed regions of interest (ROIs) for the current analyses (rs-FC) were chosen from 

our previous results and include the right and left amygdala and the right and left hippocampus, 

which are part of the limbic system (Rajmohan & Mohandas, 2007). The limbic system was 

chosen because in our pilot study, PE-F1 children had larger volumes in the right and left 

amygdala (Rätsep, Paolozza, et al., 2016) and an impairment in spatial memory and saccade 
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velocity (Rätsep, Hickman, et al., 2016). The hippocampus was thus chosen due its role in spatial 

memory (Eichenbaum & Cohen, 2014). 

 

6.3.3 Acquisition of Data 

 MR image acquisition was performed on a 3T Magnetom Trio MR scanner (Siemens, 

Erlagen, Germany) with a 12-channel phased array head coil at Queen’s University, Kingston, 

Ontario. The protocol included a 6-minute T2-weighted resting-state fMRI scan was acquired 

using a gradient echo EPI sequence with timing parameters of TR = 2500 ms, TE = 30 ms, and 

flip angle = 83°. Participants were instructed to keep their eyes closed and not fall asleep. Forty 

interleaved slices with a slice thickness of 3 mm were acquired with FOV = 192´192mm², 

acquisition matrix = 64´64, and an in-plane resolution of 3 mm2. Furthermore, T1-weighted 

MPRAGE (magnetization prepared rapid acquisition gradient echo) datasets were acquired using 

TR = 2180ms, TE = 3.45ms, TI = 1100ms, and flip angle = 15° with a slice thickness of 1 mm. 

The FOV was 256´256 mm², acquisition matrix 256´256, and in-plane resolution of 1 mm2. 

 

6.3.4 Pre-Processing of Data 

 Pre-processing of resting state scans was carried out using Statistical Parametric Mapping 

(SPM) 12 (Wellcome Trust Center for Neuroimaging, Department of Imaging Neuroscience, 

London, UK; http://www.fil.ion.ucl.ac.uk/spm) and involved slice timing correction, 

realignment, normalization to Montreal Neurological Institute (MNI) stereotactic space and 

smoothing with an 8 mm FWHM Gaussian kernel. 

 The Artifact Detection Tool (http://www.nitrc.org/projects/artifact_detect) was used to 

detect problematic time points in the time series that may cause spurious correlations in the rs-
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FC analysis caused by head motion. Conservative settings were used for this step and an outlier 

was defined if head displacement in the x, y, or z-axis was greater than 0.5 mm from the 

previous frame or if the mean image intensity differed from the mean image intensity of the 

whole time series by more than three standard deviations. 

 The anatomical T1-weighted MPRAGE image data were also registered to MNI space 

and then segmented into grey matter, white matter and, cerebrospinal fluid (CSF) using SPM 12. 

The CompCor method was used to reduce physiological and other noise artifacts (Behzadi, 

Restom, Liau, & Liu, 2007). In particular, linear regression was used to remove models of 

physiological noise and motion based on each participant’s motion parameters (rotation around 

x-, y-, and z-axis, translation in x-, y-, and z-direction, as well as their first order temporal 

derivatives), their artefactual covariates derived from the ART toolbox, and temporal covariates 

obtained from their white matter and CSF masks. A band-pass filter of 0.008 and 0.09 Hz was 

applied to the BOLD time series, which is the default frequency range in the SPM CONN 

toolbox. The high-pass value was selected to approximate both SPM’s default value (0.0078 Hz) 

and a 2-min value suggested as a standard (0.0083 Hz). The low-pass value approximates the 

frequently reported 0.08 and 0.10 Hz values and SPM’s hemodynamic response function cut-off 

frequency of 0.091 Hz (Newsome et al., 2016). 

 

6.3.5 Seed-Based Analysis 

FC analyses were performed by a seed-driven approach (seed-to-voxel) using the CONN 

toolbox implemented in MatLab (R2016a, The MathWorks, Natick, MA, USA) (Whitfield-

Gabrieli & Nieto-Castanon, 2012). Choice of the seed ROIs used for FC analyses was based upon 

the earlier, reported analyses of these children’s brain function and anatomy (Rätsep, Hickman, et 
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al., 2016; Rätsep, Paolozza, et al., 2016) and identified from the Harvard-Oxford maximum 

likelihood cortical and subcortical atlas. Left and right amygdala left and right hippocampus, and 

the medial prefrontal cortex (MPFC) were selected a priori as seed ROIs.   

