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DISSERTATION ABSTRACT 

 

Alice Meyer Graham 

 

Doctor of Philosophy 

 

Department of Psychology 

 

September 2014 

 

Title: Interparental Conflict and Neural Functioning in Infancy: An fMRI Study 

 

 

 Early life stress (ELS) affects the developing brain and impacts capacity for self-

regulation and risk for psychopathology. The high spatial resolution of functional 

magnetic resonance imaging (fMRI) confers an advantage for studying specific neural 

regions posited to link ELS with subsequent functioning. The first chapter in this 

dissertation  reviews the literature establishing the feasibility and utility of fMRI research 

with infants and young children. This chapter examines methodological issues and 

outlines the potential for this technique to make unique contributions to understanding 

how ELS influences brain development.   

 The next two chapters present results from a study that employed a functional 

activation paradigm and resting state functional connectivity MRI (rs-fcMRI) to examine 

associations between a common source of ELS, non-physical interparental conflict, and 

neural functioning during infancy. The functional activation paradigm focused on 

emotional tone of voice as a stimulus relevant to interparental conflict, which is likely 

salient to infants. Higher levels of interparental conflict (as reported by mothers) were 

associated with infants (6 to 12 months of age) showing greater reactivity to very angry 

versus neutral tone of voice in neural regions associated with processing and regulation 
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of stress and emotion (hypothalamus and rostral anterior cingulate cortex). The rs-fcMRI 

analysis examined coordinated neural functioning in the absence of stimuli, focusing on 

the amygdala as a key region for understanding the impact of ELS and the posterior 

cingulate cortex as part of a group of regions that show higher levels of activity in the 

absence of stimuli (the default network). The results replicate previous work 

characterizing the default network in infants and provide novel evidence for the 

functional connectivity of the amydgala and amygdala subregions during infancy. 

Interparental conflict was associated with variation in the connectivity of both regions. 

Thus levels of interparental conflict were associated with neural reactivity to a stressor-

relevant stimulus and with patterns of coordinated neural functioning in the absence of 

such stimuli. These results provide support for the utility of using fMRI with infants to 

examine early emerging associations between common forms of ELS and brain 

functioning.  

 This dissertation includes previously published and co-authored material. 
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CHAPTER I 

GENERAL INTRODUCTION 

 

 Brain development occurs at an incredibly rapid rate over the first several years of 

life as exemplified by a four-fold increase in brain volume from birth to four years of age 

(Courchesne et al., 2000) and a 70-80% increase in synaptic density (or connection 

between neurons) in frontal and primary sensory cortical areas during the first year and 

half of life (Huttenlocher & Dabholkar, 1997). This development is comprised of 

processes, such as synapse formation and elimination, that are guided by environmental 

input (Knudsen, 2004; Majewska & Sur, 2006). Early environmental input thus 

influences the neurobiological foundations for behavioral functioning across multiple 

domains (S. E. Fox, Levitt, & Nelson, 2010). These early years of life therefore represent 

a time of unique opportunity to support healthy development, as well as a time of 

immense vulnerability.  

 This vulnerability has been addressed through an extensive literature examining 

the influences of early life stress (ELS) and the potential for intervention and prevention 

programs to reduce the likelihood of negative outcomes. Myriad sources of ELS, 

including low socioeconomic status (SES), parental psychopathology, variation in the 

quality of caregiving and conflictual family environments, have been shown to be 

associated with behavioral and biological indices of development (Crockenberg, Leerkes, 

& Lekka, 2007; Goodman et al., 2011; Hackman & Farah, 2009; Loman, Gunnar, & The 

Early Experience, Stress, 2010; Pechtel & Pizzagalli, 2011). The National Scientific 

Counsel on the Developing Child has organized this vast ELS literature into a theoretical 
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framework that incorporates knowledge about developmental processes and 

neurobiological systems involved in stress reactivity and regulation. Within this model, 

experiences of ELS range from positive to tolerable to toxic depending not on the stressor 

itself, but on an individual's response to the stressor (National Scientific Council on the 

Developing Child, 2005). In infancy and early childhood, when regulatory capacity is 

limited, this response is understood to be greatly influenced by contextual factors, and 

particularly by the presence of supportive caregivers to provide comfort, and facilitate 

development of adaptive coping strategies (Loman et al., 2010).  

 The classification of positive stress draws on understanding the stress response as 

an adaptive means of mobilizing resources to cope with environmental challenges 

(McEwen, 1998). Positive stress involves moderate arousal of the stress response for a 

brief period, typically in response to normative experiences, such as going to a new 

school (National Scientific Council on the Developing Child, 2005). Tolerable stress 

involves intense arousal of the stress response followed by recovery. Events that are 

severe, but not chronic, such as witnessing an accident, may elicit tolerable stress. In 

contrast, toxic stress involves intense arousal of the stress response system with limited 

opportunity for recovery (National Scientific Council on the Developing Child, 2005). 

Intense and chronic arousal of the stress response system is understood to have 

detrimental effects on neural systems that underlie emotional processing and regulatory 

capacity critical for functioning across multiple domains (Loman et al., 2010). ELS 

becomes toxic when it influences development of neurobiological systems in a manner 

that increases risk for physical and mental illness (National Scientific Council on the 

Developing Child, 2005, 2007).  
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Neurobiological Framework for the Impact of ELS: Animal Models 

 The current understanding of how ELS influences neurobiological systems from 

genes to neural circuitry comes from a confluence of research with animal models and 

humans. One of the most well studied systems that plays a central role in the potential 

toxicity of ELS is the hypothalamic-pituitary-adrenal (HPA) axis. The considerable focus 

on this system is partly attributable to the end product of the HPA-axis, hormones called 

glucocorticoids (GCs; corticosterone in rodents; cortisol in primates), which in the short 

term increase access to energy to cope with threat, but also have the capacity to pass 

through the blood-brain barrier, modulate gene expression, and in chronically high doses, 

damage neurons (McEwen, 2008; Sapolsky, Romero, & Munck, 2000). Consistently high 

levels of GCs during specific developmental periods appear to have a profound effect on 

both the HPA-axis and associated neural circuitry involved in emotional reactivity and 

regulatory processes (for reviews see Levine, 2005; Sánchez, Ladd, & Plotsky, 2001; 

Tottenham & Sheridan, 2010; Ulrich-Lai & Herman, 2009).  

 Activation and regulation of the HPA-axis in response to psychological stressors 

involves specific cortical and limbic regions. The amygdala is involved in activating the 

HPA-axis in response to psychological stress, while the hippocampus and parts of the 

medial prefrontal cortex (MPFC) play important roles in providing negative feedback, 

which allows for termination of the stress response (Herman et al., 2003; Ulrich-Lai & 

Herman, 2009). Depending on input from these regions (primarily through indirect 

connections), the hypothalamus initiates an HPA-axis response by signaling the pituitary 

with corticotropin releasing hormone (CRH) (Ulrich-Lai & Herman, 2009). Accordingly, 

there is a high density of GC receptors in the hippocampus, amygdala and MPFC (Reul & 
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De Kloet, 1985; Sánchez, Young, & Plotsky, 2000), making these regions particularly 

vulnerable to the effects of chronically high levels of GCs. In turn, changes in the 

functioning of these regions have implications both for future HPA-axis functioning and 

for stress reactivity involving the autonomic nervous system (Ulrich-Lai & Herman, 

2009). 

 A large body of animal literature has documented both effects of ELS on the 

functioning of these regions, and aspects of their developmental trajectories that confer 

vulnerability during the first years of life. For example, the amygdala contains high levels 

of CRH receptors (Gray & Bingaman, 1996), which appear to play an important role in 

amygdala induced activation of the stress response (Adamec & McKay, 1993; Swiergiel, 

Takahashi, & Kalin, 1993). The immature amygdala is characterized by higher levels of 

CRH receptors in comparison to the mature amygdala, leading to a 200-fold increase in 

sensitivity to CRH during early development (Baram & Hatalski, 1998). While this 

lowered threshold for amygdala activation in response to stress induced CRH release may 

be adaptive in the context of encoding large amounts of new information about 

emotionally salient aspects of the environment, it also confers vulnerability for 

heightened stress reactivity.  

 The effects of stress on the amygdala can generally be described as increasing 

excitability, although specific changes are unique to different amygdaloid nuclei. In the 

central amygdala (CeA), a nucleus with extensive connections with the hypothalamus and 

brainstem nuclei involved in autonomic reactivity, chronic social stress, acute restraint 

stress and disruption of caregiving in rodents leads to upregulation of CRH (Albeck et al., 

1997; Caldji, Diorio, & Meaney, 2000; Hsu, Chen, Takahashi, & Kalin, 1998). 
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Upregulation of CRH in the amygdala is in turn associated with the long term behavioral 

consequences of repeated maternal separations in rodents including anxiety and 

depressive-like behavioral phenotypes (Sánchez et al., 2001). The basolateral complex of 

the amygdala (BLA) demonstrates alterations in the balance between excitation and 

inhibition following aversive stimuli and administration of CRF or GCs (Pelletier, 

Likhtik, Filali, & Paré, 2005; Rainnie et al., 2004; Roozendaal, McEwen, & Chattarji, 

2009). Due to its connectivity with multiple key neural regions, including the 

hippocampus, MPFC, and striatum, changes in neuronal excitation and synchronization 

in the BLA have implications for the functioning of neural circuitry central to the stress 

response system and to the formation of emotional memories (Roozendaal et al., 2009).    

 Similar to the amygdala, aspects of the early development of the hippocampus 

may confer specific vulnerability to early environmental stress. For example, research 

with rodents has demonstrated that the ratio of GC receptor subtypes in the hippocampus 

changes over the course of development (Vasquez et al., 1996). Tottenham and Sheridan 

(2010) suggest that the ratio during infancy creates a greater likelihood for consistent 

occupation of the low affinity receptor, which plays a critical role in the negative 

feedback of the HPA-axis. Disruption of negative feedback can lead to increased 

exposure to GCs, which appears to impact the structure and functioning of the 

hippocampus in addition to other neural regions. 

 Additionally, the structure and function of neurons in the hippocampus are 

vulnerable to chronic exposure to GCs even in adult animals (Magarinos & McEwen, 

1995), and this vulnerability is likely enhanced during periods of development involving 

neurogenesis and the growth of axons (Huot, Plotsky, Lenox, & McNamara, 2002). In the 
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rodent, a stress hyporesponsive (SHRP) period has been documented in which it is 

difficult to initiate a neuroendocrine stress response. The SHRP coincides with periods of 

rapid neurogenesis and axonal development in certain regions of the hippocampus 

(Sapolsky & Meaney, 1986). However, the SHRP can be disrupted by ELS in the form of 

repeated 3-hour maternal separations which induce HPA-axis reactivity during this period 

(Huot et al., 2002). Adult rodents exposed to this paradigm during the neonatal period 

evidence reduction in the density of axons in these hippocampal regions and associated 

deficits in a hippocampal mediated memory task in adulthood (Huot et al., 2002).  

 The MPFC is composed of multiple functionally distinct subregions, and 

regulation of the neuroendocrine stress response differs by subregion. Research with 

rodents suggests that a region of the dorsal MPFC (DMPFC), the prelimbic cortex, 

inhibits the HPA-axis specifically with regard to terminating the response to a 

psychological stressor, while a region of the ventral MPFC (VMPFC), the infralimbic 

cortex, plays a role in activation of the HPA-axis in response to psychological stress 

(Radley, Arias, & Sawchenko, 2006; reviewed by Ulrich-Lai & Herman, 2009). While 

less research has been conducted in non-human primates, for whom the MPFC is 

structurally and functionally closer to the human MPFC (Öngür & Price, 2000) evidence 

suggests that, similar to rodents, the VMPFC, and specifically subgenual prefrontal 

cortex (PFC), is involved in activation of the HPA-axis (Jahn et al., 2010). More 

generally, the patterns of connectivity between various MPFC subregions and other 

limbic regions involved in regulation of the neuroendocrine stress response, suggest a 

central role for the MPFC in coordinating the combined effects of these regions on the 

stress response (Ulrich-Lai & Herman, 2009; Herman & Mueller, 2006).  
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 Despite the long developmental time course of the MPFC stretching out over 

several decades (Casey, Giedd, & Thomas, 2000; Fuster, 2002; Mills, Lalonde, Clasen, 

Giedd, & Blakemore, 2012; Shaw et al., 2008), research also indicates increased 

vulnerability in the first several years of life. For example, in a rodent model, repeated 

maternal separations during the postnatal period was found to result in increased levels of 

a specific transcription factor (affecting expression of a 5-HT receptor subtype, CRH and 

brain-derived neurotrophic factor) in the MPFC (Uchida et al., 2010). Increased levels of 

this transcription factor in the MPFC during the postnatal period in turn predicted greater 

stress reactivity and depression like symptoms in adulthood. However, high levels of this 

transcription factor in the MPFC in adulthood did not impact subsequent stress reactivity 

or symptomatology (Uchida et al., 2010).    

 Converging evidence from research with rodent and non-human primates 

indicates that ELS is also associated with down regulation of GC receptor expression in 

the PFC (MPFC in rodents (reviewed by Sánchez et al., 2001) and dorsolateral PFC 

(DLPFC) and ventrolateral PFC (VLPFC) in non-human primates (Patel, Katz, Karssen, 

& Lyons, 2008)). Decreased expression of low affinity GC receptors in the PFC appears 

to be involved in dysregulation of the HPA-axis and specifically with impairments in the 

negative feedback mechanism (Mizoguchi, Ishige, Aburada, & Tabira, 2003). 

Downregulation of these low affinity GC receptors in the MPFC in rodents is one of the 

specific physiological changes associated with long term behavioral outcomes of 

maternal separation including anxiety and depressive-like behaviors (Caldji et al., 2000). 

Lower levels of basal neuronal activity have been observed in the MPFC of adult rodents 
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following maternal separation during the postnatal period (Stevenson, Marsden, & 

Mason, 2008).  

 The Influence of ELS on Brain Development in Humans  

 Research with humans has built on the animal literature and provides converging 

evidence for the effects of ELS on neural regions involved in regulation of the HPA-axis. 

This work has employed magnetic resonance imaging (MRI), a technique that provides 

the spatial resolution necessary to examine the structure (sMRI) and function (fMRI) of 

specific cortical and subcortical brain regions of interest. Findings with sMRI have 

included increased amygdala volume in children with histories of early institutional care 

(characterized by instability and poor quality caregiving; Mehta et al., 2009; Tottenham 

et al., 2010), and reduced right orbitofrontal cortex volume in 12-year-old children with 

early experiences of physical abuse (Hanson et al., 2010). Studies employing fMRI have 

demonstrated increased amygdala reactivity to fearful faces in school-aged children with 

histories of early institutionalization compared to children raised in their biological 

families (Tottenham et al., 2011), and enhanced activation in dorsal anterior cingulate 

(ACC) and several other PFC regions during a task involving cognitive control in 

adolescents with histories of early maltreatment (Mueller et al., 2010).  

 These neural differences associated with ELS appear to have implications for 

socioemotional and regulatory functioning outside of the MRI scanner. Tottenham and 

colleagues reported that the heightened amygdala reactivity to fearful faces in children 

with histories of institutionalization mediated the relationship between their early 

experiences and decreased eye-contact during a dyadic interaction task, indicative of 

difficulties with social functioning (Tottenham et al., 2011). Smaller orbital frontal cortex 
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volume in children with histories of physical abuse was associated with difficulties in 

relationships with family members and with functioning adaptively in school (Hanson et 

al., 2010). These studies provide important initial empirical evidence for the connections 

between ELS, brain development and socioemotional and regulatory functioning in 

children.   

 There are several important themes to consider as research with humans continues 

to build on animal models to advance understanding of how ELS effects brain 

development. First, MRI studies into the effects of ELS have frequently focused on 

severe stressors, such as maltreatment and institutionalization, with less research 

examining the effects of more moderator stressors. Notable exceptions include two recent 

sMRI studies that provide converging evidence for as association between low SES and 

smaller hippocampal volumes in children (Hanson, Chandra, Wolfe, & Pollak, 2011; 

Noble, Houston, Kan, & Sowell, 2012). Studies utilizing peripheral measures of 

neuroendocrine and autonomic nervous system functioning provide additional evidence 

for the influence of more moderate sources of ELS, such as nonphysical conflict between 

parents (Davies, Sturge-Apple, Cicchetti, & Cummings, 2007; Moore, 2010) and 

variation in caregiving that does not fall within the range of maltreatment (Dettling, 

Parker, Lane, Sebanc, & Gunnar, 2000; Gunnar, Kryzer, Van Ryzin, & Phillips, 2010), 

on neurobiological development. Animal models of ELS also indicate that variation in 

the type and duration of a stressor lead to distinct effects on neurobiological development 

and long term functioning (Levine, 2005; Sánchez, Aguado, Sánchez-Toscano, & 

Saphier, 1998; Sánchez et al., 2001). Utilizing MRI methods to examine specific neural 
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correlates of a range of sources of ELS in humans, from more moderate to severe, will be 

important for understanding differences between toxic, tolerable and positive stress.   

 Second, as MRI research into effects of ELS in humans remains in the early 

stages, it will be important to consider the involvement of additional brain regions that 

have not necessarily been highlighted by the animal literature. In the research to date, 

multiple brain regions have evidenced differences in structure and functioning associated 

with ELS depending on the specific measure employed and the stressor of interest. For 

example, in addition to results involving PFC regions, Mueller and colleagues reported 

differences in activation patterns in post-central gyrus, striatum and insula for adolescents 

with histories of early maltreatment (compared to adolescents with no history of 

maltreatment) performing a cognitive control task (Mueller et al., 2010). In addition to 

volumetric differences in amygdala and hippocampus, Noble and colleagues 

demonstrated an association between SES and volumetric differences in brain regions 

important for language (left superior temporal gyrus (STG) and left inferior frontal gyrus 

(IFG)) moderated by child age (Noble et al., 2012). Specifically, lower SES predicted 

smaller volumes in these regions for older children (Noble et al., 2012). Thus while 

focusing on regions involved in HPA-axis reactivity and regulation provides a useful 

starting point with a strong theoretical and empirical foundation in the animal literature, it 

will be very important to conduct whole brain analyses in humans to consider the 

involvement of different neural regions (Hart & Rubia, 2012). This will be particularly 

important as researchers begin to examine the neural level of effects of a range of sources 

of ELS including more moderate stressors.  
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 It has also become increasingly clear that examining coordinated functioning 

among brain regions, as opposed to any region in isolation, will be critical for 

understanding the effects of ELS on brain development. Researchers have begun to 

understand normative brain development in terms of changes in the coordinated 

functioning, or functional connectivity, of multiple brain regions that form neural 

networks (Fair et al., 2007, 2009; Gao, Zhu, et al., 2009; Gao et al., 2011). Although not 

well studied in children, research with adults suggests that stress may disrupt the 

coordinated functioning of specific neural networks not just in response to a stimulus or 

task (Admon et al., 2009; Fonzo et al., 2010; van Wingen, Geuze, Vermetten, & 

Fernández, 2011) but also at rest (Bluhm, Williamson, Osuch, et al., 2009; Rabinak et al., 

2011; Sripada et al., 2012; van Marle, Hermans, Qin, & Fernández, 2010). Disrupted 

patterns of functional connectivity may in turn have important implications for mental 

health. Mental health disorders, including those closely tied to the stress response system, 

such as major depression (Anand et al., 2005; Anand, Li, Wang, Lowe, & Dzemidzic, 

2009; Bluhm, Williamson, Lanius, et al., 2009; Greicius et al., 2007) and post-traumatic 

stress disorder (PTSD; (Bluhm, Williamson, Osuch, et al., 2009; Lanius et al., 2010; 

Rabinak et al., 2011; Sripada et al., 2012), appear to be characterized by patterns of 

functional connectivity that differ from healthy controls. Such variation in functional 

connectivity has been shown to predict development of symptoms (Lanius et al., 2010), 

and with the use of advanced analytic methods, to allow for accurate classification of 

mental health disorders (Fair et al., 2013; Zeng et al., 2012). Examination of functional 

connectivity thus has great potential for increasing understanding of how ELS affects risk 

for subsequent difficulties with mental health.    
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 Finally, in the interest of informing prevention and intervention it will be 

important to understand not only distal outcomes involving neural structure and 

functioning, but the potentially unique effects of stress during specific developmental 

time frames. The animal literature provides examples of how the same stressor applied on 

different days produces different effects on the stress response system (Van Oers, De 

Kloet, & Levine, 1998). The levels of stress model emphasizes response to a stressor as 

determining the toxicity (National Scientific Council on the Developing Child, 2005). 

This response is influenced both by contextual factors, such as caregiving, and by the 

neurobiological foundations of the stress response. Normative developmental changes in 

both of these factors likely create periods in which the potential toxicity of specific forms 

of ELS varies. Earlier examination of neural development in the context of ELS may 

shed light on such sensitive periods, gradations between positive, tolerable and toxic 

stressors, and more generally, on the mechanisms through which the environment 

influences development.    

Overview of Subsequent Chapters 

This dissertation addresses the potential for MRI, and specifically blood  

oxygen level dependent (BOLD) fMRI, during infancy to increase understanding of the 

effects of ELS. The high spatial resolution of fMRI confers a unique advantage for 

examining the functioning of neural regions and networks identified in the animal 

literature, and increasingly in human samples of older children and adults, as important 

for understanding how ELS increases risk for difficulties across multiple domains. fMRI 

methods during infancy also have potential for identifying additional neural regions and 

networks beyond those identified in animal models, which may play a role in the 
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mechanisms through which ELS impacts development in humans. Despite the 

advantages, research with fMRI during infancy has remained relatively uncommon due to 

methodological challenges, including the need for participants to remain still to collect 

high quality images. While sedation has been used to conduct MRI scans with infants in 

clinical settings, it is not generally appropriate for research purposes. However, several 

researchers have pioneered the method of conducting fMRI scans during natural sleep for 

infants and very young children (Anderson et al., 2001; Dehaene-Lambertz, Dehaene, & 

Hertz-Pannier, 2002; Redcay, Kennedy, & Courchesne, 2007). An emerging body of 

literature indicates the potential for collecting high quality fMRI data with infants and 

young children during natural sleep.   