Temporal correlations between the identified seeds and each voxel in the brain were 

calculated by computing Pearson’s correlation coefficients producing a beta and T-value 

describing the strength of correlation and effect size. A very conservative height or primary 

threshold of p<0.001 was chosen to prevent the identification of giant groups of suprathreshold 

voxels, which would dramatically reduce the spatial sensitivity of the results (Woo, Krishnan, & 

Wager, 2014). The cluster threshold was set to p-False Discovery Rate (FDR) < 0.05 to control 

for multiple comparisons across the entire brain. This approach detects statistically significant 

clusters based on the number of contiguous voxels whose voxel-wise statistic values lie above a 

pre-determined primary threshold (Carp, 2012; Woo et al., 2014). 

 

6.3.6 Independent Component Analysis  

Group ICA was performed using the GIFT toolbox for MatLab (http://mialab.mrn. 

org/software/gift/index.html). Detailed descriptions of methods used this in this program have 

been published elsewhere (Calhoun, Liu, & Adali, 2009). The minimum description length 

criteria were used to determine 29 independent components. Subject-specific data were reduced 

from 140 to 40 time points and further to 29 independent components using subject-specific 

principle component analysis. Independent components were estimated using the Infomax 

algorithm and repeated in ICASSO 10 times (Himberg, Hyvärinen, & Esposito, 2004). Group-

level spatial and time course maps were subsequently back-constructed via the GIGA method 

and calibrated into Z-scores. The DMN was identified by visual inspection. 
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Spectral characteristics of the identified DMN were examined using the procedure in 

Allen et al. 2011 (Allen et al., 2011).  Dynamic range was estimated as the difference between 

the peak spectral power and the minimum spectral power at frequencies to the right of the peak. 

The power ratio between low and high-frequency power was below 0.10 Hz to the integral power 

of power between 0.15 and 0.25 Hz. This was used to ensure that networks analyzed were 

dominated by low-frequency BOLD fluctuations in the 0.01-0.1 Hz range. 

Statistical analysis was completed with SPM12 using the subject-specific Z-maps of the 

DMN. Two-sample t-tests were performed on the one component to compare connectivity 

between PE-F1s and controls. A p-value of <0.05 (family-wise error, FWE) was considered 

significant. 

 

6.4 Results 

PE-F1 children had altered rs-FC compared to controls for the left and right amygdala, 

and medial prefrontal cortex. No significant differences were found when the left or right 

hippocampus was used as the seed (table 1). More precisely, PE-F1children had higher 

connectivity between the left amygdala and bilateral frontal pole (p-FDR=0.00007) (figure 1a), 

the right amygdala and the left frontal pole (p-FDR=0.0258) (figure 1b) and between the medial 

prefrontal cortex and precuneus (p-FDR=0.00862) compared to children from typical control 

pregnancies (figure 1c). Furthermore, PE-F1s showed decreased connectivity between the medial 

prefrontal cortex and the left occipital fusiform gyrus (p-FDR=0.00901) (figure 3). There were 

no significant differences in rs-FC between PE-F1 when using ICA. 
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6.5. Discussion 

Research in resting-state fMRI in typical children demonstrate that the brain undergoes a 

period of neurocognitive development over the first 6-7 years of life (de Bie et al., 2012). Gains 

occur in higher order cognitive functions such as goal-directed behaviour, encoding and 

retrieving of stored information (retrieval memory), and executive control of attention (de Bie et 

al., 2012). Pre-eclampsia is a common pregnancy disorder with a prevalence of 2-8% and studies 

comparing a wide age range of individuals whose pregnancies were or were not complicated by 

maternal PE have identified cognitive functional impairments as an intergenerational legacy 

(Heikura et al., 2013; Morsing & Maršál, 2014; Rätsep, Hickman, et al., 2016; Tuovinen et al., 

2013; Tuovinen, Eriksson, Kajantie, & Räikkönen, 2014; Tuovinen, Räikkönen, Kajantie, 

Henriksson, et al., 2012; Tuovinen, Räikkönen, Kajantie, Leskinen, et al., 2012; Tuovinen, 

Räikkönen, Pesonen, et al., 2012; van Wassenaer et al., 2011; Whitehouse et al., 2012). The PE-

exposed children analyzed in this report, were previously shown to have delayed memory recall, 

and poorer executive function control (Rätsep, Hickman, et al., 2016). 

The resting-state analyses of PE-F1 participants found altered functional connectivity 

compared to control children, in areas dedicated to social cognition and social interactions. The 

regions, collectively called “the social brain”, include the posterior superior temporal sulcus, the 

temporo-parietal junction, the amygdala, the temporal pole, and the MPFC (Burns, 2006; Frith, 

2007). PE-F1s have increased connectivity between the right amygdala and the left frontal pole 

and between the left amygdala and bilateral frontal pole (figures 1 and 2). The role of the 

amygdala within the “social brain” is attaching emotional value to faces, enabling the recognition 

of expressions such as trustworthiness and fear (Frith, 2007). Further, increased connectivity of 

the amygdala has been described by others in brain circuits that promote adaptive recovery from 
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a stressful event and consolidate important information in preparing to future challenges (Veer et 

al., 2011). The independent memory and recall memory cognitive tests done with our study 

participants involved facial recognition (Paolozza et al., 2014). Poor performance in these tasks 

by PE-F1s may be attributed to altered connectivity and subsequent functioning in brain regions 

of the social brain. Alignment of volumetric and resting-state findings adds strength to our 

conclusions from the initial behavioural results. 

The frontal pole, is associated with cognition functions and its connections are thought to 

be related to goal-generating processes (Tsujimoto, Genovesio, & Wise, 2011). The increased 

connectivity between the bilateral amygdala and the frontal pole is of great interest since this 

alteration has been reported in pathological conditions. For example, in adolescents with 

generalized anxiety disorder, anxiety symptom severity correlates positively with increased rs-

FC between the amygdala and the superior frontal gyrus, the most rostral part of the frontal pole 

(Roy et al., 2013). 

The precuneus is involved with empathic judgments and attributions of emotions towards 

self and others (Cavanna & Trimble, 2006). Alterations within the DMN and between the DMN 

regions and other brain regions are associated with pathological states. For example, individuals 

with schizophrenia exhibit greater rs-FC between the MPFC and the precuneus than controls 

(Whitfield-Gabrieli et al., 2009). Schizophrenia has been postulated to be a disorder of functional 

and structural connectivity of the “social brain” (Burns, 2006). Increased connectivity between 

the MPFC and precuneus may predict altered empathetic emotions in PE-F1’s or an increased 

risk for schizophrenia, which has not been investigated in individuals with this birth history. 

Patients with adolescent bipolar disorder exhibit decreased activation in the prefrontal 

cortex and fusiform gyrus in response to happy or angry faces compared to controls (Pavuluri, 
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O'Connor, Harral, & Sweeney, 2007). Their altered activation of these brain regions parallels our 

findings of decreased rs-FC between the MPFC and the occipital fusiform gyrus in the PE-F1s. 

There are no reports that have specifically linked PE as a risk factor for 

psychopathologies. However, the altered rs-FC between the amygdala and frontal pole, the 

MPFC and precuneus of the DMN, and the MPFC and other brain regions like the occipital 

fusiform gyrus suggest that PE-F1 children may be at an increased risk for development of 

psychiatric disorders later in life. In particular, it would be of great interest to examine the effects 

of puberty in this population, since sex differences in the prevalence of mood and anxiety 

disorders become apparent post-puberty (Cohen et al., 1993; Hankin et al., 1998; Nolen-

Hoeksema & Girgus, 1994). Future longitudinal studies are needed to assess the prediction from 

this pilot study of future psychopathologies in PE-F1s. In rats, repeated, variable, prenatal 

maternal stress during the interval of fetal frontal pole development alters neonatal synaptic gene 

expression, especially in the hypothalamus-pituitary-adrenal axis. Microarray analysis of the 

frontal pole of these prenatally stressed rat offspring identified genetic changes similar to those 

identified in schizophrenic and bipolar patients and synaptic function differences persisted into 

adulthood (Kinnunen, Koenig, & Bilbe, 2003). 