 The first chapter (Chapter II) introduces BOLD fMRI during infancy as a 

promising method for increasing understanding of development in the context of various 

sources of ELS. Due to the relative novelty of and challenges associated with conducting 

fMRI with infants during natural sleep, this chapter begins with a review of the literature 

establishing the feasibility and utility of this method. The review includes studies 

employing functional activation paradigms to examine neural processing of specific 

stimuli, and resting state functional connectivity (rs-fcMRI) to characterize the 

coordinated functioning of neural regions in the absence of specific stimuli. 

Methodological considerations, including the influence of sleep state on the BOLD 

signal, effects of motion and the selection of a developmentally appropriate atlas are 

discussed. Finally, specific ways in which both functional activation paradigms and rs-

fcMRI with infants can build on existing literature into the effects of ELS on brain 

development are explored. 
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 The study presented in Chapter III employed a functional activation paradigm 

during natural sleep to examine associations between a common source of familial stress, 

non-physical interparental conflict, and 6-12 month-old infants’ neural processing of 

emotional tone of voice. Emotional tone of voice was conceptualized as a stimulus 

relevant to interparental conflict that may be salient to infants. The primary question in 

this study was whether interparental conflict experienced by infants is associated with 

neural responses to emotional tone of voice, particularly very angry speech. A secondary 

question was whether, regardless of the level of interparental conflict, infants 

demonstrate distinct patterns of neural processing for different emotional tones of voice 

during sleep. These questions have implications both for the sensitivity of infants to 

emotional tone of voice during sleep, and for the link between a common form of ELS 

and neural processing of a stressor relevant stimulus, angry tone of voice.   

 The study presented in Chapter IV employed rs-fcMRI during natural sleep with 

the same sample of infants to examine associations between nonphysical interparental 

conflict, and coordinated functioning of neural regions in the absence of a specific 

stimulus. The rs-fcMRI analyses were conducted on data from a separate fMRI scan 

during which no stimuli were presented. Analyses focused on the amygdala and 

amygdala subregions as central to existing models of how ELS impacts development. 

The posterior cingulate cortex (PCC) was also a focus of analysis as an early emerging 

component of the default network, a group of brain regions that demonstrate higher levels 

of activity in the absence of stimulus presentation (Gusnard & Raichle, 2001; Raichle et 

al., 2001), and which may serve as a neural marker for the effects of ELS (Daniels, 

Frewen, McKinnon, & Lanius, 2011). This study first sought to replicate previous work 
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on default network connectivity in infants, and to provide novel evidence for resting state 

functional connectivity of the amygdala and amygdala subregions in infants. We then 

examined whether interparental conflict was associated with differences in the resting 

state functional connectivity of the amygdala and PCC. Further, this study examined 

whether effects of interparental conflict on amygdala connectivity differed by amygdala 

subregion due to the animal literature indicating distinct effects of ELS for different 

amygdala subregions.  

 It should be noted that discrepancies in the presentation of results for Chapters III 

and IV are due to the compatibility requirements for the different software programs used 

for these analyses. To use existing programs created by Washington University for rs-

fcMRI analyses it was necessary to transform all images to a different image format and 

to an adult brain atlas. The details of this process are provided in Chapter IV. Chapter V 

provides a general discussion of the chapters presented in Chapters II, III and IV.  

 This dissertation contains previously published and co-authored material. The 

study described in Chapter III has been published in Psychological Science and is co-

authored with P. A. Fisher and J. H. Pfeifer (Graham, Fisher, Pfeifer, 2013). The review 

in Chapter II is co-authored with P. A. Fisher, J. H. Pfeifer and W. Lin, and the study in 

Chapter IV is co-authored with P. A. Fisher, J. H. Pfeifer and D. A. Fair.  
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CHAPTER II 

UNDERSTANDING HOW EARLY LIFE STRESS SHAPES THE DEVELOPING 

BRAIN: THE ROLE OF FMRI  

 

 P. A. Fisher, J. H. Pfeifer and W. Lin are co-authors on this manuscript. I 

wrote this manuscript, with my co-authors providing comments and editorial 

assistance.  

 

 

Introduction 

 The consequences of ELS are increasingly understood in terms of their impact on 

neurobiological systems that modulate the homeostatic stress response, including neural 

regions and networks central to emotional reactivity and regulation.  Functional magnetic 

resonance imaging (fMRI) represents a powerful tool for examining how key neural 

regions develop under the influence of psychological stress ranging from more extreme 

forms, such as maltreatment and institutionalization, to more moderate forms, such as 

conflict between parents. Although fMRI has not been widely utilized during infancy and 

toddlerhood due to methodological challenges, existing work provides support for its 

feasibility and efficacy in characterizing neural functioning during these early 

developmental periods. This methodology has great potential to build on the framework 

created by fMRI research with older children and adults for examining the neural 

underpinnings of adaptive and maladaptive responses to ELS.  

The use of fMRI methods with infants and toddlers in research settings is a 

relatively recent phenomenon, with the early studies in this field conducted just over a 
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decade ago (Anderson et al., 2001; Dehaene-Lambertz et al., 2002). Collecting high 

quality MR images requires a participant to remain still throughout one or more scans, 

lasting 4-8 minutes on average. In childhood and beyond, this is accomplished through 

providing instructions, practice and incentives. For infants, sedation was originally the 

method of choice, relegating scanning to clinical settings. However, several researchers 

have pioneered the technique of conducting fMRI scans with infants during natural sleep 

in order to obtain high quality images without utilizing sedation (Anderson et al., 2001; 

Dehaene-Lambertz et al., 2002; Redcay et al., 2007). The success of studies utilizing the 

natural sleep method has led to increasing utilization of fMRI with infants in research 

contexts.  

The current review focuses specifically on blood oxygen level dependent (BOLD) 

fMRI. Although structural MRI (sMRI) provides invaluable information with regard to 

multiple aspects of neural development, functional imaging provides a unique additional 

source of information not captured through structural imaging. For example, as will be 

discussed in more detail below, preterm infants without prominent structural neural 

abnormalities evidence differences in how brain regions are functionally connected 

(Smyser et al., 2010). In addition, effects of early exposure to stress may manifest first in 

differences in neural functioning which subsequently lead to the structural differences in 

brain regions observed in children and adults with histories of early adversity (Tottenham 

& Sheridan, 2010). It should also be noted that high resolution structural MRI scans are 

necessary for localizing activity in functional scans, and thus the two measures are well 

suited to be used in tandem to examine neural development from multiple perspectives. 

In comparison to other functional neuroimaging modalities used with infants, such as 
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functional near infrared spectroscopy (fNIRS) and electroencephalography (EEG), fMRI 

makes a unique contribution due to its higher spatial resolution and capacity for 

assessment of subcortical regions likely to play a key role in stress reactivity.  

The use of fMRI during infancy and toddlerhood has several notable advantages 

that allow it to build on existing sMRI and fMRI research with older children and adults 

examining neural level effects of ELS.  First, it can provide information about changes in 

neural functioning specifically attributable to early environmental stress as opposed to 

processes of recovery, development of compensatory mechanisms and onset of stress-

related psychopathology that may occur later in development. Second, through 

longitudinal designs within a proximal time frame of ELS, this work can lend insight into 

the mechanisms through which stressors impact neural functioning and subsequent 

socioemotional development. Finally, this work has the potential to inform prevention 

and intervention work during early critical developmental periods by providing both i) 

insight into the specific challenges associated with different types of environmental 

stress, and ii) a means of examining the neural mechanisms through which interventions 

affect change.  

This review focuses on two fMRI methods widely used with pediatric and adult 

populations: functional activation paradigms and resting state functional connectivity 

MRI (rs-fcMRI). Functional activation paradigms are used to understand task or stimulus 

specific neural functioning, while rs-fcMRI allows for examination of functional 

connectivity among neural regions in the absence of a specific task. These methods have 

begun to be explored during infancy and toddlerhood, but have not yet been used to 

examine consequences of ELS during these developmental periods. First, the feasibility 
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of using functional activation paradigms with infants and toddlers will be discussed. 

Studies demonstrating feasibility with regard to adequate sample size and capacity to 

detect neural processing of sensory stimuli during sleep are reviewed. Next, rs-fcMRI is 

considered as a potent method for examining the development of functional neural 

networks beginning in infancy. A discussion of substantive methodological issues 

pertaining to functional activation paradigms and rs-fcMRI with infants comprises the 

subsequent section. These issues include effects of sleep state, motion and the choice of 

an appropriate atlas. The final two sections focus on existing fMRI research as a guide for 

the potential applications of both functional activation paradigms and rs-fcMRI for 

understanding early neural development in the context of various sources of 

environmental stress. Both of these methodologies have potential to make unique 

contributions to understanding adaptive and maladaptive responses to ELS beginning in 

infancy.  

BOLD fMRI with Infants and Toddlers 

Functional Activation Paradigms  

Research utilizing functional activation paradigms during natural sleep has 

involved infants and toddlers ranging from 7 days postnatal (Anderson et al., 2001) to 4 

years of age (Redcay et al., 2007). Feasibility has been demonstrated in terms of 

obtaining adequate sample sizes to address study aims. For example, Dehaene-Lambertz 

and colleagues (2002) collected functional activation data with 20 infants (2-3 months of 

age) while Redcay and colleagues (Redcay, Haist, & Courchesne, 2008) reported a 

sample size of 20 with 10 younger toddlers (mean age 21 months) and 10 older toddlers 

(mean age 39 months). In the Dehaene-Lambertz and colleagues study (2002) this sample 
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size was sufficient to identify statistically significant activation in sensory and language 

processing regions in a random-effects analysis. In the Redcay and colleagues study 

(2008) the sample size of 10 per group was sufficient to detect statistically significant age 

group differences in language processing, although statistical thresholds were lowered for 

certain contrasts. (Issues around statistical thresholds and correction for multiple 

comparisons are discussed in the context of methodological issues and details for 

individual studies are provided in Table 2.1).  

The merit of functional activation paradigms during natural sleep for infants and 

toddlers has been demonstrated with regard to observations of neural activity in expected 

sensory regions indicating basic processing of stimuli. Researchers examining sleeping 

neonates reported BOLD response to tonal auditory stimuli in expected auditory regions, 

although the signal was decreased from baseline for 9 of 14 infants (Anderson et al., 

2001). However, Dehaene-Lambertz and colleagues observed significant, positive 

activation and an adult-like hemodynamic response function (HRF) in the auditory cortex 

of 2-3-month old infants during presentation of speech (Dehaene-Lambertz et al., 2002). 

Dehaene-Lambertz and colleagues suggest that their use of naturalistic sounds as opposed 

to a tone may have contributed to their observation of positive BOLD activation in the 

auditory cortex.   

More recently, Blasi and colleagues (2011) reported that the HRF in the auditory 

cortex of 3-7-month old infants peaks earlier (at approximately 3 seconds post stimulus 

onset) than a typical adult HRF. To obtain more accurate, but unbiased HRF parameters 

for analysis at the single subject level, Blasi and colleagues averaged the HRF from the 

auditory cortex of all subjects excluding the specific subject in the model. Using this
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Table 2.1. Review of Functional Activation Studies with Infants and Toddlers During Natural Sleep
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adjusted HRF this study reported positive BOLD activation during non-speech vocal 

stimuli and nonvocal environmental sounds not in primary auditory cortex, but in 

auditory processing regions of the middle temporal gyri (Blasi et al., 2011). Further 

support for a positive BOLD response in auditory processing regions during natural sleep 

comes from a study of 2-to-4 year-olds indicating activation in STG across various types 

of sounds including tones, nonvocal naturalistic sounds and vocal sounds (Redcay et al., 

2007). This study also provided evidence for different patterns of neural reactivity 

dependent on the type of auditory stimulus presented (Redcay et al., 2007; Table 2.1).   

In addition to positive BOLD activation in expected auditory processing regions, 

patterns of neural activation in sleeping infants indicate registration of speech and vocal 

properties. Dehaene-Lambertz and colleagues (Dehaene-Lambertz et al., 2002) observed 

greater activation in the left angular gyrus and precuneus in response to forward versus 

backward speech in sleeping 2-3 month old infants. In adults these regions have been 

associated with differentiating between words and non-words (Binder et al., 2000) and 

with memory retrieval of verbal information (Krause et al., 1999; Nyberg, Forkstam, 

Petersson, Cabeza, & Ingvar, 2002) respectively. Similar results from a study with 

sleeping 2-year old children also indicated involvement of the precuneus and angular 

gyrus in differentiating between forward versus backward speech during natural sleep 

(Redcay et al., 2008). Interestingly this study also demonstrated developmental changes 

in language processing from 2-3 years of age, such that for 3 year-olds the brain regions 

demonstrating greater activation to forward versus backward speech, including STG, 

were more in line with those observed in adult samples (Redcay et al., 2008). Recent 

findings also indicate differential neural processing of vocal non-speech based on 
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emotion category for 3-to-7-month-old infants during natural sleep. Specifically, during 

sad versus neutral vocalizations, infants demonstrated greater activation in the insula and 

part of the orbitofrontal cortex (Blasi et al., 2011).  

The importance of examining responses to sensory stimuli during natural sleep on 

an individual subject level was raised in a recent paper by Dehaene-Lambertz and 

colleagues (Dehaene-Lambertz et al., 2010). The authors reported that less than half of 

two-month-old infants in their sample demonstrated activation in auditory brain regions 

when contrasting stimulus presentation to no sound at a statistical threshold of alpha less 

than .05 uncorrected for multiple comparisons. They suggest that developmental 

characteristics of the BOLD signal at this early age may account for the lack of observed 

activation in auditory regions for some infants. There are multiple factors that may 

influence whether or not a sensory response is evident at a neural level, including sleep 

state, scanner noise and developmental changes in the BOLD response. In the early 

stages of this field it therefore seems appropriate to report the presence or absence of 

activation indicative of basic sensory processing at an individual level prior to proceeding 

to group analyses.    

Resting State Functional Connectivity MRI  

While functional activation paradigms during natural sleep can be utilized to 

characterize neural functioning in the context of specific stimuli, rs-fcMRI provides a 

means of examining how these regions function in concert with other regions in ways that 

are not specific to certain stimuli or tasks. This methodology is used to identify correlated 

neural activity during rest, as indexed through changes in the BOLD signal during an 

fMRI scan with no stimulus or task (Biswal, Yetkin, Haughton, & Hyde, 1995). Low 
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frequency changes in the BOLD signal observed in the absence of stimuli presentation 

(task-independent) likely reflect endogenous neural activity (Biswal et al., 1995). 

Correlations between activation patterns over time are posited to represent connectivity 

between neural regions. Recent findings provide support for this conceptualization, with 

patterns of functional connectivity frequently in line with direct or indirect structural 

connectivity between brain regions (Damoiseaux & Greicius, 2009; Greicius, Supekar, 

Menon, & Dougherty, 2009; Honey et al., 2009; Shmuel & Leopold, 2008).  Importantly, 

functional neural networks involved during cognitive task performance are also observed 

during rest through rs-fcMRI methods (Fox & Raichle, 2007). The default network, a 

group of brain regions that are functionally connected in the adult brain and demonstrate 

higher levels of activity during rest versus focused tasks (Raichle et al., 2001), has also 

been a primary focus of rs-fcMRI studies.  

For developmental research, rs-fcMRI has the distinct advantage of documenting 

coordinated neural functioning across the whole brain in the absence of tasks, which are 

challenging to adjust appropriately for a wide age range (Casey, Galvan, & Hare, 2005; 

Uddin, Supekar, & Menon, 2010). The absence of stimuli also makes this methodology 

particularly well suited for infants undergoing fMRI scans during natural sleep. 

Researchers using rs-fcMRI have indicated the utility of this methodology for studying 

the functional development of neural networks across a wide age range (Fair et al., 2007, 

2008, 2009; Supekar et al., 2010; Supekar, Musen, & Menon, 2009). For example, Fair 

and colleagues (Fair et al., 2007, 2008, 2009) documented a pattern of developmental 

changes in the functional connectivity of neural networks from childhood to adulthood 
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that is characterized by increasing long-range connectivity (between anatomically distant 

regions) and decreasing short-range (or localized) connectivity.  

A relatively similar pattern has been observed across the first 2 years of life with 

regard to both increasing long-range connectivity (between anatomically distant regions) 

and decreasing short-range connectivity over time (Gao et al., 2009, 2011; See Table 

2.2). Changes across this earlier age range occur at an extremely rapid rate, such that 

from 2-weeks to 1-year of age the number of regions overlapping with the adult default 

network that evidence significant functional connectivity during natural sleep increases 

from 6 to 13 (Gao, Zhu, et al., 2009). Development does not appear to be linear, with 

many measures, including the number of connections showing statistically significant 

changes in strength and the efficiency of a large network of 90 regions of interest, 

indicating less change across the 1 to 2 year age range in comparison to the first year of 

life (Gao et al., 2011). Both environmental input and normative changes within the 

developing brain, such as myelination, are posited to account for the observed changes in 

connectivity during development (Fair et al., 2009) with different processes likely at 

work depending on the age range of interest (Gao et al., 2011). These results suggest that 

rapid developmental changes in coordinated neural functioning during the first two years 

of life and extending through childhood can be captured by rs-fcMRI.  

Recent work has drawn attention to the effects of subject motion on 

developmental rs-fcMRI results (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012; 

Van Dijk, Sabuncu, & Buckner, 2012). This issue and the proposed solutions will be 

discussed in more detail in the next section. However, it should be noted that this work 

focuses on the biasing effects of motion in research spanning childhood to adulthood, 
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during which time motion decreases systematically with age. The potential for 

confounding motion effects and developmental changes in studies of sleeping infants and 

toddlers will likely be different as movement during scanning is not expected to track 

with age in the same manner during this time frame. Specifically, while an awake adult is 

expected to have greater self-control and therefore move less than a child during 

scanning, there is no reason to expect that a sleeping toddler will move less than a 

sleeping newborn during scanning.  

Methodological Considerations  

 Successful scan completion. In addition to the promising foundational work 

using both functional activation paradigms and rs-fcMRI during natural sleep with 

infants, significant methodological challenges and considerations require attention. First, 

infants are required to sleep in a novel environment with the loud noises of the MRI 

machine as well as potential disturbances arising from functional activation paradigm 

stimuli. Varying success rates have been reported in terms of the number of infants who 

complete fMRI scanning protocols during sleep. In addition to examining overall success 

rates, it may be important to consider which aspects of a scanning paradigm cause infants 

to wake (Tables 2.1 and 2.2). For example, of the infants not completing an auditory 

experiment in a study of 3-7 month olds with an overall success rate of 47%, 46% did not 

fall asleep or woke up during preparation for the scan, 29% woke up in the scanner 

before scanning started and 25% work up during scanning (Blasi et al., 2011). Due to 

potential differences in success rates for challenging populations, different age groups 

and specific stimuli presentation, it will also be important to assess whether the capacity 

to complete scanning protocols during natural sleep is associated with differences in
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Table 2.2. Review of Resting State Functional Connectivity Studies with Infants and Toddlers During Natural Sleep



 
 

infant temperament, symptomatology or other factors that may bias the results of studies. 

However, the success of auditory functional activation paradigms in samples of toddlers 

with ASD (reviewed by Pierce, 2011), which is often associated with sensory sensitivity 

(Lane, Young, Baker, & Angley, 2010), provides support for the potential utility of such 

paradigms even in high risk infants and toddlers. 

Sleep. Another important issue involves understanding the effects of sleep and of 

variations in sleep stage on results from functional activation paradigms and rs-fcMRI 

studies. Methodological challenges have thus far prevented the simultaneous use of EEG 

and fMRI in infants and toddlers to allow for tracking sleep state during scans with this 

age group. However, pertinent to auditory functional activation paradigms, ERP studies 

with infants provide support for comparable neural processing of auditory stimuli during 

sleep and wake (Cheour, Ceponiené, et al., 2002), with preservation of response 

amplitude and latency across different sleep stages (Martynova, Kirjavainen, & Cheour, 

2003). Moreover, it appears that learning involving auditory and basic somatosensory 

stimuli occurs during sleep for infants (Cheour, Martynova, et al., 2002; Fifer et al., 2010; 

Reeb-Sutherland et al., 2011), suggesting that these stimuli are processed beyond a basic, 

sensory level even during sleep.  

However, simultaneous EEG and fMRI studies have been conducted with adults, 

leading to insights regarding the BOLD signal response to auditory stimuli during sleep. 

This work indicates a potentially reduced area of activation in the auditory cortex during 

sleep versus wakefulness, but consistent amplitude of activation across sleep stages 

(Czisch et al., 2002; Portas et al., 2000). The possibility of a reduced area of activation 

during sleep warrants consideration when determining the sample sizes necessary for 
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adequate statistical power. Patterns of activation involved in distinguishing between 

different types of auditory stimuli also demonstrate similarities across sleep and awake 

states (Portas et al., 2000). For example, a similar pattern of activation to a subject’s 

name versus a tone, involving the middle temporal gyrus (MTG) and orbitofrontal cortex, 

has been observed across sleep and wakefulness (Portas et al., 2000). These results are in 

line with findings of sleeping infants and toddlers showing distinct patterns of neural 

activation in response to different types of auditory stimuli (Redcay et al., 2007) 

including different emotional tones (Blasi et al., 2011). In contrast, differences in 

activation patterns between sleep and wake have been reported for regions not involved 

in auditory processing. Czisch and colleagues reported deactivation in the visual cortex in 

response to presentation of a story during sleep stages 1 and 2, which they interpreted as 

a potential sleep protective mechanism (Czisch et al., 2002). Lower levels of activation 

during sleep compared to wake in higher level processing regions (including the parietal, 

prefrontal and cingulate cortices) have also been observed in response to auditory 

stimulation (Portas et al., 2000).  These results are consistent with findings of decreased 

activity in the parietal, prefrontal and cingulate cortices during REM sleep (Maquet et al., 

1996). Thus sleep protective mechanisms may result in deactivation in certain sensory 

processing regions, and lower levels of activation in regions involved in higher levels of 

processing. This variation depending on sleep state should be contextualized within 

findings that differences in attentional focus (Sander et al., 2005) or arousal also impact 

results of fMRI studies with awake subjects (Logothetis, 2008).   

Effects of sleep state also represent an important consideration for rs-fcMRI 

scans. Recent studies have documented preservation of functional connectivity between 
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default network regions across the transition from an awake state to light sleep (Larson-

Prior et al., 2009). However, functional connectivity between cortical regions and 

between the hippocampus and default network regions has been observed to break down 

during slow wave sleep (Andrade et al., 2011; Spoormaker et al., 2010). Interestingly, 

studies to date have consistently demonstrated intact resting state functional connectivity 

between default network regions in sleeping infants (Gao, Zhu, et al., 2009; Gao et al., 

2011; Smyser et al., 2010). This may be due to differences in sleep architecture between 

infants and adults (Kahn, Dan, Groswasser, Franco, & Sottiaux, 1996; Scher, 2008). In 

line with this idea, sleeping infants have been shown to demonstrate consistency across 

sleep stages for ERP components that decrease significantly in amplitude for adults in 

deeper stages of sleep (Martynova et al., 2003). Moreover, fMRI studies with sleeping 

adults often utilize some degree of sleep deprivation (to facilitate sleep in the scanner; 

Andrade et al., 2011; Tanaka et al., 2003), which may impact patterns of resting state 

functional connectivity as well as neural responses to stimuli presented during sleep. 

Alternatively, functional connectivity between resting state network regions in infants 

during awake states may be much more robust, although it has not been possible to assess 

this with fMRI at present. It should also be noted that aspects of the scanning 

environment, such as scanner noise, have been associated with decreased magnitude of 

activation in default network regions for awake adults (Gaab, Gabrieli, & Glover, 2008).  

The methodological challenges related to sleep stage warrant further investigation with 

the hope of developing practical solutions for gaining a better understanding of existing 

and future data.  
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 Motion. As noted previously, subject motion constitutes an extremely important 

methodological consideration in developmental fMRI studies. Recent work has revealed 

that even small of amounts of motion (below the accepted standards for high-quality 

fMRI data) have systematic effects on results of rs-fcMRI analyses (Power et al., 2012; 

Van Dijk et al., 2012). Motion appears to bias results toward fewer/weaker long range 

patterns of connectivity and more/greater local patterns of connectivity (Power et al., 

2012; Van Dijk et al., 2012). The authors of recent work regarding the effects of motion 

suggest the need to revisit developmental studies that indicate increasing long range 

connectivity with age and state that this work is underway with regard to their previously 

published developmental studies (Power et al., 2012). These findings represent a 

significant advance in the field of rs-fcMRI as the authors provide a practical solution for 

examining potential effects of motion and accounting for such effects (Power et al., 

2012). However, questions remain about this proposed solution and the field has not yet 

put forth clear guidelines for handling motion with rs-fcMRI data (Kelly, Biswal, 

Craddock, Castellanos, & Milham, 2012). Moreover, patterns of motion may be markedly 

different for sleeping infants and toddlers compared to awake subjects. Sleeping infants 

have been noted to startle at the beginning of a new scan sequence and settle down as the 

scan progresses, although efforts have been made to reduce startle by playing consistent 

background scanner noise (Blasi et al., 2011; Dehaene-Lambertz et al., 2002). A sleeping 

infant may also have one or two large, circumscribed movements while adjusting 

sleeping position during a scan, which may require a different approach in comparison to 

a scan sequence with small amounts of motion throughout. Although averaging across 

multiple trials may diminish effects of motion to some degree in functional activation 
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paradigms as compared to rs-fcMRI, it is clear that similar efforts to understand 

confounds of motion are critical for all types of fMRI research (Power et al., 2012; Van 

Dijk et al., 2012; Yuan et al., 2009).  

Atlas space. Another key methodological consideration of interest for both fMRI 

and rs-fcMRI research with infants and young children is the choice of an appropriate 

atlas, which provides a basis for bringing the images of each participant's brain into a 

common space to allow for group statistical analyses. A predominant way in which 

atlases are used involves non-linear transformations of individual subjects’ MR images to 

align with the atlas, a process known as normalization. The choice of an atlas is of great 

importance because the atlas is used to identify the type and anatomical location of the 

brain tissue that is the source of the signal in BOLD fMRI.  

Several approaches have been taken thus far in the infant and toddler fMRI 

literature with pioneering researchers in this area utilizing creative solutions in the 

absence of existing atlases for age groups of interest. For research with toddlers focused 

on ASD, the adult Talaraich atlas has been used for normalization (Dinstein et al., 2011; 

Eyler, Pierce, & Courchesne, 2012; Redcay & Courchesne, 2008; Redcay et al., 2008). 

The authors provide evidence that variability of individuals’ image alignment with the 

central sulcus within the toddler age-group is similar to the within group variability seen 

when normalizing adult images to this atlas (Redcay et al., 2008). However, they note 

that the coordinates of the Talaraich atlas do not indicate specific neural regions for the 

toddler group with as much accuracy as in adult samples (Redcay et al., 2008). This 

technique thus necessitates the use of anatomical landmarks to identify the location of the 

BOLD signal for the toddler group and therefore does not have the benefit of enabling 
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easier comparison between adult and infant fMRI results. Additionally, this technique 

may be problematic because the normalization procedure involves stretching infant brain 

images to fit an adult brain atlas. As an infant brain image is composed of fewer voxels 

than an adult brain image, this can lead to less independence among voxels. This is 

particularly true for studies with younger infants as the neonatal brain is approximately 

one-half the volume of the adult brain (Knickmeyer et al., 2008).  

Other problems with the use of adult templates for infants and young toddlers 

have come to light and spurred the use of more age-specific atlases. For example, 

evidence suggests that the use of an adult or even a pediatric atlas with infant MR images 

(including those of neonates, one and two-year olds) can lead to misclassification of brain 

tissue due to the significant developmental changes in the brain over the first several 

years of life (Altaye, Holland, Wilke, & Gaser, 2008; Kazemi, Moghaddam, Grebe, 

Gondry-Jouet, & Wallois, 2007; Shi et al., 2011), which is improved by using an age-

appropriate infant atlas (Altaye et al., 2008; Kazemi et al., 2007; Shi et al., 2011). In light 

of the problems with the use of an adult or pediatric atlas designed for older children, 

some researchers have created an atlas based on several subjects acquired in the age 

range of interest for the particular study (Dehaene-Lambertz et al., 2010, 2002; Gao, Zhu, 

et al., 2009; Gao et al., 2011). This approach allows for a focus on the developmental age 

range of interest and does not require stretching images to an adult size brain. However, 

creating an atlas based on one or two individuals, as opposed to averaging across a larger 

number of brains, can lead to biases based on the particular morphology of the chosen 

individual’s brain. Moreover, the continued use of different atlases across different 
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studies will lead to difficulties in drawing comparisons across studies and conducting 

meta-analyses as the field grows.  

 More recently, researchers have created high quality, publicly available atlases for 

infants within various age ranges (Fonov, Evans, Mckinstry, Almli, & Collins, 2009; 

Sanchez, Richards, & Almli, 2012; Shi et al., 2011). This represents a promising solution 

that allows for comparison across studies within a specific age range. One of these sets of 

atlases is particularly noteworthy for providing age-appropriate atlases, including 

conversion algorithms for coordinates that correspond to frequently used adult atlases, for 

the neonatal periods up through adulthood (Fonov et al., 2009). Even with these 

advancements, the best solution for making comparisons across age groups remains 

unclear. As rapid brain development is evident in MR images across the first two years of 

life (Knickmeyer et al., 2008) researchers have indicated the importance of using fine 

grained atlases for each 3 month period or greater during the first year of life (Almli, 

Rivkin, & McKinstry, 2007; Sanchez et al., 2012). It may therefore be most appropriate 

to register to a specific atlas for each age group and then transform to a common child or 

adult atlas if necessary for making comparisons across developmental ages. However, 

research into the effects of such transformations will be important. Atlases created with 

longitudinal samples (Shi et al., 2011) may be important for considering developmental 

changes as opposed to atlases constructed with cross sectional data. With the use of an 

infant atlas it is important to note that the smaller number of voxels will affect correction 

for multiple comparisons and lead to statistical thresholds that are noticeably different 

from those appropriate for adult studies. 
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fMRI in the Context of Other Developmental Research Methods  

The use of fMRI during infancy and toddlerhood will provide an especially potent 

tool when used in conjunction with the well-refined behavioral research methods and 

peripheral measures of nervous system functioning frequently used in infant research, 

including behavioral coding of emotion regulation strategies (Crockenberg & Leerkes, 

2004) and measurement of autonomic nervous system activity (preejection period and 

respiratory sinus arrhythmia; Alkon et al., 2006) in response to a variety of tasks and 

potential stressors. The specific advantages and disadvantages of fMRI are also 

complementary to other neuroimaging techniques for infants including EEG and fNIRS. 

For example, EEG and fNIRS have superior temporal resolution in comparison to fMRI 

and can also be conducted quietly (in contrast to noisy fMRI sequences). EEG and fNIRS 

can also be conducted with awake infants engaged in a variety of tasks, which allow for 

results that may generalize more readily to real world contexts (Lloyd-Fox et al., 2009; 

Lloyd-Fox, Blasi, & Elwell, 2010). However, fMRI provides the unique advantage of 

higher spatial resolution throughout the brain, and can better assess responses in 

subcortical areas thought to play a key role in stress neurobiology. Moreover, fMRI data 

are acquired in conjunction with high resolution anatomical scans of 1mm resolution and 

lower, which are then coregistered to the fMRI data (and used for normalization to an 

atlas) to allow for fairly accurate anatomical localization. The capacity to obtain 

relatively high resolution images of functional activation throughout the brain may be 

particularly important for the early stages of this field as a priori hypotheses about 

specific brain regions require a foundation of empirical work. As with these other 

neuroimaging techniques, the level of complexity involved in fMRI methods is extremely 
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high allowing for multiple sources of error in measurements. Thus, convergent evidence 

across modalities (e.g. Fransson et al., 2012) will be crucial for advancing the field.  

Examining Effects of ELS with fMRI During Natural Sleep 

Functional Activation Paradigms  

Lessons from research into developmental disorders. Although functional 

activation paradigms have not previously been applied with infants in the context of ELS, 

work with infants at risk for developmental disorders indicates the potential utility for 

understanding emerging deficits in specific domains. Researchers utilizing functional 

activation paradigms with toddlers at risk for developing autism spectrum disorders 

(ASDs) are suggestive of early biological markers of ASD and provide a model for the 

early neurodevelopmental trajectory of this disorder (Pierce, 2011). This existing body of 

work has been reviewed in depth by Pierce (2011) and will therefore not be summarized 

in detail in the present review. However, several key points are relevant with regard to 

the potential advantages of utilizing functional activation paradigms during infancy and 

toddlerhood. First, this work has allowed for differentiation between neurodevelopmental 

problems due to residual effects of coping with ASD versus neurodevelopmental markers 

that emerge prior to the onset of various behavioral symptoms (Pierce, 2011). The effects 

of early exposure to  stress can be considered in an analogous fashion with regard to the 

initial impact on neural functioning which likely precedes the emergence of behavioral 

deficits, which may in turn be associated with further changes in neural functioning (or 

structure) in various domains. A recent review of the neuroimaging literature 

documenting effects of child maltreatment has highlighted the difficulty of distinguishing 

sequelae of child maltreatment from neural level effects of psychiatric symptomatology 
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and use of psychotropic medication, which occur at disproportionately high rates in those 

who have experienced high levels of early adversity (Hart & Rubia, 2012).   

A second relevant point drawn from the ASD literature is that researchers 

utilizing functional activation paradigms to understand the emergence of ASD have been 

able to draw conclusions about a specific core domain of interest relevant to the disorder: 

linguistic processing (Pierce, 2011; Redcay & Courchesne, 2008). Functional activation 

paradigms focused on domains of interest in terms of the effects of ELS may lead to 

increasing specificity regarding both the neural regions and domains impacted by stress. 

For example, researchers have elucidated patterns of neural functioning underlying 

behavioral differences in cognitive control for children with a history of maltreatment 

(Mueller et al., 2010) and emotional reactivity and regulation for children with a history 

of early institutionalization (Tottenham et al., 2011) or a high risk family environment 

(Taylor, Eisenberger, Saxbe, Lehman, & Lieberman, 2006). However, it remains unclear 

whether differences in neural functioning and connectivity among the regions highlighted 

by these studies, including the amygdala, VLPFC and dorsal ACC, represent core 

features of exposure to ELS during or immediately following the stressor, when 

prevention and treatment strategies may be most potent.  

Examples of prospective longitudinal work from the adult literature. 

Research with adults provides examples of how prospective longitudinal studies 

employing functional activation paradigms provide insight into neural functioning within 

a more proximal time frame of a stressor and indicate potential neural mechanisms 

underlying adaptive or maladaptive responses to stress. Although these studies have 

frequently involved military combat, which seems remote from common sources of early 
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adversity, they nonetheless provide a useful framework to consider. Admon and 

colleagues (2009) examined neural reactivity to photographs with medical, military or 

civilian content in a group of men and women during their first week of training (9 

months prior to deployment), and again 9 months into their deployment as combat 

paramedics. They examined whether changes in neural reactivity to stressor-relevant 

stimuli (medical content) predicted growth in stress related symptoms. They found that 

greater initial amygdala reactivity (prior to military service), as well as increased 

hippocampal reactivity and decreased functional coupling of hippocampal and VMPFC 

activity in response to medical content predicted growth in symptoms of stress related 

disorders over the 18 month period. Their findings indicate that hyperactivity of the 

amygdala may be a predisposing factor to stress vulnerability, while the role of the 

hippocampus in stress related symptomatology can better understood through examining 

changes in reactivity and functional connectivity over the course of stress exposure. 

Recent work with a functional activation paradigm targeting risk taking and reward with 

combat paramedics similarly indicates that heightened amygdala reactivity to risk appears 

to be a predisposing factor to development of post-traumatic stress disorder (PTSD) 

symptoms (Admon et al., 2012). Interestingly, the results of this study indicated that 

decreased nucleus accumbens activity in response to reward over time in combination 

with pre-existing heightened amygdala reactivity to risk most accurately predicted 

increases in symptomatology after stress exposure (Admon et al., 2012).  

Prospective longitudinal work with functional activation paradigms in adults has 

also provided insight into longitudinal changes in neural processing of emotional stimuli 

that may be indicative of an adaptive response to a circumscribed period of severe stress. 
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Focusing on combat soldiers deployed for 4 months who did not develop PTSD, van 

Wingen and colleagues documented an increase in amygdala reactivity to angry and 

fearful faces from pre-deployment to a short term follow-up, with a subsequent return to 

baseline approximately 22 months after returning from deployment (Van Wingen et al., 

2011; van Wingen, Geuze, Vermetten, & Fernández, 2012). The authors suggest that 

increased amygdala reactivity to potentially threatening stimuli during combat 

deployment likely represents an adaptive response to a stressful environment, which 

decreases subsequent to the experience as part of maintaining homeostasis (Van Wingen 

et al., 2012). Taken together with the research focused on development of stress 

symptomatology, this work provides insight into neural mechanisms underlying both 

adaptive and maladaptive changes associated with exposure to severe stress.    

These studies provide a basis for thinking about how functional activation 

paradigms may be used beginning in infancy to understand processes underlying 

adaptation to environmental stress across early periods of rapid neural development. As 

functional activation paradigms have been successfully utilized to characterize neural 

functioning beginning with neonates (Anderson et al., 2001), longitudinal work can now 

begin at very early stages of development. It is expected that the impact of psychological 

stress on neural functioning will differ depending on the stage of neural development of 

specific regions involved in stress reactivity and regulation (Tottenham & Sheridan, 

2010), although this has not yet been empirically tested in humans. Work with non-

human primates indicates that the amygdala follows a course of rapid development 

during the early postnatal period (Payne, Machado, Bliwise, & Bachevalier, 2010) during 

which time psychological stress (maternal separation) appears to have a particularly 
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negative effect on amygdala gene expression and socioemotional functioning (Sabatini et 

al., 2007). Animal models indicate that the amygdala is characterized by a high level of 

sensitivity to excitatory input early in development (Baram & Hatalski, 1998), and 

heightened amygdala reactivity appears to be an early emerging neural consequence of 

environmental stress (Sánchez et al., 2001). Thus levels of amygdala reactivity may first 

be influenced by the early environment (e.g. Tottenham et al., 2010) and then shape 

subsequent vulnerability (e.g. Admon et al., 2012, 2009). Alternatively, higher levels of 

amygdala reactivity may be more closely tied to temperamental or genetic factors and 

simply confer sensitivity to the environment in ways that can be adaptive or maladaptive 

depending on the context.  

The work by van Wingen and colleagues showing a return to baseline levels of 

amygdala reactivity following a span of time after combat indicates the importance of 

examining changes in neural functioning for indication of adaptation to differing contexts 

(Van Wingen et al., 2012). For example, an infant removed from a maltreating home and 

placed into therapeutic foster care might be expected to show decreased amygdala 

reactivity to emotional stimuli over time if the therapeutic environment is effective.  Even 

in the absence of such a drastic change in setting, alterations in neural functioning may be 

observed to correlate with changes in the levels of more common stressors such as 

interparental aggression or harsh parenting over time. The propensity for neural reactivity 

to change based on shifts in the environment may be a more important indicator of 

healthy development than patterns of neural activation in the context of any particular 

setting.  
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Developmental timing. Patterns of functioning between regions involved in 

stress and emotional reactivity networks should also be considered in light of findings 

that later developing neural circuitry involving more complex processing depends on 

input from earlier developing circuitry (Le Grand, Mondloch, Maurer, & Brent, 2003). 

Methods such as psychophysiological interaction analysis (Friston et al., 1997) provide 

information about functional connectivity in the context of specific tasks or stimuli 

presented during a functional activation paradigm. The study by Admon and colleagues 

indicates that higher initial levels of amygdala reactivity (prior to serving as a combat 

paramedic) to stressor related content predicts weaker functional connectivity between 

the hippocampus and MPFC after military service, which in turn predicts greater stress 

symptomatology (Admon et al., 2009). From a developmental perspective the functioning 

of earlier developing regions involved in stress and emotional reactivity and regulation, 

such as the amygdala, should be considered as a potential influence on the functioning 

and connectivity of regions with a more protracted course of development, such as the 

PFC (Casey et al., 2000; Fuster, 2002; Mills et al., 2012; Shaw et al., 2008).  

 Types of stimuli. In addition to the importance of considering developmental 

timing and employing longitudinal methods, it will be important to consider the type of 

stimuli that may be relevant to a specific stressor or to domains affected by the 

experience of stress. Auditory paradigms are the most commonly used in fMRI studies 

with sleeping infants and toddlers, and can target socioemotional domains which appear 

to be impacted by ELS. Vocal non-speech emotional stimuli (such as crying or laughing) 

have recently been used to assess early neural processing of emotion (Blasi et al., 2011). 

Variation in emotional prosody of speech represents another important category of 
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auditory emotional stimuli that has been commonly used in adult fMRI studies 

(Wildgruber, Ackermann, Kreifelts, & Ethofer, 2006) and in infant EEG and fNIRs 

studies (Grossmann, Oberecker, Koch, & Friederici, 2010; Grossmann, Striano, & 

Friederici, 2005). Personally relevant auditory stimuli, such as parents’ voices (Dehaene-

Lambertz et al., 2010) or an infants’ own cry, represent another important category of 

socioemotional stimuli that may be particularly relevant to certain familial stressors, such 

as family conflict. As the field progresses, new and creative functional activation 

paradigms for infants and toddlers will likely emerge. For example, infant response to 

somatosensory stimulation, such as hand holding (Coan, Schaefer, & Davidson, 2006), 

may be relevant to bonding with caregivers. The use of functional activation paradigms 

with sleeping infants and toddlers represents a largely unexplored and highly promising 

means of gaining insight into multiple domains of development in the context of a range 

of environmental stressors. 

Resting State Functional Connectivity MRI 

 Functional activation paradigms and rs-fcMRI as complementary methods 

for studying ELS. Resting state functional connectivity provides a unique means of 

examining coordinated neural functioning relevant to the impact of early adversity. While 

functional activation paradigms shed light on neural processing of stressor relevant 

stimuli or stimuli within specific domains thought to impacted by ELS, rs-fcMRI allows 

for assessment of coordinated neural functioning independent of specific tasks or stimuli. 

As resting state functional connectivity has been posited to reflect a history of repeated 

coactivation of brain regions (Fair et al., 2008; Kelly et al., 2009), individual differences 

in infants' neural reactivity to stressor relevant stimuli may precede emerging differences 
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in functional connectivity in the absence of stimuli. Longitudinal work demonstrating 

such a pattern would provide important insight into the mechanisms through which 

specific sources of ELS impact the functional architecture of the brain.  

 Research with adults has also indicated that while a particular task employed in a 

functional activation paradigm may only activate a subset of regions involved in a broad 

domain of functioning, such as memory, rs-fcMRI analysis can yield a more complete 

understanding of the regions involved (M. D. Fox & Raichle, 2007; Vincent et al., 2006). 

With sleeping infants, there are more limitations on the types of stimuli and tasks that can 

be used in the scanner, decreasing the chances of activating the full set of regions 

involved in a functional domain of interest. The use of rs-fcMRI will therefore be 

important for gaining a more comprehensive understanding of individual differences in 

infants' neural functioning associated with ELS.  

 Default network development and ELS. The potential for applying rs-fcMRI  to 

examine the influence of ELS on brain development in infants and toddlers has only 

begun to be explored. Several tentative themes have emerged in this small literature 

including the potential importance of default network development and broad patterns of 

functional neural network development, such as interhemispheric connectivity. The rapid 

development of the default network across the first two years of life (Gao, Zhu, et al., 

2009; Gao et al., 2011) is likely indicative of plasticity during this time frame. In line 

with this idea, a comparison of neonates born prematurely versus at full term revealed 

emerging functional connectivity between two regions of the adult default network, the 

MPFC and the PCC, in full-term neonates but not in preterm infants at equivalent 

postmenstrual age (Smyser et al., 2010). These results suggest that the rapid development 



44 
 

of functional connectivity between regions involved in the default network during 

infancy may be altered by events such as preterm birth. A study focused on adult post-

traumatic stress disorder (PTSD) as a consequence of childhood abuse also noted 

decreased connectivity between a PCC seed region and other default network regions for 

women with PTSD compared to healthy controls (Bluhm, Williamson, Osuch, et al., 

2009). However, the design of the latter study did not allow for differentiation of effects 

of ELS and current psychopathology.    