The pathophysiological mechanisms involved in the impact of PE on brain rs-FC in 

offspring are unclear. Causations may be direct consequences from maternal hypertension or 

result from disturbed placental metabolism or function. However, these are not the only 

possibilities. Angiogenic dysregulation as recognized in the PE placenta may also occur within 

the fetus itself. We favour this latter hypothesis and consider that placental growth factor (PGF), 

a member of the vascular endothelial growth factor family, maybe implicated. PGF is expressed 

by human embryos at all stages of development before and after the first lineage commitments at 
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the blastocyst stage (Vlismas et al., 2016). In at least half of the pregnant women who progress to 

PE, low maternal levels of PGF (largely from placenta) precede clinical presentation by many 

weeks, including during the first trimester when fetal cerebrovascular and neurological 

development are occurring (Cetin et al., 2016; Levine et al., 2006). The prediction from a 

hypothesis of systemic conceptus angiokine dysregulation is that many vascular beds may be 

affected in PE-F1s. We established that PE-F1s exhibit reduced cerebral vessel radii in the 

occipital and parietal lobes (Rätsep, Paolozza, et al., 2016). It is important to note however, that 

both endothelial cells and neurons express PGF across development (Chaballe, Close, et al., 

2011; Chaballe, Schoenen, & Franzen, 2011; Luna et al., 2015). Thus, hypotheses for the 

pathophysiologic development of altered connectivity between brain regions in PE-F1s should 

encompass potential primary alterations to brain tissue as well as to vascular development. 

Our analyses of resting state MRI datasets from 7yr44wk to 10yr36wk old PE-F1s and 

matched controls from typical pregnancies strongly suggest that alterations in rs-FC may 

underlie the behavioural and neurological deficits previously reported in pediatric and older adult 

PE-F1 populations. Although our study is limited by small sample size and racial homogeneity 

(Caucasian), it may suggest that PE deviates fetal brain structures during early development prior 

to onset of hypertension in the mother and that these deviations have functional, post-partum 

consequences. Another main limitation is that we are not able to determine temporality of when 

alterations in rs-FC occurred. In future, it would be of interest to conduct serial scans of PE-F1s. 

However, technical and ethical limitations may exist such as requiring very young children to 

remain still for the duration of the scan. Further, despite the gestational not being statistically 

different, differences did border on significance. Future studies should include three groups – 

PEF1s, preterm babies not born from mothers with preeclampsia and healthy controls to tease 
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out the effects of gestational age. Lastly, larger scale studies combining neuroimaging, biological 

markers and neuropsychological assessments would advance the understanding of the effects of 

PE on offspring brain envelopment. 
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7.1 Summary of Findings 

7.1.1 Chapter 3 

Chapter 3 focused on investigating the effects of early life stress (ELS) and in particular 

various forms of childhood maltreatment on present physiological dysfunction and personality 

dimensions. In the CAN-BIND1 and CAN-BIND 4 cohorts, we found that those who experience 

severe childhood bullying have greater total MADRS scores and greater sub-scores of sleep 

disturbance. This finding was also paralleled with total PSQI scores and poorer sleep efficiency 

in the presence of severe childhood bullying.  

For the CAN-BIND3 cohort, those who experienced psychological bullying or physical 

abuse have decreased sleep duration. Those who experienced sexual abuse have significantly 

decreased sleep efficiency. Finally, those who experienced physical bullying actually have better 

sleep quality scores.  

For all cohorts, it was found that the personality dimension of neuroticism and 

agreeableness were significantly greater in females compared to males. For the CAN-BIND3 

cohort, neuroticism scores were significantly greater in the presence of emotional neglect. 

7.1.2 Chapter 4 

Chapter 4 was conducted to investigate what was currently known about the resting-state 

default mode network (DMN). The purpose of this review is to summarize differences in DMN 

functional connectivity in healthy individuals by age, sex, cognitive function and analysis type to 

characterize what is “normal”. Strength of DMN functional connectivity follows an inverse U-

shape where it is strongest in adulthood and lowest in children and elderly. Cognitive function is 

positively correlated with DMN functional connectivity. Females exhibit stronger intra-network 

connectivity compared to males. Effects of analysis type are inconclusive, and more studies need 
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to incorporate complementing techniques. The voxel-wise meta-analysis was only conducted for 

the age factor. Findings supported an immature network in children compared to adults and a 

stronger network in adults compared to elderly. 