Although not frequently discussed in the literature regarding ELS (as an exception 

see Daniels, Frewen, McKinnon, & Lanius, 2011), the default network may represent an 

important marker of the impact of ELS with implications for future health. Specific 

differences in connectivity between default network regions have been associated with 

various mental health disorders in children and adults, including major depression 

(Greicius et al., 2007), schizophrenia (Mannell et al., 2010) and attention 

deficit/hyperactivity disorder (Fair et al., 2010; Uddin et al., 2010).  Moreover, specific 

features of depression appear to be associated with distinct patterns of altered 

connectivity (Zhu et al., 2011). Thus, differences in the coherence of the emerging 

default network likely have relevance for healthy neurological development and risk for 

psychopathology.   

Broad patterns of resting state functional connectivity relevant to ELS. 

Another tentatively emerging theme from the small literature focused on rs-fcMRI with 

infants and toddlers at risk for developmental challenges focuses on interhemispheric 

connectivity. In a recent review article Uddin and colleagues pointed out a theme within 

the resting state literature with infants whereby intrahemispheric connectivity appears to 
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be greater than interhemispheric connectivity within certain functional regions 

(specifically the sensorimotor area; Liu, Flax, Guise, Sukul, & Benasich, 2008; Uddin et 

al., 2010). More recent work indicates that the degree of interhemispheric connectivity 

during infancy may vary based on experiences of ELS. Specifically, the number of stress 

inducing procedures in a neonatal intensive care unit from birth to term age equivalent 

predicts decreased interhemispheric connectivity with a right temporal lobe seed region 

(Smith et al., 2011). Although not focused on ELS, a recent study with sleeping toddlers 

demonstrated that those with autism evidence less interhemispheric functional 

connectivity in a region highly involved in language and social cognition (the STG) when 

compared to those with language delays or assessed as typically developing (Dinstein et 

al., 2011). Moreover, the authors reported a positive association between 

interhempispheric connectivity and language development, and a negative association 

between connectivity and severity of autism (Dinstein et al., 2011). Taken together this 

work indicates the potential importance of interhemispheric connectivity assessed with 

rs-fcMRI during natural sleep as an index of neural development that may have 

implications for behavioral functioning and symptomatology related to ELS.  

As a caveat it should be noted that recent findings also provide support for robust 

interhemispheric functional connectivity in sleeping neonates (Gao et al., 2011). 

Moreover, other work with rs-fcMRI has emphasized the absence of anterior to posterior 

functional connectivity in lightly sedated neonates (Fransson et al., 2007), which is in line 

with research indicating a slower rate of anterior to posterior development of white 

matter tracts (as opposed to lateral or interhemispheric) as evidenced by diffusion tensor 

imaging (Dubois et al., 2008; Hermoye et al., 2006). Thus, the possibility of altered long-
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range connectivity in the anterior to posterior direction should also be considered as a 

potential effect of ELS.    

Resting state functional connectivity of cortical and limbic regions. Rs-fcMRI 

also provides a means of examining emerging patterns of functional connectivity among 

brain regions identified through animal research and work with human adults and 

children as candidates for linking ELS with subsequent socioemotional functioning. 

Research with older children and adults has already begun to document developmental 

changes in the connectivity of regions at the cortical and limbic (cortico-limbic) level of 

the stress response system using rs-fcMRI. For example, Kelly and colleagues (2009) 

examined resting state functional connectivity of a subgenual ACC region in children (8-

12 years), adolescents (13-17 years) and young adults (19-24 years). The results are in 

line with other developmental work in indicating increasing long range connectivity over 

time and suggesting a lack of connectivity along the anterior-posterior axis in children 

(Kelly et al., 2009). In comparison to parts of the ACC associated with regulation of 

movement and cognition (motor control, attentional control and conflict monitoring), the 

connectivity of parts of the ACC associated with emotion regulation (subgenual ACC) 

and social functioning (perigenual ACC) demonstrated greater developmental changes 

from childhood to adulthood (Kelly et al., 2009). These results suggest a potentially high 

level of plasticity for these neural networks supporting socioemotional functioning across 

this time period.  

Using structural imaging methods, specifically diffusion tensor imaging, 

researchers have demonstrated the early emergence of certain white matter tracts integral 

to limbic system functioning during prenatal (Huang et al., 2006) and early postnatal 
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development (Dubois et al., 2008). However, as white matter development is likely not 

the sole determinant of changes in resting state functional connectivity, which may result 

from repeated coactivation of certain brain regions (Fair et al., 2008; Kelly et al., 2009), it 

will be critical to take advantage of rs-fcMRI to examine the early emergence of 

functional connectivity within cortico-limbic networks thought to link ELS with 

subsequent socioemotional functioning and risk for psychopathology.  

Recent work in adults indicates the potential utility of rs-fcMRI for understanding 

the impact of proximal stress on neural functioning at the cortico-limbic level of the 

stress response system. Cortisol, a hormone secreted as an end product of the HPA-axis, 

increases access to energy to cope with threat and also passes through the blood brain 

barrier to provide negative feedback to the stress response system and maintain 

homeostasis (Herman, Ostrander, Mueller, & Figueiredo, 2005; Ulrich-Lai & Herman, 

2009). Both administration of a drug that mimics cortisol (Henckens, Van Wingen, Joëls, 

& Fernández, 2011) and higher levels of baseline endogenous cortisol (Veer et al., 2012) 

predict variation in resting state functional connectivity of the amygdala, a primary 

excitatory input to the HPA-axis, and other neural regions that play key roles in 

regulating HPA-axis functioning including parts of the MPFC (Henckens et al., 2011; 

Veer et al., 2012), hypothalamus and hippocampus (Henckens et al., 2011). 

Psychological stress, which increases HPA-axis activity through excitatory input from 

limbic regions such as the amygdala (Ulrich-Lai & Herman, 2009) also appears to predict 

variation in resting state functional connectivity of the amygdala. Specifically, a resting 

state scan conducted after stress induction with emotionally arousing video clips 

indicated higher levels of functional connectivity between the amygdala, dorsal ACC, 
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anterior insula and a brainstem region involved in physiological arousal and vigilance, 

potentially reflecting continued vigilance following the stress induction (Van Marle et al., 

2010). This work suggests the possibility of examining concurrent environmental 

stressors and rs-fcMRI over time to increase understanding of how neural development 

proceeds in relation to ELS.   

Existing research also provides ample support for the capacity of rs-fcMRI 

focused on cortico-limbic networks to characterize patterns of neural functioning that are 

relevant to pediatric and adult mental health disorders including depression, bipolar 

disorder, and anxiety (Dickstein et al., 2010; Fox & Greicius, 2010; Greicius, 2008; 

Hulvershorn, Cullen, & Anand, 2011; D. Zhang & Raichle, 2010). Moreover, recent 

findings with depression, a disorder for which the neural substrates are also commonly 

linked to early adversity (Lupien, McEwen, Gunnar, & Heim, 2009), indicate the utility 

of rs-fcMRI for investigating how integrated functioning across multiple neural networks, 

including cortico-limbic networks involved in stress and emotion regulation, is relevant 

to depressive symptomatology. Sheline and colleagues reported that among depressed 

adults versus healthy controls an affective network (identified with a subgenual ACC 

seed), default mode network (identified with a precuneus seed) and cognitive control 

network (identified with a DLPFC seed) all demonstrated increased resting state 

functional connectivity with DMPFC (Sheline, Price, Yan, & Mintun, 2010). Greater 

connectivity of the DMPFC correlated positively with severity of self-reported depression 

symptoms (Sheline et al., 2010). These findings are interesting in light of the association 

between sACC and DMPFC functional connectivity and dysregulation in children with 

preschool onset depression (Gaffrey, Luby, & Belden, 2010). The findings by Sheline 
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and colleagues also demonstrate the power of rs-fcMRI for examining more complex 

interactions among multiple neural networks as a means of understanding the impact of 

early adversity on subsequent socioemotional functioning and risk for psychopathology.   

Conclusion 

fMRI during natural sleep provides a much needed methodology to investigate 

changes in neural functioning and connectivity in the context of rapid neural development 

and environmental stressors during infancy. Combined with behavioral and peripheral 

indices of nervous system functioning in addition to other complementary functional 

neuroimaging techniques, sleep fMRI will allow for a more thorough understanding of 

the impact of ELS in terms of neural level changes that may increase vulnerability or 

resilience over the course of development. The associated methodological challenges call 

for increased research into areas such as the effects of sleep state on neural functioning 

and individual differences that may alter the likelihood of completing scan protocols. We 

hope that the increasing use of sleep fMRI will allow for insight into these challenges and 

may shed light on issues not frequently considered. For example, the use of functional 

activation paradigms during sleep may draw attention to the potential for infants to 

process stimuli relevant to early environmental stressors even while sleeping. Although 

the possibility has not yet been investigated, neural processing of stressor relevant stimuli 

during sleep may represent one mechanism through which early adversity influences 

brain development.  

Building an evidence base documenting associations between ELS and 

developmental trajectories of neural networks linked to emotional development and risk 

for psychopathology can provide valuable information for intervention and prevention 
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efforts. First, such research can demonstrate the need for prevention work around certain 

high risk environments based on neural level changes that predict subsequent 

socioemotional functioning. Second, documenting the timing of development across 

multiple neural networks can contribute to understanding increases or decreases in 

vulnerability to environmental stress during certain time frames. Third, fMRI with infants 

and toddlers has great potential to increase understanding of individual differences, such 

as higher levels of amygdala reactivity, which may contribute to vulnerability or 

resilience. Finally, this work can be used to gain an increasingly mechanistic 

understanding of the most effective aspects of intervention strategies. 

The next two chapters of this dissertation present findings from an fMRI study 

with infants focused on a common source of ELS, nonphysical interparental conflict. The 

first of these chapters focuses on an auditory functional activation paradigm employing 

emotional tone of voice as a stimulus relevant to interparental conflict. This study 

highlights the utility of fMRI with infants to increase understanding of a potential 

mechanism through which a common source of ELS could impact stress and emotion 

related functioning.  
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CHAPTER III 

WHAT SLEEPING BABIES HEAR: AN FMRI STUDY OF INTERPARENTAL 

CONFLICT AND INFANTS’ EMOTION PROCESSING 

 

 This work has been published in Psychological Science. I wrote this manuscript, 

with my co-authors (P. A. Fisher and J. H. Pfeifer) providing comments and editorial 

assistance.  I designed the experiment described in this chapter with input from my co-

authors, collected the data with assistance from others, and analyzed the data with input 

and assistance from my co-authors. 

 

Introduction 

 Prominent ideas about how the environment shapes development rest on an 

understanding that brain plasticity during the first years of life confers vulnerability for 

key neural systems involved in stress and emotion-related functioning. The consequences 

of ELS have been investigated by examining its impact on these systems (Sánchez et al., 

2001). Research with infants and young children has employed peripheral indicators of 

neuroendocrine functioning (e.g., cortisol; Loman & Gunnar, 2010)and direct measures 

of brain electroencephalographic activity (Nelson & McCleery, 2008) to increase 

understanding of how early adversity affects neurobehavioral development. 

The high spatial resolution of functional MRI (fMRI), commonly used with older 

children and adults, has facilitated precise identification of neural networks linking early 

adversity with subsequent socioemotional functioning. Consistent with animal models 

examining the consequences of early adversity (Sánchez et al., 2001), this work reveals 
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the involvement of brain regions tied to initiation and regulation of the HPA-axis stress 

response, including limbic (Tottenham et al., 2011)and medial prefrontal regions 

(Treadway et al., 2009). However, the existing knowledge base in this area derives from 

fMRI research involving older children and adults. This makes it difficult to distinguish 

effects of early stress from subsequent processes of recovery or development of 

psychopathology. Moreover, a predominant focus on severe stressors, such as 

institutional rearing or maltreatment (Hart & Rubia, 2012), leaves a gap in the empirical 

literature regarding effects of more moderate early adversity. 

Nonphysical interparental conflict is a more moderate source of early adversity 

that nevertheless appears to be associated with alterations in stress hormones, behavioral 

symptoms, and socioemotional problems during childhood (Cummings & Davies, 2010; 

Davies et al., 2007). Although more sparse than research with older children and adults, 

research with infants indicates that interparental conflict is associated with differences in 

physiological and behavioral indices of emotional reactivity and regulation as early as 6 

months of age (Crockenberg et al., 2007; Moore, 2010). Interparental conflict may have 

an impact on early emotional development through decreases in sensitive caregiving 

(Krishnakumar & Buehler, 2000), as well as direct exposure to aggressive interactions 

between caregivers (Crockenberg et al., 2007). Basic research suggests that 5-month-old 

infants discriminate between other people’s different emotional states, with expressions 

of anger eliciting greater attention and arousal than happy or neutral expressions 

(Balaban, 1995; Grossmann et al., 2010, 2005). Additionally, Moore (2009) showed that 

infants who witnessed vocal anger toward their mother demonstrated altered 

parasympathetic nervous system responses to an immediately subsequent stressful 
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interaction with their mother. Specifically, they showed increased withdrawal of vagal 

tone and decreased recovery, both of which are indicative of greater physiological 

reactivity, after this brief exposure to anger (Moore, 2009). 

Early exposure to interparental conflict may also increase risk for later emotional 

and psychological problems. In 6-month-old infants, higher levels of interparental 

conflict are associated with lower baseline vagal tone (C. Porter, Wouden-Miller, Silva, 

& Porter, 2003) and greater withdrawal of vagal tone during a stressful interaction-and-

recovery period (Moore, 2010), indicative of lower parasympathetic tone and greater 

stress reactivity respectively. Variation in vagal reactivity acts as a moderator of risk for 

school-age children exposed to conflict (El-Sheikh & Whitson, 2006; El-Sheikh et al., 

2009). Despite the implication that some aspects of nervous-system functioning may be 

shaped by family conflict during infancy, and subsequently increase risk for school-age 

children, the ties between early exposure and subsequent vulnerability remain poorly 

understood. The autonomic and behavioral measures utilized to date represent outputs 

from multiple neural networks. Candidate neural networks linking early adversity with 

subsequent risk for psychopathology have not yet been identified. 

Recent work demonstrates the feasibility of conducting fMRI research with 

infants during natural sleep (Redcay et al., 2007), which allows for examination of 

specific neural regions and networks during the first years of life. This work also draws 

attention to the sensitivity of infants to environmental stimuli during sleep by 

documenting distinct patterns of neural activation depending on properties of speech 

(Dehaene-Lambertz et al., 2002; Redcay et al., 2008) and emotional tone (Blasi et al., 

2011). The present study builds on these methodological advances to characterize infants’ 
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neural responses to emotional stimuli in the context of varying levels of interparental 

conflict. 

Method 

Participants 

 Families were recruited through flyers posted at local human-services agencies 

and advertisements on the local Craigslist.org Web site. Twenty-four infants (8 females, 

16 males) aged 6 to 12 months (M = 8.33, SD = 1.90) completed an auditory fMRI 

paradigm during natural sleep; 20 infants had usable fMRI data. Infants had no known 

neurological disorders and lived with both biological parents. Exclusion criteria included 

referrals or investigations by a public child-protective-services agency. To obtain 

sufficient range in the sample, we assessed interparental conflict during screening using 

the Problem-Solving Communication subscale from the Marital Satisfaction Inventory, 

Revised (Snyder, 1997) and selected families based on established norms for distressed 

versus nondistressed couples (see the Supplemental Material available online for further 

information about the participants). 

Interparental Conflict Measures 

 Mothers rated nonphysical interparental conflict levels since the birth of the child 

on the Psychological Aggression subscale of the Revised Conflicts Tactics Scale  (Straus, 

Hamby, Boney-McCoy, & Sugarman, 1996) and the O’Leary-Porter Scale (B. Porter & 

O’Leary, 1980). The measures were highly reliable (= .936 and .823, respectively) and 

correlated, r(22) = .744, p < .001, which allowed for creation of an average composite 

score of maternal report of interparental conflict (see the Supplemental Material for more 
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information about the administration of these measures and the creation of the composite 

score). 

Auditory Stimuli 

 Auditory stimuli consisted of previously validated nonsense sentences spoken in 

very angry, mildly angry, happy, and neutral tones of voice by a male adult (Pell, 

Paulmann, Dara, Alasseri, & Kotz, 2009). Nonsense sentences possessed phonological 

and grammatical properties of English, but content words were replaced by semantically 

meaningless sound strings (see the Supplemental Material for more information). 

fMRI Data Acquisition 

 Infants came in for scanning at their regular bedtime. Neuroimaging data were 

collected on a Siemens Allegra 3.0T scanner with a phased-array coil. Consistent with 

previous neuroimaging research using auditory stimuli with sleeping toddlers (Redcay et 

al., 2007), the paradigm consisted of 20-s blocks separated by 15-s rest periods. Blocks 

for each emotion condition (very angry, mildly angry, happy, and neutral) were presented 

four times per run in a semicounterbalanced design based on a Williams’ Latin square. 

T2-weighted echo-planar functional scans (9 min, 28 s; 284 whole brain volumes) were 

acquired during presentation of auditory stimuli. Prospective acquisition correction was 

applied to adjust slice position and orientation, as well as to regrid residual volume-to-

volume motion in real time during data acquisition for the purpose of reducing motion-

induced effects (Thesen, Heid, Mueller, & Schad, 2000). See the Supplemental Material 

for more information on the scanning protocol and data-acquisition process. 
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fMRI Data Analysis 

 Neuroimaging data were converted to Neuroimaging Informatics Technology 

Initiative data format using the MRIConvert program 

(http://lcni.uoregon.edu/jolinda/MRIConvert/). Brain images were extracted using the 

Brain Extraction Tool from the FMRIB Software Library (Beckmann et al., 2006; S. M. 

Smith, Bannister, Beckmann, & Brady, 2001; S. M. Smith, 2002) and the Brain Surface 

Extraction tool from BrainSuite09 (Sandor & Leahy, 1997; Shattuck, Sandor-Leahy, 

Schaper, Rottenberg, & Leahy, 2001). All other preprocessing steps, including 

realignment, registration, normalization, and smoothing with a 6-mm full-width half-

maximum kernel, were accomplished using Statistical Parametric Mapping (SPM) 

software (SPM8; Wellcome Department of Cognitive Neurology, London, England). 

Images were normalized to a standard template for the 8- to 11-month age range from the 

MRI Study of Normal Brain Development (Fonov et al., 2011, 2009). Images with severe 

motion artifacts (greater than 2 mm of motion or evidencing visual signs of motion 

artifacts) were removed from runs, which resulted in less than 2 mm of motion per run 

(maximum = 1.07 mm). At least three (out of four) blocks of each condition were 

retained from each run. 

At the individual-subject level, fixed-effects contrasts were computed to examine 

neural activation during presentation of each condition (very angry, mildly angry, happy, 

and neutral) versus rest, as well as the specific contrast of the very angry condition 

relative to the neutral condition. Motion parameters in six directions were included as 

regressors of no interest. Functional runs for which the contrast of all auditory conditions 

to rest did not evidence auditory-cortex activation at a relaxed threshold (p < .05, 
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uncorrected) were excluded from analyses because it was not possible to ascertain 

whether basic sensory processing of stimuli occurred. Four of the 24 infants did not have 

at least one functional run for which clear auditory activation was detected and were thus 

excluded from further analyses. The resulting contrast images were entered into whole-

brain random-effects group analyses. We report only results that exceeded a threshold of 

p < .05, family-wise-error (FWE) corrected for multiple comparisons across the whole 

brain (specifically, p < .05 and 75 contiguous voxels, as determined by the NeuroElf 

AlphaSim toolbox, http://neuroelf.net/). Regions of activation were identified based on 

anatomical landmarks, although infant template and Montreal Neurological Institute 

template coordinates are provided in the figure and tables for reference. 

Results 

Effect of Interparental Conflict on Processing Very Angry Tone of Voice 

 The primary research question focused on the extent to which the composite 

interparental conflict score was associated with infants’ neural responses to very angry 

auditory stimuli relative to neutral auditory stimuli. A whole-brain regression with 

interparental conflict score as the independent variable and neural activity during very 

angry relative to neutral tone of voice as the dependent variable revealed a significant 

cluster in rACC as well as a subcortical cluster encompassing parts of the caudate, 

thalamus, and hypothalamus (Table 3.1). Specifically, higher levels of interparental 

conflict were associated with greater activation in these regions during presentation of 

very angry compared with neutral speech (Figs. 3.1a & 3.1b). To depict this association 

graphically, we extracted mean parameter estimates of activity (averaged across all 

voxels in each cluster) for each participant from both the rostral ACC and subcortical 
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cluster during the very angry versus neutral contrast using the MarsBaR region-of-

interest toolbox for SPM (Brett, Anton, Valabregue, & Poline, 2002). These mean 

parameter estimates for each participant in each cluster were then plotted as a function of 

conflict score. The graphs in Figures 3.1c and 3.1d do not show the results of an 

additional statistical analysis; rather, they illustrate the positive association between 

conflict and activation of these regions to very angry relative to neutral speech that was 

demonstrated statistically with the fMRI analyses. Results remained consistent when we 

controlled for variation in infant age. These results were specific to the very angry 

relative to neutral contrast. Exploratory analysis of the association between interparental 

conflict and neural processing of happy speech are presented in the Supplemental 

Material. 

 

Table 3.1. Results of the whole brain regression: Positive association between 

interparental conflict and brain activation in response to very angry relative to neutral 

tone of voice 
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Figure 3.1. Association between interparental conflict scores and neural reactivity to 

very angry speech relative to neutral speech. Activations that exceeded a threshold of p < 

.05, family-wise-error corrected for multiple comparisons across the whole brain 

(specifically, p < .05 and 75 contiguous voxels), are displayed on the group mean 

structural image. The brain image in (a) shows activation in the rACC; infant-atlas 

coordinates: x = 3, y = 29, z = 13; Montreal Neurological Institute coordinates: x = 4, y = 

36, z = 17). The images in (a) and (b) show activation in a subcortical cluster including 

hypothalamus, caudate, and thalamus (infant-atlas coordinates: x = 3, y = 1, z = 1; 

Montreal Neurological Institute coordinates: x = 4, y = 1, z = 1). The scatter plots (c and 

d; with best-fitting regression lines) reillustrate the association between conflict score and 

parameter estimates, separately for these two regions. 
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Effect of Different Emotional Tones of  Voice 

 Because conflict was associated with neural responses to very angry speech, brain 

activation during presentation of each emotional tone of voice was examined after 

regressing out individual differences in conflict (Table 3.2). Direct comparison of 

activations in response to very angry relative to neutral stimuli did not reveal any clusters 

surviving FWE correction, although a cluster in the left temporal pole was just below this 

extent threshold. Comparison of activations in response to happy relative to neutral 

stimuli revealed significant areas in the left DLPFC, putamen, and medial temporal and 

occipital cortices. 

 

 Table 3.2. Activation to emotion stimuli after regressing out interparental conflict 
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Discussion 

 Although unusually adverse experiences such as institutional rearing or 

maltreatment are known to affect development of key neural networks, the present study 

suggests potential effects of a more moderate environmental stressor, nonphysical 

interparental conflict. By taking advantage of recent methodological advances that allow 

for investigation of neural functioning during infancy with the high spatial resolution 

afforded by fMRI (Blasi et al., 2011; Dehaene-Lambertz et al., 2010), this study provides 

novel evidence of associations between interparental conflict and patterns of infant brain 

functioning elicited by processing emotional speech during natural sleep. 

Higher levels of interparental conflict were associated with greater activation to 

very angry tone of voice in the rostral ACC and subcortical structures, including the 

hypothalamus. Although we cannot be certain about the meaning of the activation 

patterns in these brain regions, many studies indicate their involvement in emotion and 

stress processing and regulation (Kober et al., 2008). The rostral ACC is implicated in 

emotion processing and regulation in typical populations (Kober et al., 2008), and its 

functioning is frequently altered in stress-related disorders (Fonzo et al., 2010; M. J. Kim 

et al., 2008). Research also demonstrates associations between early adversity and 

decreased volume of the ACC for adults with (Treadway et al., 2009) and without 

symptoms of psychopathology (Cohen et al., 2006), although the developmental pathway 

through which these structural differences emerge remains unknown. 

The hypothalamus initiates activity of the HPA-axis. Activity of the HPA-axis in 

response to psychosocial stress is controlled by limbic brain structures involved in 

emotion processing and memory, including the amygdala, hippocampus, and ACC 
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(Pruessner et al., 2010; Ulrich-Lai & Herman, 2009). The hypothalamus is thus viewed as 

a key link between emotional input, neuroendocrine functioning, and stress reactivity 

(Kober et al., 2008). Extensive research has focused on alterations in the functioning of 

the HPA-axis (as indexed by the hormone cortisol) as a result of ELS, including more 

normative stressors, such as interparental conflict (Davies et al., 2007), and more extreme 

events, such as neglect and abuse (Bruce, Fisher, Pears, & Levine, 2009). Specific 

patterns of HPA-axis functioning have also repeatedly been associated with mood 

disorders in adolescence and adulthood (Lopez-Duran, Kovacs, & George, 2009; Parker, 

Schatzberg, & Lyons, 2003). 

These finding also converge with extensive research using animal models, which 

points to the ACC and hypothalamus as part of neural networks that link early 

psychosocial adversity to subsequent difficulties with regulation of emotions and stress 

(Loman et al., 2010). However, this study is the first to document an association between 

an environmental stressor and the functioning of these specific brain regions during 

infancy. These regions were identified based on a whole-brain regression as opposed to a 

priori specification as regions of interest. This allowed for a more independent test of 

whether the findings in this study converge with existing knowledge about the role of 

these brain regions based on animal models and research with older children and adults 

(Hart & Rubia, 2012). 

This study also provides novel evidence regarding infants’ neural processing of 

happy and angry emotional speech during sleep, regardless of the level of interparental 

conflict. The findings are broadly in line with those of a recent fMRI study indicating 

differentiation of sad relative to neutral vocalizations in sleeping 3- to 7-month-olds 
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(Blasi et al., 2011), although this study did not find differentiation between happy and 

neutral stimuli. We may have been better able to observe the latter pattern because of 

differences in the age ranges sampled and the stimuli (nonsense speech vs. emotional 

vocalizations). 

Limitations of the present study include the lack of observational assessment of 

interparental conflict and of a high-intensity positive-affect condition (e.g., very happy) 

to test whether the effects are specific to anger rather than high-intensity emotion more 

generally. Additionally, recruitment through Craigslist and human-services agencies may 

have skewed the sample toward individuals of lower socioeconomic status. We also were 

unable to monitor and control for sleep state, which is an important issue to be addressed 

in future work (see the Supplemental Material). Future research will also benefit from 

longitudinal investigations and inclusion of behavioral measures to assess whether 

changes in neural functioning mediate between exposure to environmental stress and 

socioemotional development. 

Despite these limitations, the present findings indicate that during a period when 

infants are particularly vulnerable because of their complete dependence on caregivers 

and high levels of neural plasticity, moderate sources of environmental stress may be 

related to neural functioning in areas central to emotion and stress-related processes. 

Moreover, far from being oblivious to parents’ conflict, infants’ processing of stressor-

relevant stimuli, such as angry tone of voice, may occur even during sleep. 

 The results of this study provide evidence for the utility of a functional activation 

paradigm to increase understanding of the effects of a common source of ELS on brain 

functioning during infancy. These results specifically address the association between 
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level of interparental conflict and infants' neural processing of  a stressor relevant 

stimulus, very angry tone of voice. The next chapter extends this work by using rs-fcMRI 

to characterize coordinated neural functioning at rest, in the absence of a stressor specific 

stimulus. 
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CHAPTER IV 

INTERPARENTAL CONFLICT AND RESTING STATE FUNCTIONAL 

CONNECTIVITY OF THE AMYGDALA AND DEFAULT NETWORK DURING 

INFANCY  

 

 P. A. Fisher, J. H. Pfeifer and D. A. Fair. are co-authors on this manuscript. I 

wrote this manuscript, with my co-authors providing comments and editorial assistance. I 

designed the experiment described in this chapter with input from my co-authors, 

collected the data with assistance from others, and analyzed the data with input and 

assistance from my co-authors.  

Introduction 

 Infancy is a time of rapid neural development associated with high levels of 

neural plasticity (S. E. Fox et al., 2010; Knudsen, 2004). Research with animals has 

repeatedly demonstrated the unique impact of psychosocial stress on the brain during 

early periods of development (Levine, 2005; Sánchez, Ladd, & Plotsky, 2001; Tottenham 

& Sheridan, 2010; Ulrich-Lai & Herman, 2009). Research with humans provides support 

for the impact of ELS on the brain with associated consequences for behavioral 

functioning across multiple domains (Burghy et al., 2012; Tomoda et al., 2009; 

Tottenham et al., 2011; Treadway et al., 2009). However, this research has typically 

occurred years after stress exposure. An accumulating body of work demonstrates the 

feasibility of using fMRI with infants in a research context (Anderson et al., 2001; 

Dehaene-Lambertz et al., 2002; Redcay et al., 2007), a methodology that provides the 

spatial resolution necessary to study brain regions thought to play important roles in the 
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impact of ELS. By conducting fMRI scans with infants during natural sleep researchers 

have been able to delineate the coordinated functioning of cortical and subcortical brain 

regions beginning in the first several weeks of life (Fransson et al., 2007, 2009; Gao, Zhu, 

et al., 2009; Gao et al., 2011; Smyser et al., 2010). This foundational work provides a 

basis for examining the effects of ELS on brain functioning within a more proximal time 

frame, before the onset of subsequent neurobiological processes associated with 

resiliency or development of stress related psychopathology.  

 Nonphysical interparental conflict represents a common form of ELS. A large 

body of literature has focused on nonphysical interparental conflict, documenting 

associations with behavioral and physiological indices of emotion regulatory difficulties 

in children (Cummings & Davies, 2002, 2010; Davies & Cicchetti, 2004). A smaller 

body of work extends these findings down to infancy, demonstrating that higher levels of 

interparental psychological aggression predict differences in emotion regulatory capacity 

as assessed by behavioral response to a novel toy in 6-month-olds (Crockenberg et al., 

2007). Nonphysical interparental conflict has also been associated with infants' vagal 

tone, an index of parasympathetic nervous system functioning closely associated with 

emotion regulatory capacity (Beauchaine, Gatzke-Kopp, & Mead, 2007; Beauchaine, 

2001; Calkins & Dedmon, 2000; Degangi, Dipietro, Greenspan, & Porges, 1991). Higher 

levels of interparental conflict predict lower baseline parasympathetic tone (C. Porter et 

al., 2003), and greater withdrawal of parasympathetic tone in response to a stressful 

mother-infant dyadic interaction (Moore, 2010). These results indicate that the impact of 

nonphysical interparental conflict may begin well before childhood, during the first year 

of life.   
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 Building on the research focused on infant behavior and peripheral nervous 

system functioning, we recently used fMRI during natural sleep to examine associations 

between nonphysical interparental conflict and 6-12-month-old infants' brain functioning 

(Graham, Fisher, & Pfeifer, 2013). Higher levels of conflict were found to be associated 

with increased reactivity to very angry versus neutral tone of voice in a region of the 

MPFC (specifically the rACC) and subcortical regions including parts of the thalamus, 

caudate and hypothalamus (Graham et al., 2013). These brain regions are consistent with 

those implicated by animal models (Sánchez et al., 2001; Tottenham & Sheridan, 2010) 

and neuroimaging work with older children and adults (Loman et al., 2010) as likely 

candidates for linking ELS with subsequent difficulties with emotion and stress related 

functioning. This study indicates that the functioning of these regions may be associated 

with a common and relatively moderate source of ELS during the first year of life. 

However, it remains unclear whether a moderate stressor such as interparental conflict is 

associated with neural functioning in the absence of a stressor relevant stimulus, such as 

emotional tone of voice. Moreover, the previous study did not examine the extent to 

which interparental conflict is associated with the coordinated functioning, or functional 

connectivity, of neural regions likely vulnerable to the effects of ELS.  

 Rs-fcMRI represents a powerful method for examining the coordinated 

functioning of neural regions in the absence of a specific stimulus or task. This 

methodology identifies spontaneous, low frequency changes in the BOLD signal at rest 

(without a stimulus or task), which are thought to reflect endogenous neural activity 

(Biswal et al., 1995). Correlated patterns of activity between regions are known as 

functional connections (Biswal et al., 1995). This methodology has frequently been used 
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to study functional connectivity among a group of brain regions that demonstrate higher 

levels of activity in the absence of externally oriented tasks, known as the default 

network (Gusnard & Raichle, 2001; Raichle et al., 2001). Groups of brain regions 

typically activated together for task demands also demonstrate functional connections 

during rest (M. D. Fox & Raichle, 2007; Seeley et al., 2007). The absence of stimuli 

makes this methodology particularly well suited for infants undergoing MRI scans during 

natural sleep to prevent movement detrimental to image acquisition. 

 Rs-fcMRI studies have frequently focused on the default network, which includes 

(among other regions) the PCC, precuneus, regions of the MPFC, lateral parietal lobes 

and medial temporal lobes (Greicius, Krasnow, Reiss, & Menon, 2003; Gusnard & 

Raichle, 2001; Raichle et al., 2001). Although the significance of the default network for 

behavioral functioning remains under investigation (Andrews-Hanna, 2012), it has been 

relatively well characterized with regard to its developmental trajectory (Fair et al., 2008, 

2009; Gao, Zhu, et al., 2009; Gao et al., 2011; Supekar et al., 2010), and associations 

with mental health outcomes (M. D. Fox & Greicius, 2010; Uddin et al., 2010; Whitfield-

Gabrieli & Ford, 2012). Most pertinent to the present study is evidence for rapid 

development of the default network during the first year of life. The number of default 

network regions exhibiting significant functional connectivity more than doubles (from 6 

to 13) over the period spanning 2-weeks to 1-year of age (Gao, Zhu, et al., 2009). 

Development does not appear to be linear, as less change is evident in the following year 

(Gao et al., 2011). The rapid development of the default network during the first year of 

life may indicate increased plasticity and sensitivity to environmental input during this 

time.  
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 Associations between ELS and default network functioning have been reported 

both in infants and in adults. Preterm birth has been associated with delayed emergence 

of functional connectivity between the PCC and MPFC. Specifically, functional 

connectivity between the MPFC and the PCC was noted in full-term neonates, but not 

preterm infants at equivalent postmenstrual age (Smyser et al., 2010). Research with 

adults also provides evidence for an association between ELS and diminished 

connectivity of the PCC with default network regions, although ELS is confounded with 

stress related psychopathology in some of this work. Compared to healthy controls, 

women with PTSD associated with childhood abuse demonstrate decreased connectivity 

of the PCC with default network regions including MPFC, bilateral parietal cortex and 

bilateral MTG (Bluhm, Williamson, Osuch, et al., 2009). The PTSD group also 

evidenced lower connectivity of the PCC to the insula, and regions more typically 

associated with the effects of ELS, including the amygdala and hippocampus (Bluhm, 

Williamson, Osuch, et al., 2009). Recent work indicates that adults with a history of 

childhood abuse but no psychiatric diagnosis also show decreased connectivity between 

the PCC and MPFC, compared to healthy adults without ELS (Philip et al., 2013). 

Although not focused on ELS, a small study (with 8 subjects) of individuals involved in 

car and workplace accidents found that greater PCC to amygdala resting state functional 

connectivity 6 weeks post accident predicted greater PTSD symptoms at 12 weeks post 

accident (Lanius et al., 2010). Taken together, these studies indicate that default network 

functioning may be disrupted by stressful life events with particular emphasis on 

connectivity between PCC and MPFC for ELS. Moreover, altered PCC connectivity to 
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regions more typically associated with ELS, such as the amygdala, appears to be 

associated with PTSD in adults.  

 More recently, researchers have also demonstrated the utility of rs-fcMRI for 

understanding the coordinated functioning of subcortical regions with strong empirical 

and theoretical ties to the impact of ELS. The amygdala is a key region of interest due to 

a large body of animal literature demonstrating the impact of ELS on the amygdala with 

consequences for subsequent behavioral functioning (for reviews see Sánchez, Ladd, & 

Plotsky, 2001; Tottenham & Sheridan, 2010). Neuroimaging work in humans with older 

children and adults also provides evidence for the impact of ELS on amygdala structure 

(Driessen et al., 2000; Mehta et al., 2009; Schmahl, Vermetten, Elzinga, & Bremner, 

2003; Tottenham et al., 2010) and function (Dannlowski et al., 2012; Taylor et al., 2006; 

Tottenham et al., 2011). The human neuroimaging literature has also repeatedly indicated 

a role for the amygdala in stress related psychopathology, such as PTSD (Hayes, Hayes, 

& Mikedis, 2012; Shin, Rauch, & Pitman, 2006).   

 Rs-fcMRI studies of the amygdala have increased understanding of the 

coordinated functioning of both the whole amygdala and amygdala subregions in 

humans. In adults, the whole amygdala demonstrates significant resting state functional 

connectivity with regions identified in animal models of amygdala connectivity (Amaral 

& Price, 1984; Barbas & De Olmos, 1990; Ghashghaei & Barbas, 2002; Price, 2003), and 

models of amygdala functional connectivity derived from human task based fMRI 

involving emotional content (Stein et al., 2007), including the ACC, PCC, mid-cingulate, 

parahippocampal gyrus, insula and areas in the PFC (Bickart, Hollenbeck, Barrett, & 

Dickerson, 2012; Etkin, Prater, Schatzberg, Menon, & Greicius, 2009; Roy et al., 2009). 
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In line with the idea that rs-fcMRI captures correlated activity due to both direct and 

indirect anatomical connections (Damoiseaux & Greicius, 2009; Greicius et al., 2009; 

Honey et al., 2009; Shmuel & Leopold, 2008), resting state functional connectivity of the 

amygdala also involves regions with which it does not have known direct anatomical 

connections (Roy et al., 2009).  

 The examination of amygdala subregions with rs-fcMRI represents an important 

step as the amygdala is known to be composed of multiple subnuclei with distinct 

cytoarchitecture and functional roles (Davis, 2006; Heimer et al., 1999; Jolkkonen & 

Pitkanen, 1998; Russchen, Bakst, Amaral, & Price, 1985). Moreover, animal research 

demonstrates unique roles for different amygdala subdivisions in mediating the effects of 

stress (Albeck et al., 1997; Caldji et al., 2000; Hsu et al., 1998; Pelletier et al., 2005; 

Rainnie et al., 2004). For example, the basolateral amygdala plays a unique role in the 

effects of stress on learning and memory through its connections with the hippocampus 

among other regions (Roozendaal et al., 2009).   

 Rs-fcMRI has been used to examine the functional connectivity of amygdala 

subregions derived from mapping cytoarchitecture in postmortem brain tissue. The most 

commonly used probabilistic maps based on cytoarchitecture include nuclei grouped into 

laterobasal (LB), centromedial (CM) and superficial (SF) subregions (Amunts et al., 

2005). Rs-fcMRI studies of these subregions demonstrate good consistency with known 

pathways for sensory input and other connections of these subregions from the animal 

literature (Etkin et al., 2009; Roy et al., 2009). For example, consistent with its role in 

learning and memory, the LB subregion demonstrates stronger positive connectivity with 

the STG and hippocampus compared to the other subregions (Roy et al., 2009). A study 
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focused on the LB and CM amygdala subregions demonstrated a high level of 

consistency in the unique patterns of connectivity for these regions across two 

independent samples, and when compared with the findings of Roy and colleagues (Etkin 

et al., 2009). Additional support for utility of rs-fcMRI for examining the connectivity of 

amygdala subregions defined by cytoarchitecture comes from a study which derived 

amygdala subregions from examining the relative strength of resting state functional 

connectivity of all voxels within the amygdala to specific prefrontal regions (Bickart et 

al., 2012). The subregions defined by this procedure converge to a large degree with the 

probabilistic maps based on cytoarchitecture (Bickart et al., 2012).  Taken together these 

findings provide support for the use of probabilistic maps of amygdala subregions based 

on cytoachitecture in rs-fcMRI studies.   

 Recent work has indicated the potential for rs-fcMRI to characterize the 

connectivity of the amygdala and its subregions in children. Qin and colleagues 

characterized the resting state functional connectivity of the CM and LB amygdala in 7-

to-9-year-old children as compared to 19-to-22-year old adults (Qin, Young, Supekar, 

Uddin, & Menon, 2012). For the combined CM and LB amygdala subregions children 

demonstrated weaker connectivity compared with adults in multiple regions including 

cingulate gyrus, insula, sensorimotor cortex, premotor cortex, superior parietal lobe, 

DLPFC, VMPFC and subcortical regions including caudate, putamen, cerebellum and 

brainstem (Qin et al., 2012). Children also displayed little differentiation in patterns of 

connectivity for each subregion, with significant differences only for greater CM 

compared to LB connectivity with temporal pole and perirhinal cortex (Qin et al., 2012). 

In contrast adults demonstrated stronger CM versus LB connectivity to dorsal ACC and 
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multiple subcortical regions, including thalamus, putamen, and caudate, and stronger LB 

versus CM connectivity to perirhinal cortex and multiple cortical regions including STG, 

MTG, motor cortex and inferior parietal cortex (Qin et al., 2012). These findings were 

replicated in a second independent sample of children and adults, indicating these 

amygdala subregions can be reliably used for rs-fcMRI analyses in children (Qin et al., 

2012). 

 Rs-fcMRI studies of the amygdala have also provided insight into potential 

effects of ELS on the coordinated functioning of the amygdala with other neural regions 

important for emotion processing and regulation. Healthy adults with a history of 

childhood abuse show increased resting state connectivity between the whole amygdala 

and VMPFC compared to those with no experience of ELS (at the trend level; Philip et 

al., 2013). It should be noted that this study only examined resting state connectivity 

between the amygdala and the VMPFC as opposed to conducting a whole brain analysis. 

Rs-fcMRI studies focused on combat related PTSD have used a whole brain analysis 

approach and reported greater connectivity between the amygdala and right posterior 

insula for the PTSD group versus healthy participants with combat exposure (Rabinak et 

al., 2011; Sripada et al., 2012). This work also indicates that PTSD is associated with 

lower positive connectivity between amygdala and hippocampus and lower negative 

connectivity between amygdala and rACC (a region within the MPFC; Sripada et al., 

2012). These studies indicate that stress is associated with altered resting state functional 

connectivity of the amygdala to brain regions frequently associated with the impact of 

ELS, the MPFC and hippocampus, in addition to a region less frequently studied in the 

ELS literature, the insula.  
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 Functional connectivity of amygdala subregions in relation to ELS has not yet 

been examined. However, resting state functional connectivity of amygdala subregions 

does seem to be altered in anxiety disorders (Etkin et al., 2009; Hahn et al., 2011; Roy et 

al., 2013), which share some of the neurobiological markers of ELS (Dannlowski et al., 

2012). Adults with Generalized Anxiety Disorder (GAD) were found to show less 

distinct connectivity patterns for the CM and LB amygdala compared to healthy adults 

(Etkin et al., 2009). In addition, both subregions demonstrated greater positive functional 

connectivity to the right DLPFC in the GAD group. Within the GAD group, greater 

positive functional connectivity between the amygdala subregions and the DLPFC was in 

turn associated with lower anxiety. Etkin and colleagues therefore interpret increased 

amygdala to DLPFC connectivity as potentially underlying cognitive strategies employed 

by GAD patients to cope with anxiety (Etkin et al., 2009). A study of adolescents with 

GAD found some support for increased overlap in functional connectivity patterns 

between CM and LB amygdala as evidenced by increased left CM connectivity to regions 

also functionally connected to the LB amygdala (Roy et al., 2013). In contrast to the work 

with adults, this study reported unique connectivity patterns associated with GAD for 

each amygdala subregion (LB, CM and SF). Among other findings, the GAD group 

demonstrated greater connectivity between CM amygdala and posterior insula, which 

was associated with greater anxiety (Roy et al., 2013). This work provides support for the 

idea that examining resting state functional connectivity of amygdala subregions provides 

unique insight into the neural basis of anxiety disorders.  