7.1.3 Chapter 5 

Chapter 5 aimed to characterize resting-state functional connectivity in a non-clinical 

sample by severity of ELS, sex, age, sleep dysfunction and personality dimensions. Certain 

measures were not collected for all three cohorts and as such the following results are split up 

accordingly. 

Findings from all three cohorts from sex differences and age differences. There were 

significant differences in functional connectivity with seeds in the DMN and sensorimotor 

network between the sexes. Further, there were age differences by sex with the DLPFC seed of 

the fronto-parietal network. With increasing age, there was a trend of increasing functional 

connectivity with seeds in the DMN, visual network and sensorimotor network. When we 

created age bins, the altered functional connectivity appears to be driven by adults 50 and over. 

Overall, individuals 18 and under have increased intra-network functional connectivity within 

the salience and fronto-parietal network and increased inter-network functional connectivity with 

the seed of the meso-paralimbic network and PCC of the DMN. 

Findings from all three cohorts found significant differences in the NEO-FFI and PSQI. 

With increasing scores on the extraversion dimension, there is increased functional connectivity 

with the left insula of salience network. Whereas with increasing scores of openness to 

experience, there is increased functional connectivity with seeds in the fronto-parietal network 

and sensorimotor network. Further, there are sex differences in all five personality dimensions. 

Worsening scores of sleep duration, latency, day disturbance and quality are associated with 
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altered functional connectivity with seeds in the sensorimotor network, fronto-parietal network, 

salience network, visual network and sensorimotor network. There are sex differences in resting-

state functional connectivity with sleep latency, day disturbance and the need for medication. 

These differences are seen with seeds in the fronto-parietal network, meso-paralimbic network, 

salience network and visual network. 

The CECA was only collected for the CAN-BIND1 and CAN-BIND4 cohort. The 

presence of severe maltreatment and severe bullying but not severe parental discord resulted in 

significant altered resting-state functional connectivity for NEO-FFI dimensions. There is altered 

functional connectivity in neurotic individuals and openness to experience individuals who 

experienced severe childhood maltreatment with seeds in the meso-paralimbic network and 

visual network. Lastly, there is altered functional connectivity in all five personality dimensions 

who experienced severe childhood bullying with seeds in the meso-paralimbic, DMN, 

sensorimotor and salience networks.  

The presence of severe maltreatment, bullying and parental discord results in altered 

resting-state functional connectivity for various PSQI items. There is altered functional 

connectivity with bilateral insula in the salience network in individuals who experienced severe 

childhood maltreatment for poor sleep duration, latency and day disturbance. There is altered 

functional connectivity for poor sleep duration, latency, day disturbance, quality and overall 

PSQI score in individuals who experienced severe childhood bullying with seeds in the DMN, 

fronto-parietal, salience and meso-paralimbic networks. 

A trauma questionnaire was collected for the CAN-BIND3 cohort. There are significant 

functional connectivity differences with individuals who experienced psychological bullying, 
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emotional neglect and physical abuse with seeds in the fronto-parietal, visual and sensorimotor 

network. 

There is altered functional connectivity in neurotic and conscientious individuals who 

experienced psychological bullying with seeds in the fronto-parietal, meso-paralimbic and 

sensorimotor networks. There is altered functional connectivity in neurotic and agreeable 

individuals who experienced physical bullying with seeds in the fronto-parietal and sensorimotor 

networks. There is altered functional connectivity in neurotic, extraverted, agreeable and 

conscientious individuals who experience emotional neglect with seeds in the DMN, visual and 

meso-paralimbic networks. Lastly, there is altered functional connectivity with neurotic, 

extraverted, agreeable and conscientious individuals who experienced physical abuse with seeds 

in the visual, DMN, fronto-parietal and meso-paralimbic networks.  

There is altered functional connectivity with measures of the PSQI in individuals who 

experienced psychological bullying, physical bullying, emotional neglect and physical abuse 

with seeds in all six resting-state networks of interest.  

Findings from this chapter are the first to investigate the effects of ELS on sleep quality 

and personality dimensions as reflected in neural correlates of resting-state functional 

connectivity. 