 Rs-fcMRI studies have captured developmental changes in connectivity patterns 

of the default network and amygdala, and indicated the sensitivity of these patterns to 
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ELS, and their relevance for stress related psychopathology. The present study therefore 

has two interrelated aims: 1) to characterize the functional connectivity of the amygdala 

and the PCC (part of the default network) during the first year of life, a time of 

vulnerability in terms of neural plasticity and dependence on caregivers; and 2) to 

examine associations between a common source of ELS, nonphysical interparental 

conflict, and the functional connectivity of these regions. Based on previous literature 

examining the default network during infancy, we hypothesized that we would see 

evidence for resting state functional connectivity among multiple default network regions 

(Gao, Zhu, et al., 2009). Due to the lack of previous studies examining amygdala or 

amygdala subregion functional connectivity during infancy, we did not put forth specific 

hypotheses regarding functional connectivity of these regions.  

 We hypothesized that higher levels of interparental conflict would predict 

decreased connectivity between the PCC and the MPFC based on the research with 

preterm infants (Smyser et al., 2010) and the adult literature regarding ELS and the 

default network (Philip et al., 2013). We hypothesized that higher levels of interparental 

conflict would predict altered connectivity between the whole amygdala and the rACC 

and hypothalamus regions identified as more reactive to angry tone of voice in our 

previous study (Graham et al., 2013). We did not put forth specific hypotheses regarding 

associations between interparental conflict and the amygdala subregions due to limited 

prior work in humans examining effects of ELS on these subregions. However, based on 

the animal literature we hypothesized that interparental conflict would demonstrate 

distinct patterns of associations with each subregion. Due to the early stages of this 

literature we took a whole brain analysis approach in addition to testing associations 
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between interparental conflict and connectivity of specific, a priori regions of interest 

(ROIs), namely the MPFC, rACC and hypothalamus.  

Method 

Participants 

 Families were recruited through advertisements on Craigslist and flyers posted in 

the community and at local human services agencies. The Problem Solving 

Communication subscale from the Marital Satisfaction Inventory-Revised (Snyder, 1997) 

was used during the screening process to assess level of interparental conflict. Families 

were selected based on established norms for distressed versus non-distressed couples in 

order to obtain a range of conflict in the sample. Inclusionary criteria included infants 

having no known neurological disorders, and living with both biological parents. 

Exclusionary criteria included referrals or investigations involving any member of the 

family by a public child protective services agency. Scans were attempted for 39 infants 

as part of a study protocol including one anatomical scan, two functional scans during an 

auditory paradigm and one resting state functional scan during which no stimuli were 

presented.  

 Twenty-three infants 6-12-months-of-age (M=8.35, SD=1.94; 8 Female) 

completed the two scans necessary for the current analysis (the anatomical and resting 

state functional scans). Scanning for each infant was attempted on up to two visits to the 

scan center. Sixteen infants did not complete both the anatomical and resting state scans 

due to difficulty falling asleep at the scan center or waking up prior to or during a scan 

sequence. For the 23 infants included in analysis, race and ethnicity were representative 

of the community in which recruitment occurred  (82.6% Caucasian and 17.4% other or 
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more than one race; 21.7% Hispanic). Educational attainment for mothers was as follows: 

8.7% did not complete high-school or a test equivalent, 21.7 % completed high-school or 

a test equivalent, 34.8% completed some community college, and 34.6% completed at 

least one year or more of a standard 4-year college. The median category for gross annual 

household income was $30,000–$39,999, based on a 12-point scale: 1 (less than $4,999 

per year) to 12 ($100,000 or more per year). Infants included in analysis did not differ 

significantly from the rest of the sample with regard to any of the demographic variables. 

Interparental Conflict Measures 

 Mothers reported levels of non-physical interparental conflict on the 

Psychological Aggression scale of the Revised Conflicts Tactics Scale (CTS2; Straus, 

Hamby, Boney-McCoy, & Sugarman, 1996) and the O’Leary-Porter Scale (OPS;Porter & 

O’Leary, 1980). The CTS2 was adapted to ask about interparental aggression since 

childbirth (as opposed to the previous year). The CTS2 response categories indicate the 

frequency of aggressive behaviors: 0 (this has never happened), 1 (once), 2 (twice), 3 (3–

5 times), 4 (6–10 times), 5 (11–20 times), or 6 (more than 20 times). Consistent with the 

scoring instructions, responses with a range were recoded to a single number (i.e., 4 [3–5 

times], 8 [6–10 times], and so on; Straus et al., 1996). Maternal report of psychological 

aggression toward and received from her partner were highly correlated (r = .941, p < 

.001). The mean was therefore used as a composite score of psychological aggression in 

the infant's home (α=.937). 

 The OPS was adapted for infants to ask about the frequency of arguments in front 

of the ‘infant’ (instead of the ‘child’). One item regarding physical hostility was also 

removed from the scale due to the focus of the study on non-physical conflict. The total 
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sum score from the OPS was used to represent the frequency of verbal hostility in the 

presence of the infant (α=.834). Maternal report on the OPS and the Psychological 

Aggression scale of the CTS2 were highly correlated (r (22) = .698, p < .001) and were 

therefore averaged to create a composite of the overall level of non-physical conflict in 

the home.  

Scanning Protocol  

 For the first study session families came to the neuroimaging center and learned 

about MRI safety and scan procedures with a mock scanner. Parents completed an MRI 

screening form for their infant (Lewis Center for NeuroImaging MRI Screening 

Questionnaire) and signed a release for their infant’s physician to fill out the screening 

form. Parents also completed questionnaires regarding family conflict and demographic 

information. Families were given a CD of scan noises to take home and play for three 

nights prior to the scan session to allow infants to become accustomed to the noises.  

 Scan sessions were scheduled for infants' regular bedtimes. Infants were placed 

on the scanner bed and fitted with Bilsom pneumatic headphones after they fell asleep. 

Soft padding was placed between the earphones and the inside wall of the head coil for 

further sound protection and to stabilize head movements. Throughout the scan session 

two researchers remained in close proximity to the infant to watch for indications of 

wakefulness or distress.  

fMRI Data Acquisition  

 Neuroimaging data were collected during natural sleep on a Siemens Allegra 3.0T 

scanner with a phased array coil. First, an 8 minute high-resolution T1-weighted MP-

RAGE scan was obtained (TR=2500ms, TE=4.38 ms, TI=1100ms, flip angle=8°, matrix 
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size 256x192, FOV=256mm, 160 slices, 1mm in-plane resolution, 1mm thick) followed 

by two T2 weighted functional scans during presentation of auditory stimuli (consisting 

of different emotional tones of voice). An additional T2-weighted echo-planar functional 

scan with no stimuli was then collected to obtain resting state data (TR=2000ms, 

TE=30ms, flip angle=80°, matrix size 64x64, FOV=200mm, 32 slices, 3.125mm in-plane 

resolution, 4mm thick, 180 whole brain volumes). For all functional scans prospective 

acquisition correction (PACE) was applied to adjust slice position and orientation, as well 

as to re-grid residual volume-to-volume motion in real-time during data acquisition for 

the purpose of reducing motion-induced effects (Thesen et al., 2000).  

fMRI Analysis 

 Data preprocessing. The MRIConvert program 

(http://lcni.uoregon.edu/jolinda/MRIConvert/) was used to convert neuroimaging data to 

Neuroimaging Informatics Technology Initiative data format. Brain images were 

separated from the rest of the head tissue with the Brain Extraction Tool from the FMRIB 

Software Library (Beckmann et al., 2006; S. M. Smith et al., 2001; S. M. Smith, 2002) 

and the Brain Surface Extraction tool from BrainSuite09 (Sandor & Leahy, 1997; 

Shattuck et al., 2001). Statistical Parametric Mapping (SPM) software (SPM8; Wellcome 

Department of Cognitive Neurology, London, England) was used for realignment of 

functional images, registration to the anatomical scan, and normalization to a standard 

infant template (8- to 11-month age range) from the MRI Study of Normal Brain 

Development (Fonov et al., 2011, 2009). For compatibility with software for rs-fcMRI 

analysis maintained by Neuro-Imaging Laboratory (Washington University), the 

normalized time series images were then converted to the Talairach and Tournoux atlas 
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(Talairach & Tournoux, 1988) and into 4-dimensional floating point format using Caret 

Software (Van Essen et al., 2001).  

 rs-fcMRI preprocessing. Preprocessing steps specifically designed for resting 

state functional connectivity data were conducted to account for signal stemming from 

non-neuronal processes (M. D. Fox & Raichle, 2007). These steps followed established 

procedures described in previous work  including, temporal band-pass filtering (0.009 Hz 

< f < 0.08 Hz), regression of rigid body head motion parameters in 6 directions, 

regression of the whole brain signal, regression of ventricular signal averaged from a 

ventricular region mask, regression of white matter signal averaged from a white matter 

mask and regression of first order derivative terms for the whole brain,ventricular,and 

white matter signals (Fair et al., 2007, 2009). In addition to the regression of head motion 

parameters relative to the reference frame during connectivity preprocessing, additional 

steps were taken to examine movement of a given frame relative to the previous frame, 

known as framewise displacement (FD; Power, Barnes, Snyder, Schlaggar, & Petersen, 

2012). This method yields a 6 dimensional time series representing frame-to-frame 

motion of the 6 rigid body parameters, as described by FDi =|∆dix| +  |∆diy| + |∆diz| + |∆αi| 

+ |∆βi| + |∆γi|, where ∆dix = d(i−1)x − dix, and so on. This formula sums the absolute values 

of volume-by-volume changes in the six rigid body parameters. We used a volume 

censoring approach in which we removed volumes associated with greater than .3 mm 

FD. One volume preceding and two volumes following were also removed to account for 

temporal blurring (Power et al., 2012). The maximum percentage of volumes removed 

from a scan was 22.5% (M=7.10, range=1.70-22.5).  
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 Brain regions of interest.  

 Default network ROIs. The PCC has been identified as an early emerging hub of 

the default network during infancy (Gao, Lin, et al., 2009) and was therefore chosen as an 

appropriate ROI for examining default network activity in 6-to-12-month-olds. A 

VMPFC ROI was used to test the specific hypothesis that higher interparental conflict 

would predict lower PCC to VMPFC connectivity. The PCC and VMPFC ROIs were 

12mm spheres identified in previous research focused on the default network (M. D. Fox 

et al., 2005), and used in research documenting the developmental trajectory of the 

default network from childhood to adulthood (Fair et al., 2008, 2009).  

 Amygdala and amygdala subregions. Amygdala ROIs were obtained from FSL's 

Juelich histological atlas. These ROIs are based on stereotaxic, probabalistic maps 

(created with cytoarchitectonic mapping and 3-D reconstruction) of the whole amygdala 

and three subregions: superficial (SF) laterobasal (LB) and centromedial (CM; Amunts et 

al., 2005). The SF subregion includes the anterior amygdaloid area, amygdalopyriform 

transition area, the amygdaloid-hippocampal area and the ventral and posterior cortical 

nuclei. The LB subregion includes the lateral, basolateral, basomedial, and paralaminar 

nuclei. The CM subregion includes the central nucleus and the medial nucleus. The 

accuracy of these maps for children was examined in postmortem brain tissue from a 10-

year-old child (J. E. Kim et al., 2010). The position and relative size of all subregions 

were found to be similar for the child amygdala with the exception of a smaller size of 

the SF amygdala proportional to the CM and LB in the child amygdala (J. E. Kim et al., 

2010). Figure 4.1, Panel A (in the Results section) shows the amygdala subregion ROIs 

displayed on a representative infant structural brain image that has been normalized to the 
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infant template, and transformed to Talairach and Tournoux atlas space. ROIs for the left 

and right side were combined creating bilateral ROIs for the whole amygdala and each 

subregion.  

 Infant fMRI ROIs. The rACC and hypothalamus ROIs were derived from 

clusters identified by the analysis of the auditory functional activation paradigm also 

utilized with this sample of infants (Graham et al., 2013). Specifically, the ROIs resulted 

from a whole brain regression of maternal report of interparental conflict on the contrast 

of very angry versus neutral speech. Higher conflict was associated with greater 

activation in these regions during presentation of very angry versus neutral speech.  

Analysis Plan  

 For the whole amygdala, amygdala subregions and PCC ROIs, voxelwise 

functional connectivity maps were created by correlating the time course of the voxels 

within each ROI with the time course of every other voxel in the brain during the resting 

state scan. This produced a whole group functional connectivity map for each ROI. For 

the amygdala subregions paired two-tailed t-tests were also used to directly compare 

whole brain connectivity between the subregions (LB versus CM, LB versus SF, and CM 

versus SF). These t-tests produced maps illustrating differences in patterns of 

connectivity between the subregions.  

 Whole brain voxelwise regressions were used to examine associations between 

interparental conflict and connectivity while controlling for infant age. Separate 

regression analyses were conducted for the amygdala, amygdala subregions and PCC 

ROIs with interparental conflict as the independent variable, infant age as a covariate and 

whole brain voxelwise connectivity as the dependent variable. For all of the whole brain 
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analyses, thresholding based on Monte Carlo simulation was implemented to account for 

multiple comparisons (Forman et al., 1995). Correction for p<0.05 voxel clusters required 

a threshold of 53 contiguous voxels with a Z-value> 2.25. 

 To examine the hypothesized associations of interparental conflict with 

connectivity between specific ROIs (amygdala ROIs to the fMRI ROIs and PCC to 

VMPFC), we extracted the time courses for these regions over the course of the resting 

state scan for each infant. We then created a correlation matrix to determine the strength 

of the correlation (r value) between relevant pairs of ROIs. We ran separate regressions 

with interparental conflict as the independent variable, infant age as a covariate and the r 

values representing the connectivity between relevant pairs of ROIs as the dependent 

variable. The results of these regressions indicate whether interparental conflict 

significantly predicted resting state connectivity between ROIs. All analyses were 

conducted with software maintained by Neuro-Imaging Laboratory (Washington 

University). 

Results 

Whole Group Connectivity Maps 

 PCC ROI. Activity in the PCC was positively correlated with activity in a 

number of regions typically identified as part of the default network in adults (M. D. Fox 

et al., 2005; Greicius et al., 2003) including VMPFC, bilateral lateral parietal cortex, 

parahippocampal gyrus, inferior temporal cortex and left (DLPFC; superior frontal gyrus, 

BA 6). The whole group connectivity map for the PCC ROI is shown in Figure 4.2, Panel 

A.  
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 The PCC evidenced negative correlations with spontaneous activity in regions 

identified in the adult literature as frequently activated during task based imaging studies 

and negatively correlated with default network activity in resting state studies 

(Damoiseaux et al., 2006; De Luca, Beckmann, De Stefano, Matthews, & Smith, 2006; 

M. D. Fox et al., 2005; Fransson, 2005) including bilateral insula extending into IFG, 

right supplementary motor area (SMA), bilateral middle temporal (MT) area and right 

DLPFC. Additionally, negative correlations were identified between the PCC and 

bilateral thalamus and parts of brainstem and cerebellum.  

 Amygdala and amygdala subregion ROIs. The whole group functional 

connectivity map for the amygdala revealed positive correlations between spontaneous 

activity in the amygdala and dorsal, subgenual and rostral ACC, encompassing the rACC 

ROI derived from the fMRI study. Amygdala activity was also positively correlated with 

the caudate, thalamus, hypothalamus, encompassing the subcortical ROI from the fMRI 

study. Additional regions demonstrating positive connectivity with the amygdala 

included the hippocampus and hippocampal gyrus, bilateral STG, MTG and insula. 

Negative connectivity to the amygdala was observed bilaterally in middle frontal gyrus 

(DLPFC), PCC, precuneus, fusiform gyrus, parietal lobe (extending into inferior parietal 

lobule, and somatosensory cortex), brainstem and cerebellum, and left cuneus (Figure 

4.1, Panel B).  

 The connectivity maps for each subregion demonstrated overlap in multiple 

regions including positive connectivity with bilateral thalamus and rACC and negative 

connectivity with PCC. However, the patterns of connectivity were also distinct in 

multiple regions.  
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 CM versus SF amygdala. In comparison to the SF amygdala, the CM amygdala 

demonstrated greater positive connectivity with regions including bilateral STG (BA 22, 

41), lateral premotor and motor cortex, right posterior middle frontal gyrus (BA 6), lateral 

somatosensory cortex, insula, thalamus, caudate, putamen, left IFG, left lingual gyrus, 

and brainstem regions. Regions demonstrating greater negative connectivity with the CM 

relative to SF amygdala included bilateral rostral middle frontal gyrus (BA 10), 

precuneus, somatosensory cortex association cortex (BA 3 and 5), and mid-cingulate (BA 

24). 

 Relative to the CM amygdala, activity in the SF amygdala was more positively 

associated with activity in bilateral medial frontal gyrus (BA25) extending into subgenual 

ACC (BA 32) on the right, bilateral temporal pole (BA 38), bilateral IFG, and 

parahippocampal gyrus. Relative to the CM amygdala, activity in the SF amygdala was 

more negatively associated with activity in bilateral inferior parietal lobule and bilateral 

cerebellum.  

 CM versus LB amygdala. In comparison to the LB amygdala, the CM amygdala 

demonstrated greater positive connectivity with multiple cortical regions bilaterally 

including sensorimotor cortex (BA 43), lateral motor and premotor cortex, STG (BA 22), 

IFG, and insula. The CM amygdala also evidenced greater positive connectivity with 

subcortical regions bilaterally including thalamus and caudate, putamen, and globus 

pallidus. Regions demonstrating greater negative connectivity with the CM relative to LB 

amygdala included right middle frontal gyrus (BA 10), bilateral somatosensory 

association cortex (BA 5) and superior parietal cortex (BA 7), and left PCC.  
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 Relative to the CM amygdala, activity in the LB amygdala was more positively 

associated with activity in bilateral hippocampus and hippocampal gyrus, STG (BA38), 

MTG (BA 21) and insula, and right supramarginal gyrus (BA 40). Relative to the CM 

amygdala, activity in the LB amygdala was more negatively associated with activity in 

the bilateral cerebellum.  

 LB versus SF amygdala. In comparison to the SF amygdala, the LB amygdala 

demonstrated greater positive connectivity with multiple regions bilaterally including 

MTG (BA 21), inferior temporal gyrus (BA 20), STG (BA 13 and 22), parahippocampal 

gyrus, DMPFC (BA 8), left premotor cortex (BA 6), hippocampus and right caudate 

head. Regions demonstrating greater negative connectivity with the LB relative to SF 

amygdala included right lateral motor and premotor cortex, bilateral lingual gyrus (BA 

18), and left cerbellum.  

 Relative to the LB amygdala, activity in the SF amygdala was more positively 

associated with activity bilaterally in putamen, globus pallidus, caudate body, 

parahippocampal gyrus, and inferior frontal gryus. Relative to the LB amygdala, activity 

in the SF amygdala was more negatively associated with activity bilaterally in the 

precuneus, caudate tail and SMA (BA 6) extending into medial portions of the motor 

cortex. Figure 4.2, Panel B shows the direct comparison between each subregion. 
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Figure 4.1. Amygdala ROIs and whole group rs-fcMRI maps. Panel A shows the whole 

amygdala and amygdala subregion ROIs displayed on a representative structural image 

from one infant. The structural image was normalized to the infant template and then 

transformed to adult space based on the Talairach and Tournoux atlas. The first column 

of Panel B shows the whole group voxelwise functional connectivity map for the whole 

amygdala ROI. Subsequent columns in Panel B show direct comparisons between the 

voxelwise functional connectivity maps for the subregion ROIs. Images in Panel B are 

displayed on an adult template in Talairach and Tournoux space. Displayed at 

coordinates corresponding to Figure 1 in the article by Roy and colleagues to facilitate 

comparison (Roy et al., 2009). p < .05, corrected for multiple comparisons based on a 

Monte Carlo simulation (Z>2.25 and 53 contiguous voxels).  

 

 

Interparental Conflict Regressions 
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Region BA Hemisphere x y z Z-value

Claustrum Left -34 5 4 2.85

Insula 13 Left -45 -2 4 2.82

Paracentral Lobule and Precuneus 5/7 Left -10 -39 52 -3.54

Cerebellum extending and Fusiform Right 30 -39 -21 -3.16

Precentral Gyrus/SMA 6 Left -10 -19 72 -2.83

Precuneus 7 Right 18 -65 38 -2.61

Paracentral Lobule 5 Right 11 -35 53 -2.55

Talairach

Note. Infant age was included as a covariate. The table reports only results that 

exceeded a threshold of p < .05,  corrected for multiple comparisons across the 

whole brain based on Monte Carlo simulation (specifically, Z>2.25 and 53 

contiguous voxels). Subpeaks within the same regions are included only if they 

are > 10mm apart. BA=Brodmann Area; SMA=Supplementary motor area.

Table 4.1. Results of Whole Brain Regression of Interparental Conflict on rs-

fcMRI Map of Posterior Cingulate Cortex ROI

map for the relevant ROI. For example, if the whole group evidenced negative 

connectivity between an ROI and a brain region, and conflict was associated with greater 

positive connectivity to the same region, we would infer that conflict predicted less 

negative coupling between the two regions.  

 PCC ROI. The whole brain regression of interparental conflict on connectivity of 

the PCC indicated that higher conflict was associated with less positive connectivity of 

the PCC to bilateral precuneus and paracentral lobule and less negative connectivity to 

left mid-posterior insula and claustrum. Higher conflict was also associated with greater 

negative connectivity of the PCC to right cerebellum extending into fusiform and left 

SMA. Results are presented in Table 4.1 and displayed in Figure 4.2, Panel B.  

 We extracted the resting state time courses for the PCC and MPFC ROIs to 

examine potential effects of conflict on connectivity between these two regions in a more 

focused analysis. Consistent with the whole brain analysis, interparental conflict was not 

significantly associated with the correlation between the PCC and MPFC.   
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Figure 4.2. Whole group rs-fcMRI map and interparental conflict regression for PCC 

ROI. Panel A shows the whole group voxelwise functional connectivity map for the PCC 

at coordinates corresponding to the regression results displayed in Panel B. Panel B 

shows less positive connectivity between the PCC and left paracentral lobule/precuneus, 

and greater negative connectivity between the PCC and left SMA associated with higher 

interparental conflict. Panel B also shows less negative connectivity between the PCC 

and right insula/claustrum associated with higher interparental conflict. Displayed on an 

adult template in Talairach and Tournoux space. p < .05, corrected for multiple 

comparisons based on a Monte Carlo simulation (Z>2.25 and 53 contiguous voxels).   