7.1.4 Chapter 6 

 Chapter 6 focused on an in utero type of ELS and in particular the effects of preeclampsia 

on resting-state functional connectivity in offspring. Compared to controls, children born from 

preeclampsia complicated pregnancies (PE-F1) have increased resting-state functional 

connectivity between the right amygdala and left frontal pole, the left amygdala and bilateral 

frontal pole, and the MPFC and precuneus. PE-F1 children additionally had decreased resting-
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state functional connectivity between the MPFC and the left occipital fusiform gyrus compared 

to controls.  

These are the first reported resting-state functional connectivity data for PE-F1s of any 

age. They suggest that PE alters functional connectivity during human fetal brain development. 

Altered functional connectivity may contribute to the behavioural and neurological alterations 

reported in PE-F1s. 

 

7.2 Limitations 

7.2.1 Sample Characteristics 

 One of the major limitations of our study is the skewed average age. It is well established 

in the literature that age impacts resting-state functional connectivity. Despite our sample of 

having an age-range of 12-65 years, the findings from our study may not be generalizable to the 

full age range. We also did not account for the hormonal cycling of our female participants can 

impact neural correlates.  Lastly, our sample size is 253 healthy participants. It is a fairly large, 

well characterized sample and the largest to investigate the combined effects of demographic 

factors, ELS, personality dimensions and sleep quality. However future studies should consider 

larger samples to have greater power to fully characterize the nuanced heterogeneity in a non-

clinical sample.  

7.2.2 Measurements 

Clinical 

 ELS and its effect on personality dimensions, sleep quality and resting-state functional 

connectivity was one of our main investigative questions. We used the CECA, which is a 

stringent clinician-rated measure of ELS. The CAN-BIND3 cohort did not employ the CECA 
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and instead used amalgamated information from a self-report trauma questionnaire and 

diagnostic psychiatric interviews to create categorical variables of types of ELS. The differences 

in characterizing and assessing ELS between the CAN-BIND cohorts may have influenced the 

validity of the results. 

 The measure of sleep quality was a subjective self-report questionnaire. It would have 

been of great interest to incorporate objective measures of sleep such as the use of actigraphy or 

polysomnography.  Further, inclusion of more specific diagnoses of sleep disorders such as 

insomnia, night terrors and delayed sleep phase syndrome would have better characterized the 

sleep disturbances in the sample. 

Technical 

 Intrinsic in the study multi-site design of CAN-BIND is the issue of scanner-scanner 

variability. Despite pre-emptive and continual measures to reduce between site scanner variation, 

we can not confidently state that the effects absolutely did not affect the activation patterns 

discussed in the Chapter 5’s results section. 

Design 

 Our study was cross-sectional in nature. A longitudinal study that follows pregnant 

women to asses for in utero stress and subsequently assess children for ELS up to adolescence 

would help answer the effects of directionality. In particular, the impacts of the type, timing, 

frequency and severity of the stressors on physiological factors, personality dimensions and 

neural correlates. 
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7.3 Impact of Thesis 

 Our clinical findings add to the body of literature that supports ELS and its deleterious 

effects on sleep quality. Further, our results suggest that the type of ELS is indicative of the type 

of sleep alteration experienced. For example, childhood peer bullying and physical abuse have 

the most impact on overall sleep quality, sleep efficiency and sleep duration. These findings are 

important since poor sleep quality is a known risk factor for the development of both sleep 

disorders and psychiatric disorders (Lund, Reider, Whiting, & Prichard, 2010; Nutt, Wilson, & 

Paterson, 2008; Pemberton & Fuller Tyszkiewicz, 2016).  

Our clinical findings also supported past findings showing that the dimensions of 

neuroticism and agreeableness are higher in females compared to males. Lastly, we found 

neuroticism scores are higher in the presence of childhood emotional neglect. High neuroticism 

scores have been found to be negatively associated with resilience (Campbell-Sills, Cohan, & 

Stein, 2006). The higher scores of neuroticism in females is significant because it has been found 

that neuroticism mediates the development of depression later in life in adolescent girls (Kercher, 

Rapee, & Schniering, 2009). In our sample, females scored higher on the agreeableness 

dimension. Interestingly, it has been found that agreeableness has a significant positive 

relationship with psychological resilience (Fayombo, 2010). Therefore, it seems like the 

experience of ELS may confer vulnerability for maladaptive personality dimensions.  