 

 Amygdala and amygdala subregion ROIs. The whole brain regression of 

interparental conflict on connectivity of the whole amygdala indicated that higher conflict 

was associated with less positive connectivity of the amygdala to the right posterior 

insula extending into the claustrum and the right hippocampus. Higher conflict was also 
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associated with less negative connectivity of the amygdala to a region in the left 

somatosensory cortex extending into paracentral lobule and precuneus.   

 CM amygdala. For the CM amygdala, higher conflict was associated with less 

positive connectivity to the right insula and less negative connectivity to the left 

somatosensory cortex and left DLPFC. Higher conflict was also associated with greater 

negative connectivity between the CM amygdala and bilateral PCC. In comparison to the 

conflict regression for the whole amygdala, the strength of the association between 

conflict and less negative connectivity with the left somatosensory cortex was stronger 

for the CM amygdala. The insula region identified in the CM amygdala conflict 

regression was larger in size and located posteriorly and dorsally compared to the insula 

region identified in the whole amygdala regression. 

 SF amygdala. For the SF amygdala, higher conflict was associated with less 

negative connectivity with the left precuneus and right cerebellum. Higher conflict was 

also associated with greater positive connectivity between the SF amygdala and left 

somatosensory cortex, and greater negative connectivity with the right lateral 

somatosensory cortex.  

 LB amygdala. For the LB amygdala, higher conflict was associated with less 

positive connectivity to the right parahippocampal gyrus. Results of the regression 

analyses for all of the amygdala ROIs are reported in Table 4.2. As the results differed by 

subregion, Figure 4.3 displays the results of the regressions for the CM, SF and LB 

amygdala, but not for the whole amygdala.   
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Figure 4.3. Interparental conflict regressions on rs-fcMRI maps of amygdala subregion 

ROIs. In each panel the images on the left show the whole group voxelwise functional 

connectivity map for the amygdala subregion at coordinates corresponding to the 

regression results on the right. For the CM amygdala, the column on the right shows less 

positive connectivity to the right insula, greater negative connectivity to bilateral PCC 

and less negative connectivity to left DLPFC associated with higher interparental 

conflict. For the SF amygdala, the image on the right shows less negative connectivity to 

the left precuneus and greater positive connectivity to left somatosensory cortex 

associated with higher interparental conflict. For the LB amygdala, the image on the right 

shows less positive connectivity to the right parahippocampal gyrus. Displayed on an 

adult template in Talairach and Tournoux space. p < .05, corrected for multiple 

comparisons based on a Monte Carlo simulation (Z>2.25 and 53 contiguous voxels). 

PHG=parahippocampal gyrus.   
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 Amygdala ROI connectivity to fMRI ROIs. We extracted the resting state time 

courses for the amygdala ROIs and the two fMRI ROIs to specifically examine potential 

effects of conflict between these regions. This more focused set of regressions was in line 

Region BA Hemisphere x y z Z-value

Whole Amygdala

Postcentral gyrus/somatosensory 3 Left -20 -35 65 2.64

Precuneus 7 Left -17 -46 42 2.54

Insula 13 Right 39 -3 -10 -3.31

Hippocampus Right 31 -46 3 -2.77

Claustrum Right 35 -13 -7 -2.37

Centromedial Amygdala

Postcentral gyrus/somatosensory 3 Left -30 -34 47 3.18

Postcentral gyrus/somatosensory 2 Left -45 -26 46 2.44

Posterior Cingulate 30 Left -22 -55 6 -2.93

Insula 13 Right 46 -6 14 -2.90

40 -14 6 -2.64

Superior Frontal Gyrus/DLPFC 9 Left -25 42 30 -2.83

Medial Frontal Gyrus/DLPFC 9 Left -17 37 24 -2.27

Posterior Cingulate 30 Right 15 -54 11 -2.43

Laterobasal Amygdala

Parahippocampal Gyrus 19 Right 34 -42 -1 -3.11

Superficial Amygdala

Precuneus 7 Left -17 -46 42 3.12

Cerebellum Right 3 -73 -40 3.01

Postcentral gyrus/somatosensory 3 Left -16 -35 66 2.94

Medial Frontal Gyrus/SMA 6 Left -14 -24 52 2.67

Postcentral gyrus/somatosensory 3 Right 47 -15 55 -2.49

Note.  Infant age was included as a covariate. The table reports only results that 

exceeded a threshold of p < .05,  corrected for multiple comparisons across the 

whole brain based on Monte Carlo simulation (specifically, Z>2.25 and 53 

contiguous voxels). Subpeaks within the same regions are included only if they 

are > 10mm apart. BA=Brodmann Area; SMA=Supplementary motor area; 

DLPFC=Dorsolateral prefrontal cortex. 

Talairach

Table 4.2. Results of Whole Brain Regression of Interparental Conflict on rs-

fcMRI Maps of Amygdala ROIs
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with the results of the whole brain regressions indicating that interparental conflict was 

not significantly associated with the correlation between any of the amygdala ROIs and 

either of the fMRI ROIs. 

Discussion 

 The present study examined resting state functional connectivity of the amygdala 

and default network in infancy, and potential associations with a common source of ELS, 

nonphysical interparental conflict. The observed patterns of connectivity for the default 

network ROI converge with findings in adults and one study of a similar age group, 

indicating reliable identification of this network in infants. As a whole group, infants 

demonstrated connectivity between the PCC region and multiple regions considered to be 

part of the adult default network (M. D. Fox et al., 2005; Greicius et al., 2003) including 

the VMPFC, bilateral lateral parietal cortex, parahippocampal gyrus, inferior temporal 

cortex and left superior frontal cortex. Our findings are in line with previous work 

demonstrating that by 1 year of age infants evidence resting state functional connectivity 

among multiple default network regions (Gao, Zhu, et al., 2009). Our results differ from 

previous work with 1-year-old infants (Gao, Zhu, et al., 2009) only with regard to the 

inclusion of the left superior frontal cortex, although this finding is in line with adult 

work on resting state connectivity of the PCC (M. D. Fox et al., 2005; Greicius et al., 

2003). Overall there is a striking similarity between the findings in the present study and 

that of Gao and colleagues (Gao, Zhu, et al., 2009), especially considering their use of a 

different analytic method (a data driven approach versus our use of an a priori PCC ROI), 

and the wider age range in our sample.  
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 It is also interesting to note the overlap with adult default network studies using a 

PCC seed region approach (M. D. Fox et al., 2005; Greicius et al., 2003), with the only 

difference being the lack of an additional more dorsal and rostral MPFC region for the 

infants. As noted by Gao and colleagues, the adult default network appears to be more 

intact in infants than in children (Gao et al., 2011; Gao, Zhu, et al., 2009) indicating a 

potentially nonlinear pattern of development. However, changes in default network 

connectivity from infancy through childhood have not yet been directly examined.  

 Although care should be take in interpreting negative correlations in rs-fcMRI due 

to the potential influence of global signal regression during data processing (Chai, 

Castañón, Ongür, & Whitfield-Gabrieli, 2012; Murphy, Birn, Handwerker, Jones, & 

Bandettini, 2009; Weissenbacher et al., 2009), it is interesting to note that the observed 

pattern of negative correlations with the PCC seed region is generally consistent with 

research in adults. Research with adults demonstrates patterns of negative connectivity 

between the default network and regions typically activated by tasks requiring attention 

(Damoiseaux et al., 2006; De Luca et al., 2006; M. D. Fox et al., 2005; Fransson, 2005). 

The negative correlations evident in the present study between PCC and SMA, MT, right 

DLPFC and bilateral insula line up particularly well with the original studies in adults 

utilizing a PCC seed based approach (as in the present study) to examine negative 

connectivity with the default network (M. D. Fox et al., 2005; Fransson, 2005). To our 

knowledge this is the first study in infants to report this pattern of results. The meaning of 

these results will require further investigating as infants do not demonstrate the 

behavioral capacity to engage in tasks that typically elicit the activation of these regions 

in adults.  
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 Interparental conflict demonstrated associations both with connectivity among 

default network regions and with the patterns of negative correlations among the PCC 

and regions associated with task engagement in adults. Contrary to our hypothesis, higher 

conflict was not associated with less connectivity between the PCC and MPFC either in 

the whole brain analysis or in a more direct examination of the connectivity between 

these two regions. Higher conflict was associated with decreased positive connectivity 

between the PCC and nearby medial parietal default network regions including parts of 

the precuneus and paracentral lobule bilaterally. Decreased connectivity of more 

proximal default network regions has not previously been associated with ELS. However, 

the only previous study with infants focused on preterm birth (Smyser et al., 2010), 

which likely represents a form of stress quite distinct from a familial stressor, such as 

interparental conflict. This finding could be interpreted with regard to the observed 

developmental pattern of decreasing local connectivity and increasing connectivity 

among anatomically distant regions with age (Fair et al., 2007, 2008, 2009; Gao et al., 

2011). The association between interparental conflict and decreased local connectivity 

would then be indicative of a more mature system.  

 Examining the developmental trajectory of medial parietal involvement in the 

default network across the first several years of life provides a different context for 

interpretation. This trajectory is characterized by a non-linear trend in which an 

increasingly large area of medial parietal cortex is included in the default network from 1 

to 2 years of age with a subsequent decrease in the area of medial parietal involvement 

from 2 years of age to adulthood (Gao, Zhu, et al., 2009). In our sample, interparental 

conflict is associated with decreased connectivity to parts of the precuneus and 
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paracentral lobule that fall at the edge of a large medial parietal cluster in the whole 

group map of PCC connectivity. Thus, interparental conflict may be associated with a 

less mature pattern of default network connectivity with regard to the non-linear 

developmental trajectory across the first two years of life. Longitudinal studies and 

analytic methods involving graph theory will likely be helpful in gaining a better 

understanding of this association between interparental conflict and default network 

connectivity. 

 Interparental conflict also evidenced associations with PCC connectivity to 

regions typically negatively correlated with the default network in adults, including the 

insula and SMA. Negative correlations between the default network and regions 

frequently activated for tasks appears to be an important component of neural 

organization with implications for task performance (Hampson, Driesen, Roth, Gore, & 

Constable, 2010; Kelly, Uddin, Biswal, Castellanos, & Milham, 2008) and mental health 

(Chai et al., 2011; H. Liu et al., 2012). Anxiety disorders have been associated with 

decreased strength of negative correlation between default network and task positive 

regions (Stern, Fitzgerald, Welsh, Abelson, & Taylor, 2012) and difficulty disengaging 

the default network during task performance (Daniels et al., 2010).  

 In addition to inclusion in a general task positive set of regions that demonstrate 

negative correlations with the default network (Damoiseaux et al., 2006; De Luca et al., 

2006; M. D. Fox et al., 2005; Fransson, 2005), both the insula and SMA have been 

associated with salience detection and related motor output (Downar, Crawley, Mikulis, 

& Davis, 2002; Menon & Uddin, 2010; Seeley et al., 2007). The insula in particular 

appears to be play a central role in detecting the personal relevance of both environmental 
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stimuli and aspects of internal state (Craig, 2009; Menon & Uddin, 2010). In line with 

this role of salience detection and response to personally relevant stimuli, both regions 

have also been implicated in the underlying neurobiology of stress related 

psychopathology. Activity in the SMA has been found to be associated with PTSD across 

fMRI studies involving both cognitive-emotional stimuli unrelated to trauma and trauma 

specific stimuli (Hayes et al., 2012). Decreased grey matter volume in the SMA has also 

been found in adults with complex PTSD related to childhood trauma, with greater 

severity of abuse and current symptomatology negatively correlated with SMA volume 

(Thomaes et al., 2010). Decreased grey matter volume in the insula has also been 

associated with PTSD (Chen et al., 2006) and with child maltreatment in healthy adults 

(Dannlowski et al., 2012). Resting state fMRI studies have indicated decreased 

spontaneous activity of insula (Yin et al., 2011) and decreased connectivity between the 

PCC and insula (Bluhm, Williamson, Osuch, et al., 2009) associated with PTSD. The 

literature thus provides support for the relevance of connectivity between default network 

regions and the insula and SMA for task engagement and mental health, and for the 

potential for stress and associated psychopathology to alter this connectivity. These 

regions have not previously been a focus of research into the effects of ELS, but 

continued use of rs-fcMRI to examine functional neural networks beginning in infancy 

may shed light on their relevance. 

 The present study provides novel evidence for resting state functional 

connectivity of the whole amygdala and amygdala subregions during the first year of life. 

Interestingly, the patterns of connectivity for the whole amygdala were similar to those 

observed in resting state connectivity studies of the amydgala in adults (Bickart et al., 
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2012; Etkin et al., 2009; Roy et al., 2009). Regions displaying positive connectivity with 

the amygdala included ACC, insula, STG, caudate, thalamus, hypothalamus and 

hippocampus. Some of these functional connections, such as those between amygdala 

and regions of the MPFC, appear to underlie regulatory functions in adults (Banks, Eddy, 

Angstadt, Nathan, & Phan, 2007; Goldin, McRae, Ramel, & Gross, 2008; Lieberman et 

al., 2007) that are clearly beyond the behavioral capacity of 6-12-month old infants. Thus 

the significance of these patterns of connectivity at a behavioral level remain unclear. A 

recent study directly comparing amygdala resting state functional connectivity in children 

and adults reported that although amygdala connectivity to a widely distributed network 

of cortical and subcortical regions was evident in 7-9-year-old children, many of these 

connections were significantly weaker when compared to adult connectivity (Qin et al., 

2012). Although the present study cannot speak to the relative strength of these 

connections in infants versus children and adults, based on the work of Qin and 

colleagues and the maturation of behaviors relying on amygdala connectivity, it is likely 

that the strength of these connections will change over the course of development. 

 Despite the similarity of the overall pattern of findings with research in adults, 

there were also notable differences including a lack of negative connectivity between the 

amygdala and DMPFC regions evident in the work of Roy and colleagues with adults 

(Roy et al., 2009). In addition, our results indicate negative connectivity between the 

amygdala and fusiform gyrus in contrast to the positive connectivity evident in adult 

samples (Bickart et al., 2012; Etkin et al., 2009; Roy et al., 2009). A shift in the valence 

of amygdala functional connectivity with cortical regions over the course of development 

is in line with a recent functional activation MRI study documenting a change in valence 
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of amygdala to MPFC connectivity across the transition from childhood to adolescence 

(Gee et al., 2013). Other patterns of negative connectivity for the amygdala in the present 

study were consistent with those observed in adults (Roy et al., 2009), and included 

negative correlations with bilateral DLPFC, PCC, precuneus, and cerebellum.  

 The patterns of connectivity for the amygdala subregions were also surprisingly in 

line with research in adults (Bickart et al., 2012; Etkin et al., 2009; Roy et al., 2009) and 

adolescents (Roy et al., 2013) indicating different distinct patterns of connectivity for 

each subregion. For example, similar to adult studies (Etkin et al., 2009; Roy et al., 

2009), we observed greater connectivity of the LB amygdala to STG, hippocampus and 

parahippocampal gyrus in comparison to the CM and SF amygdala. The findings of 

greater CM amygdala connectivity to subcortical regions including thalamus and caudate 

relative to the other subregions is also in line with the adult literature (Etkin et al., 2009; 

Roy et al., 2009). These results are surprising given recent work indicating a lack of 

differentiation in resting state functional connectivity of these subregions for children. 

Qin and colleagues reported that only connectivity to temporal pole and perirhinal cortex 

differentiated between the patterns for the LB and CM amygdala in 7-9 year old children. 

In light of the present study, these findings indicate that development of amygdala 

subregion connectivity may follow a non-linear developmental trajectory similar to the 

default network (Fair et al., 2008; Gao et al., 2011; Gao, Zhu, et al., 2009). However, it 

will be necessary to assess whether factors unique to fMRI work with infants, such as 

scanning during natural sleep, play a role in the more adult-like patterns of resting state 

networks observed during infancy versus childhood.  
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 The rACC and hypothalamus ROIs identified in the fMRI study as showing 

greater reactivity to very angry tone of voice for infants in higher conflict homes 

(Graham et al., 2013), demonstrated positive resting state connectivity to the amygdala in 

the present study. This finding provides support for the connectivity of these regions to 

limbic circuitry posited to play an important role in the impact of ELS on development. 

However, contrary to our hypotheses, interparental conflict was not associated with 

differences in resting state connectivity between the amygdala (or any amygdala 

subregion) and these two regions. It is possible that over time, repeated activation of 

these regions in response to very angry tone of voice would lead to altered functional 

connectivity with the amygdala in the absence of a stressor relevant stimulus. 

Longitudinal work examining associations between reactivity to stressor relevant stimuli 

and development of resting state functional connectivity networks will be necessary to 

address this possibility.  

 Although interparental conflict was not associated with resting state connectivity 

between the amygdala and the fMRI ROIs, it was associated with amygdala connectivity 

to other regions potentially relevant for understanding the effects of ELS. In line with the 

animal literature regarding effects of ELS on the amygdala, the results were distinct for 

the different amygdala subregions. For the the LB amygdala conflict was associated with 

decreased positive connectivity between the amygdala and the parahippocampal gyrus. 

This result is in line with the extensive animal literature and neuroimaging work in older 

children and adults indicating a central role for the amygdala and hippocampus in the 

impact of ELS on development (Dannlowski et al., 2012; Tottenham & Sheridan, 2010). 

A recent rs-fcMRI study also indicated decreased positive resting state functional 
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connectivity between the whole amygdala and hippocampus for adults with combat 

related PTSD compared to soldiers without PTSD (Sripada et al., 2012). This result is 

also in line with animal studies indicating extensive connectivity between the LB 

amygdala and hippocampus, which plays an important role in mediating the effects of 

stress on learning and memory (Roozendaal et al., 2009). 

 For the CM amygdala, interparental conflict was associated with connectivity to 

regions implicated in sensory processing, emotion regulation and the default network. 

The finding of  an association between interparental conflict and connectivity of the CM 

amygdala to both the insula and somatosensory cortex is interesting in light of animal 

research identifying pathways between the insula and the CM amygdala (Reynolds & 

Zahm, 2005), and from sensory processing regions through the CM amygdala to 

hypothalamic nuclei controlling peripheral nervous system functioning (Amaral, Price, 

Pitkänen, & Carmichael, 1992; Barbas, Saha, Rempel-Clower, & Ghashghaei, 2003). The 

insula plays an important role in integrating information about internal physiological state 

and salient sensory cues in the environment (Nieuwenhuys, 2012). The association 

between conflict and connectivity of the CM amygdala to both a sensory region and the 

insula may indicate modulation of pathways involved in processing both interoceptive 

and external sensory cues with implications for autonomic nervous system functioning. 

Previous work has demonstrated an association between interparental conflict and 

autonomic nervous system functioning in infancy (Moore, 2010; C. Porter et al., 2003). 

Future research could provide a bridge between these findings by examining whether 

variation in CM amygdala functional connectivity to insula and sensory regions predicts 

autonomic nervous system functioning during infancy. 
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 Altered amygdala to insula connectivity has previously been implicated in stress 

related psychopathology, although these studies have examined the amygdala as a whole. 

The two extant studies utilizing whole brain analyses to examine amygdala resting state 

functional connectivity in PTSD have both indicated increased connectivity between the 

whole amygdala and right posterior insula for soldiers with combat related PTSD versus 

soldiers without PTSD (Rabinak et al., 2011; Sripada et al., 2012). Researchers using 

fMRI to examine reactivity to emotion stimuli have provided evidence for increased 

functional connectivity between the amygdala and insula after exposure to severe combat 

stress (Van Wingen et al., 2011) and decreased connectivity between amygdala and 

insula for women with domestic violence related PTSD compared to healthy controls 

(Fonzo et al., 2010). However, the present findings are the first to demonstrate an 

association between ELS and functional connectivity between the amygdala and insula 

during infancy. Amygdala to insula connectivity may be relevant both for exposure to 

ELS during early developmental periods and for stress related psychopathology in 

adulthood.   

 Interparental conflict was also associated with lower negative connectivity 

between the CM amygdala and the left DLPFC, a region frequently implicated in emotion 

regulation (Peña-Gómez, Vidal-Piñeiro, Clemente, Pascual-Leone, & Bartrés-Faz, 2011). 

This result is interesting in light of evidence that increased CM and LB amygdala resting 

state connectivity to DLPFC in adults with generalized anxiety disorder (GAD) may 

serve as a compensatory strategy (Etkin et al., 2009). In individuals with GAD, greater 

connectivity of the CM and LB amygdala to the DLPFC was associated with lower 

anxiety symptoms (Etkin et al., 2009). Future studies could explore the association 
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between ELS and the connectivity of these regions with regard to infants displays of fear 

and emerging regulatory capacity.  

 Finally, interparental conflict was associated with CM amygdala functional 

connectivity to bilateral PCC, posterior and ventral to the PCC default network ROI used 

in the present study. Recent work indicates that PTSD related to child abuse (Bluhm, 

Williamson, Osuch, et al., 2009) and traumatic accidents (Lanius et al., 2010) is 

associated with alterations in default network connectivity to limbic regions, and 

specifically PCC to amygdala connectivity. Weaker resting state functional connectivity 

between the amygdala and the PCC has also been observed in adults with social anxiety 

disorder compared with healthy controls (Hahn et al., 2011). Moreover, Hahn and 

colleagues reported a negative correlation between PCC to amygdala connectivity and 

anxiety scores across socially anxious individuals and controls (Hahn et al., 2011). These 

findings are in line with evidence that the PCC plays an important role in modulating 

amygdala activity (Stein et al., 2007). The present study indicates that ELS may be 

associated with altered connectivity between amygdala and PCC during early stages of 

development prior to the emergences of anxiety disorders. In line with this possibility, a 

recent study reported that higher cortisol levels during early childhood predicted 

increased negative resting state connectivity between the amygdala and PCC in 

adolescence (Burghy et al., 2012).  

 Interparental conflict was also associated with SF amygdala connectivity to 

another default network region, the precuneus. However, while higher interparental 

conflict predicted increased negative connectivity between the CM amygdala and 

bilateral PCC, it was associated with decreased negative coupling between the SF 
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amygdala and precuneus. These results suggest potentially distinct effects of ELS on 

amygdala connectivity to default network regions depending on amygdala subregion.  