Our published meta-analysis on the DMN in healthy individuals served as an impetus to 

further explore and characterize other resting-state networks in a non-clinical sample. We were 

able to find that there are natural variances in the DMN by age, sex, cognitive function and 

analysis type.  
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We were able to identify differences in resting-state functional connectivity with seeds in 

six major resting-state networks in a non-clinical sample by demographics, ELS, sleep quality 

and personality dimensions. We found that individuals 18 and younger have stronger intra- and 

inter-network functional connectivity. The findings are suggestive that these alterations may 

reflect normal strengthening of cortico-cortical and cortico-subcortical networks or may serve as 

intermediate biomarkers for the development of resilience or pathology. Future longitudinal 

studies will be able to delineate our findings. Further, we found that the experience of certain 

types of ELS may serve as mediators or moderators for certain personality dimensions and 

indicators poor sleep quality. The presence of severe childhood maltreatment may moderate the 

altered functional connectivity between the precuneus and middle frontal gyrus in neurotic 

individuals since this neural correlate was not seen when investigating neuroticism on its own. 

There is decreased functional connectivity between the insula and the putamen in adults who 

experienced childhood maltreatment (van der Werff et al., 2013) and emotional neglect in 

particular significantly predicts insomnia symptoms (Hamilton, Brindle, Alloy, & Liu, 2018). 

The altered functional connectivity between the insula and putamen in those who experience 

severe childhood maltreatment may be a mechanism in which poor sleep duration is mediated 

through. We also found the type of ELS may have differing effects on neural correlates and 

subsequently on outcome measures like personality. For example, conscientious individuals who 

experienced severe bullying exhibit this neurotic like neural correlate profile of increased 

functional connectivity between the amygdala and postcentral gyrus. This may serve as an 

adaptive mechanism and may potentially be illustrative of a resilient phenotype. In contrast, the 

opposite relationship is in individuals who are conscientious and experienced psychological 
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abuse. They exhibit decreased functional connectivity between the amygdala and postcentral 

gyrus suggesting that the type of maltreatment may play an important role.  

Lastly, in our published study we found that children born from gestations complicated 

by preeclampsia (PE-F1) have altered resting-state functional connectivity as children. PE-F1s 

have increased functional connectivity with the amygdala and frontal pole which is seen in 

pathologic states such as generalized anxiety disorder (Roy et al., 2014). PE-F1s also have 

increased functional connectivity between the MPFC and precuneus. The precuneus is involved 

with empathic judgments and increased functional connectivity between these brain regions is 

observed in individuals with schizophrenia (Cavanna & Trimble, 2006; Whitfield-Gabrieli et al., 

2009). These neural correlates may predict altered empathic emotions in PE-F1s. This study 

provides support that ELS in utero also impacts neural correlates and may underlie the 

behavioural and neurological deficit previously reported in pediatric and older adult PE-F1 

populations (Tuovinen et al., 2010; Wade & Jenkins, 2014).  

The CAN-BIND cohorts offer a unique research opportunity to characterize a Canadian 

sample of healthy participants by demographics, ELS, physiological factors and personality 

dimensions. This is the first study to combine all the above elements with a strong sample size of 

253. Our findings are suggestive that there is nuanced heterogeneity in a healthy non-clinical 

sample. Many studies simply use a healthy control group defined as the absence of the disease of 

question. Our findings our important since it suggests that in order to parse out true clinical 

findings, researchers must control for our results. Otherwise, findings from clinical studies may 

just be reflective of the natural heterogeneity seen in a non-clinical sample. Our work also 

provides the impetus for future and more robust studies to better fully characterize a “normal” 

population. 
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The implication of the findings is that it may help serve clinicians to identify at risk 

patients. In primary care settings, family physicians should screen for ELS. Along with a 

longitudinal and positive therapeutic relationship, the information could help the clinician to 

screen for the development of psychopathologies. The result being, prevention, earlier detection 

and earlier intervention.   

The impact of my thesis is three-fold. (1) I illustrate that there is natural variance in what 

we call a “healthy” population; (2) in order to parse out true clinical findings, researchers must 

control for our results. Research cannot just assume that their control group is homogenous; (3) 

and finally I have potentially identified intermediary biomarkers of vulnerability and resilience.
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