 The associations between interparental conflict and connectivity of the SF 

amygdala also overlapped with the CM amygdala with regard to connectivity with 

somatosensory cortex. Higher interparental conflict predicted greater positive 

connectivity of the SF amygdala to the left somatosensory cortex and greater negative 

connectivity of the SF amygdala to the right somatosensory cortex. The associations 

between interparental conflict and amygdala connectivity to the somatosensory cortex are 

intriguing with regard to the extensive animal literature documenting the effects of 

maternal licking and grooming on amygdala development in rats (Caldji et al., 1998, 

2000). Affectionate physical contact with caregivers also predicts healthy development 

across multiple domains in human infants (Feldman, Eidelman, & Rotenberg, 2004; 

Feldman & Eidelman, 2003; Hertenstein, 2002), although the neural mechanisms remain 

unexplored. As interparental conflict has previously been associated with less sensitive 

caregiving practices (Frosch, Mangelsdorf, & McHale, 2000; Kanoy, Ulku-Steiner, Cox, 

& Burchinal, 2003), it is possible that infants in high conflict homes receive less 

affectionate physical contact, or more aversive physical contact, leading to altered 

connectivity between the amygdala and somatosensory cortex. However, future research 

will be needed to examine whether the amount and nature of physical contact between 

caregivers mediates this association between interparental conflict and amygdala to 

somatosensory cortex connectivity.  

 The present study provides novel evidence for the functional connectivity of the 

amygdala in human infants and confirms previous findings of connectivity among 
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multiple default network regions by 1 year of age. Later in life the connectivity of these 

regions is associated with mental health outcomes, making it particularly important to 

understand early patterns of connectivity and the potential influence of ELS. Nonphysical 

interparental conflict, a common form of ELS previously associated with behavioral and 

physiological indices of emotion regulation in infants (Crockenberg et al., 2007; Moore, 

2010; C. Porter et al., 2003), was associated with differences in the connectivity of the 

default network and the amygdala. The results did not support our hypotheses regarding 

associations between conflict and specific pairs of regions, including amygdala 

connectivity to seed regions from an fMRI study with this sample. However, at this early 

stage of examining associations between ELS and functional neural networks in infancy 

it will likely be informative to conduct exploratory whole brain analyses.  

 Several themes emerged from these whole brain analyses in the present study that 

might serve as a basis for future research. First, interparental conflict was associated with 

altered connectivity among default network regions (although not specifically between 

the PCC and MPFC). Thus, in addition to events such as preterm birth, more common, 

moderate sources of ELS may be associated with default network connectivity during 

infancy. Second, interparental conflict was associated with altered connectivity of both 

the PCC and amygdala to the insula. Previous work has indicated that the insula is a hub, 

or highly interconnected region, across the first several years of life (Fransson, Aden, 

Blennow, & Lagercrantz, 2011; Gao et al., 2011), and plays an important role in salience 

detection of visceral and environmental stimuli in adulthood (Craig, 2009; Menon & 

Uddin, 2010). Taken together with the present findings, this work suggests that 

examining effects of ELS on the development of insula connectivity may help provide a 
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more integrated understanding of the widespread effects of ELS across multiple domains 

of functioning.  

 Third, the amygdala subregions evidenced different patterns of connectivity, and 

distinct associations with interparental conflict. These results converge with the animal 

literature and indicate a potentially non-linear trajectory for the development of amygdala 

subregions in humans. Finally, interparental conflict was associated with amygdala 

connectivity to regions implicated in sensory processing, emotion regulation and the 

default network. Thus, rs-fcMRI analyses may be informative in terms of understanding 

the effects of ELS not only on limbic regions typically associated with stress and emotion 

regulation, but on distributed networks involved in processing, integrating and reacting to 

environmental stimuli.  

 Challenges associated with the present study include the use of amygdala 

subregion probability maps based on research with adults. Although the utility of these 

maps for children has previously been demonstrated (J. E. Kim et al., 2010), 

cyotarchitectural mapping of the infant amygdala will be necessary to confirm their 

accuracy for infant studies. However, the results of the present study, indicating the 

potential importance of amygdala subregion connectivity for understanding effects of 

ELS in infancy, provide support for the need for such maps. It should also be noted that 

the resting state scan in the present study occurred after a functional activation scan 

involving auditory stimuli. Future work will benefit from counterbalancing scan order to 

check for potential effects of preceding scans. Finally, we were not able to monitor sleep 

state in the present study. Several studies have indicated altered default network 

connectivity across different sleep stages (Andrade et al., 2011; Spoormaker et al., 2010). 
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Similar to previous rs-fcMRI studies with sleeping infants (Gao et al., 2011; Gao, Zhu, et 

al., 2009), the patterns of functional connectivity observed in the present study are in line 

with patterns observed in older awake subjects and expected patterns based on the animal 

literature. Nonetheless, methodological advances allowing for monitoring of sleep state in 

infants during fMRI will provide important information about variability in connectivity 

due to differences in sleep stage.  

 Despite these challenges, the findings of the present study provide support for the 

utility of rs-fcMRI with infants to characterize the coordinated functioning of neural 

regions thought to be important for understanding the impact of ELS. This work 

highlights that brain regions frequently examined in the context of ELS, such as the 

amygdala, function in coordination with multiple other regions throughout the brain. This 

work also provides support for associations between a common, moderate source of ELS 

and neural functioning in the absence of a stressor relevant stimulus. Examining how 

various sources of ELS affect development of coordinated brain functioning will likely 

lend insight into the challenges frequently faced by individuals with experiences of early 

adversity.  
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CHAPTER V 

CONCLUSION 

 

Summary of Findings 

 This dissertation uses fMRI during natural sleep to examine associations between 

a common source of ELS, nonphysical interparental conflict, and infants' neural 

functioning. This work builds on studies demonstrating the possibility of using fMRI 

during natural sleep with infants and toddlers (Dehaene-Lambertz et al., 2002; Redcay et 

al., 2007). The use of fMRI confers the unique advantage of providing high enough 

spatial resolution to examine specific cortical and subcortical neural regions. However, 

this technique has not previously been used during infancy to examine associations 

between a familial source of ELS and neural functioning.  

 Chapter II reviews the research establishing a foundation for the use of fMRI 

during natural sleep with infants and toddlers. Evidence is provided for the utility of 

functional activation paradigms, in which stimuli are presented during sleep, and for rs-

fcMRI, in which coordinated neural functioning is assessed at rest, in the absence of 

stimuli presentation. Research with functional activation paradigms has predominantly 

made use of auditory stimuli. These studies have led to increased understanding of 

normative developmental changes in neural processing of language (Redcay et al., 2008), 

and patterns or neural processing associated with later diagnosis of developmental 

disorders (Pierce, 2011). Research with rs-fcMRI has provided evidence for rapid 

development of functional neural networks across the first several years of life (Gao et 

al., 2011; Gao, Zhu, et al., 2009) and for the potential for rs-fcMRI to capture altered 
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developmental patterns associated with developmental disorders (Dinstein et al., 2011) 

and preterm birth (Smyser et al., 2010). This chapter also presents important 

methodological issues that require attention with the use of functional activation 

paradigms and rs-fcMRI with infants during natural sleep. Finally, this chapter argues for 

the utility of fMRI during natural sleep for understanding effects of ELS on the brain 

within a more proximal time frame, prior to processes of recovery or development of 

mental health problems frequently associated with ELS.  

 The first empirical chapter (Chapter III) presents the results of an experiment 

using a functional activation paradigm to examine the association between nonphysical 

interparental conflict and infants neural processing of a stressor relevant stimulus, very 

angry tone of voice. This study employed stimuli comprised of nonsense speech in 

different emotional tones of voice (very angry, angry, happy and neutral) designed by 

Pell and colleagues (Pell et al., 2009). This allowed for a focus on emotional tone of 

voice versus semantic content of sentences. Higher interparental conflict was associated 

with increased reactivity to very angry tone of voice in the rACC and a subcortical cluster 

encompassing hypothalamus and parts of the thalamus and caudate. Regardless of the 

level of interparental conflict, infants demonstrated distinct patterns of processing for 

different emotional tones of voice. This study provides novel evidence for an association 

between nonphysical interparental conflict and infants neural processing of very angry 

tone of voice. The results also indicate that neural regions frequently implicated in the 

animal literature as central for understanding the impact of ELS, including the MPFC and 

hypothalamus, may also play a role in the effects of ELS on human infants. Finally, these 

results build on existing work indicating the utility of auditory functional activation 
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paradigms with infants during natural sleep, and provide the first evidence from an fMRI 

study for infants neural processing of emotional speech during sleep.  

 The second empirical chapter (Chapter IV) presents the results of a study using rs-

fcMRI to examine functional neural networks in infancy and associations with 

nonphysical interparental conflict. This study focused on a separate resting state scan, in 

which no stimuli were presented, conducted with the same sample of infants described in 

Chapter III. Seed based whole brain analyses were used to examine resting state 

functional connectivity of a default network region, the PCC, and a region central to the 

literature examining effects of ELS on development, the amygdala. We also examined 

patterns of connectivity for three amygdala subregions. The results provide a replication 

of previous work demonstrating functional connectivity of multiple default network 

regions in infancy, and novel evidence for resting state functional connectivity of the 

amygdala and amygdala subregions during infancy. Distinct patterns of connectivity were 

observed for the different amygdala subregions, indicating that even during the first year 

of life, the unique development of amygdala subregions should be considered.  

 Interparental conflict was associated with differences in the patterns of resting 

state functional connectivity for the PCC and for the amygdala. The results did not 

support hypotheses regarding associations between interparental conflict and connectivity 

between specific pairs of regions including the PCC and an MPFC default network 

region, and the amygdala and the rACC and hypothalamus regions from the functional 

activation study. However, conflict was associated with PCC connectivity to another 

default network region, the precuneus, and with amygdala connectivity to regions 

implicated in emotion regulation, the DLPFC, and typically associated with the effects of 
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ELS, the parahippocampal gyrus. Moreover, several interesting themes emerged, 

including the potential importance of considering insula connectivity, basic sensory 

processing regions and distinct contributions of different amygdala subregions for 

understanding the effects of ELS in human infants.  

Implications of Findings and Future Directions 

 Taken together these chapters provide support for the utility of fMRI during 

natural sleep to examine associations between ELS and the functioning of specific neural 

regions and networks during infancy. As described in Chapter I, the levels of stress model 

characterizes ELS as positive, tolerable or toxic based on an individual's response to 

stress, and whether this pattern of responding over time leads to neurobiological changes 

that increase risk for mental or physical illness (National Scientific Council on the 

Developing Child, 2005). Toxic stressors tend to be chronic in nature, with repeated 

activation of the stress response system leading to neurobiological changes associated 

with poor developmental outcomes (Loman et al., 2010). The levels of stress model 

builds on animal literature demonstrating the vulnerability of the developing brain to 

stress, and the associated consequences for regulatory functioning and other aspects of 

development (Sánchez et al., 2001). Although research with humans has provided 

additional support for this model, the use of fMRI to examine the functioning of cortical 

and subcortical brain regions has been restricted to older children and adults. Moreover, 

previous work with humans examining effects of ELS on the brain has focused 

predominantly on extreme stressors, such as a maltreatment or institutionalization.  

 Nonphysical interparental conflict represents a moderate and common form of 

ELS likely to be chronic in nature while both parents reside in the same house. The 
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findings presented in Chapter III indicate that infants in homes with higher levels of 

interparental conflict show greater reactivity to very angry tone of voice in brain regions 

thought to play an important role in linking ELS with subsequent risk for 

psychopathology. These findings provide support for conceptualizing interparental 

conflict as a toxic stressor. For infants in higher conflict homes the response to a stressor 

relevant stimulus is characterized by greater involvement of brain regions tightly linked 

to stress related psychopathology. However, longitudinal work will be necessary to 

examine whether interparental conflict continues to be associated with this response to 

angry tone of voice, and whether this response predicts developmental outcomes.  

 The findings presented in Chapter IV indicate the utility of rs-fcMRI for 

examining the coordinated functioning of neural regions in the absence of a stressor 

relevant stimulus. Even for chronic sources of ELS, it is expected that there will be 

periods of time in which infants are not exposed to stimuli relevant to the stressor. The 

results demonstrate that functional connectivity among regions likely vulnerable to the 

effects of ELS and associated with psychopathology in adults, can be characterized by 

this methodology in infants. The amygdala demonstrated positive connectivity with both 

of the brain regions identified in the functional activation study, the rACC and the 

hypothalamus. This provides evidence for the hypothesized connectivity of these regions 

to other regions involved in reactivity and regulation of the HPA-axis and frequently 

associated with the impact of ELS. However, interparental conflict was not associated 

with differences in the connectivity of these regions to the amygdala. Eventually, 

interparental conflict might be associated with altered resting state functional 

connectivity of these regions at rest due to repeated exposure to angry tone of voice. This 
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would be in line with the hypothesis that resting state connectivity emerges due to 

repeated, frequent coactivation of regions over time (Fair et al., 2007; Kelly et al., 2009; 

Power, Fair, Schlaggar, & Petersen, 2010). 

 The associations between interparental conflict and resting state functional 

connectivity among brain regions typically associated with the effects of ELS as well as 

regions implicated in the default network, sensory processing and emotion regulation, 

indicates the potential utility of statistical techniques better suited for characterizing 

organization of neural networks. Graph theoretical approaches have been successfully 

utilized  to capture development of neural networks from infancy (Fransson et al., 2011; 

Gao et al., 2011) through childhood and adulthood (Fair et al., 2007, 2008, 2009). Such 

an approach simultaneously takes into account resting state connectivity among multiple 

brain regions and characterizes their organization into functional neural networks (Power 

et al., 2010). A graph theoretical approach would likely allow for a more succinct 

characterization of the associations between conflict and the connectivity of the amygdala 

and PCC found in the present study.  

 There are multiple potential avenues for building on the research presented in this 

dissertation. First, assessment of family functioning is best achieved with a multi-method 

approach involving behavioral observation in addition to questionnaire measures. Future 

work utilizing more in depth assessment and examining multiple aspects of family 

functioning, including the interparental relationship and the parent-infant relationship, 

will be critical for understanding how the family environment influences brain 

development. Second, it will be critical to examine associations between fMRI measures, 

infant behavior and autonomic nervous system and neuroendocrine functioning. This will 
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facilitate placing the fMRI research in the context of existing studies documenting 

associations between family functioning and infant behavior and peripheral measures of 

the autonomic nervous system and neuroendocrine functioning. Moreover, longitudinal 

work employing multiple measures will allow for examination of changes in brain 

functioning as mediators of the impact of family functioning on behavioral and 

physiological regulation. Such work has the potential to increase understanding of toxic 

stress as fMRI research into the development of PTSD in adults has demonstrated 

(Admon et al., 2009; van Wingen et al., 2012)  

 There is also a need for future research to examine the methodological issues 

presented in Chapter II. As discussed in detail in Chapter II, the effects of sleep state on 

functional activation and rs-fcMRI studies remain under investigation. At present, 

simultaneously collection of fMRI and EEG data necessary for ascertaining sleep state 

has not been accomplished with infants. However, the feasibility of such work in adults 

indicates a high likelihood that it will become possible to safely conduct this research 

with infants in the future. It is currently possible to obtain measures of peripheral nervous 

system functioning during a scan and measures of neuroendrocrine functioning before 

and after scanning. Researchers interested in ELS, could utilize such measurement to 

ascertain whether infants with high levels of ELS show different reactivity to the 

scanning environment that may have implications for their observed brain activity.  

 The studies presented in this dissertation draw attention to the potential for both 

functional activation and rs-fcMRI studies with infants to increase understanding of how 

ELS influences development. This work has potential to bridge gaps between the human 

literature and animal literature. Future fMRI work beginning in infancy and employing 
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longitudinal methods may also provide a more nuanced understanding of how individuals 

exposed to ELS develop psychopathology or adaptive coping strategies that confer 

resilience.  
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APPENDIX 

SUPPLEMENTARY INFORMATION FOR CHAPTER III 

Method 

Participants 

          Scans were attempted for 39 infants with 24 completing the scanning protocol.  For 

each infant, up to two visits to the Lewis Center were made to attempt scanning. Fifteen 

infants did not complete the scanning protocol due to difficulty falling asleep at the scan 

center or waking during the protocol. For the 24 infants scanned successfully, race and 

ethnicity were representative of the community in which recruitment occurred  (83.3% 

Caucasian and 16.67% other or more than one race; 20.8% Hispanic). The median 

category for gross annual household income was $25,000–$29,999, based on a 12-point 

scale: 1 (less than $4,999 per year) to 12 ($100,000 or more per year). With regard to 

educational attainment for mothers, 8.3% did not complete high-school or a test 

equivalent, 20.9 % completed high-school or a test equivalent, 37.5% completed some 

community college, and 33.4% completed at least one year or more of a standard 4-year 

college. Recruitment through Craigslist and local public sector human services agencies 

may have skewed the sample towards being of lower socioeconomic-status. Infants 

scanned successfully did not differ significantly from the rest of the sample with regard to 

age, gender, race, ethnicity or family income. 

Interparental Conflict Measures 

 Both measures of interparental conflict, the Psychological Aggression scale of 

the Conflicts Tactics Scale-Revised (CTS2; Straus, Hamby, Boney-McCoy, & Sugarman, 

1996) and the O’Leary-Porter Scale (OPS; B. Porter & O’Leary, 1980), were adapted in 
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minor ways to focus on infancy and were scored as suggested by the creators of the 

measures and in a manner consistent with the research literature.  

 The CTS2 was adapted to ask about partner aggression since childbirth (as 

opposed to the previous year). Maternal report of aggression toward and received from 

her partner on the psychological aggression subscale was included in the present study. 

The response categories on the CTS2 include ranges denoting the frequency with which a 

behavior occurred. The response categories are as follows: 0 (this has never happened), 1 

(once), 2 (twice), 3 (3–5 times), 4 (6–10 times), 5 (11–20 times), or 6 (more than 20 

times). Responses indicating a range were recoded to a single number in the middle of the 

range (i.e., 4 [3–5 times], 8 [6–10 times], and so on) to represent frequency of aggression 

as suggested by the author of the measure (Straus et al., 1996). Maternal psychological 

aggression toward and received from her partner were highly correlated (r = .867 p < 

.001) and were therefore averaged to create a composite score of psychological 

aggression in the home (α=.936). 

 The OPS was adapted for infants to ask about the frequency of arguments in 

front of the ‘infant’ (instead of the ‘child’). This adaptation simply involved changing the 

word ‘child’ to ‘infant.’ In addition, one item about physical expressions of hostility was 

removed from the scale in order to focus on the level of non-physical conflict in the 

home. The total sum score represents frequency of verbal hostility in the presence of the 

infant (α=.823).  

 Maternal report on the CTS2 (Psychological Aggression scale) and the OPS 

were combined by taking the average of the two in order to capture the overall level of 

non-physical conflict in the home. Combining the measures was warranted from a 
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theoretical perspective, as both measures focus on non-physical conflict in the home, and 

from an empirical perspective due to the high correlation between them (r (22) = .744, p 

< .001). 

Auditory Stimuli 

                The emotion category for each sentence was identified by 24 native English 

speaking adults based on a forced choice of 7 possible emotions including neutral (Pell et 

al., 2009). The mean percentage of correct category identification for the sentences in 

each emotion condition in the present study are as follows: very angry (M=100%), mildly 

angry (M=97%), happy (M=75%) and neutral (M=97%). Emotional intensity for each 

sentence in an emotion category other than neutral was rated on a 5 point scale (with 5 

indicating the highest level of emotional intensity; Pell et al., 2009). Mean emotional 

intensity for the sentences included in each emotion condition in the present study was as 

follows: very angry (M=4.35, SD=.13), mildly angry (M=3.30, SD=.09) and happy 

(M=3.39, SD=.12). Mean and maximum amplitude for the sentences included in each 

emotion condition are presented below (Supplementary Table 3.1).  

Scanning Protocol 

               Prior to scanning families came in to the neuroimaging center to fill out 

questionnaires, as well as learn about MRI safety and scanning procedures with infants. 

During this session parents completed a screening form regarding potential MRI 

contraindications for their infant (Lewis Center for NeuroImaging MRI Screening 

Questionnaire) and signed a release for their infant’s physician to fill out the screening 

form. Parents were given a CD of scan noises to play for three nights prior to the scan 

session in order to allow infants to become accustomed to the noises. Families came in 
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for scanning at their infants’ regular bedtime. Once asleep the infant was placed on the 

scanner bed. Bilsom pneumatic headphones were then placed on the infant to attenuate 

noise from the MRI scanner and to present auditory stimuli. Additional soft padding was 

used between the earphones and the inside wall of the head coil for further sound 

protection and to stabilize head movements. Two researchers remained in the room 

throughout scanning to ensure infants’ safety and monitor for any signs of wakefulness or 

distress. 

fMRI Data Acquisition 

 Scan parameters for the T2 weighted functional scans were as follows: 

TR=2000ms, TE=30ms, flip angle=80°, matrix size 64x64, FOV=200mm, 32 slices, 

3.125mm in-plane resolution, 4mm thick. A high-resolution T1-weighted MP-RAGE 

scan lasting 8min was also obtained (TR=2500ms, TE=4.38 ms, TI=1100ms, flip 

angle=8°, matrix size 256x192, FOV=256mm, 160 slices, 1mm
 
in-plane resolution, 1mm 

thick).  

Results 

Effects of Interparental Conflict on Processing Happy Tone of Voice 

 To examine whether the association between interparental conflict and neural 

activity during very angry greater than neutral tone of voice is specific to very angry tone 

of voice we conducted a whole brain regression of interparental conflict on the happy 

greater than neutral contrast. We found no overlap between the brain areas identified in 

this analysis and those identified in the regression of interparental conflict on very angry 

compared to neutral. This suggests that the association between interparental conflict and 

neural activity in the rostral ACC and subcortical cluster including caudate, thalamus and 
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hypothalamus, is specific to very angry as opposed to happy tone of voice. Although 

there was no overlap among the regions, interparental conflict was associated with neural 

activity during happy versus neutral tone of voice in two clusters centered in the right 

posterior insula extending into the somatosensory cortex and auditory cortex, and in the 

left posterior insula extending into the somatosensory cortex (see Supplementary Table 

3.2 and Supplementary Figure 3.1). When we covaried for the unique effect of age the 

cluster on the left extended down to include activation in the left amygdala, extending 

anterior, superior and lateral to the following peak: Infant xyz= -12, -7 ,-17; MNI xyz= -

15, -9, -22; t=4.45 (see Supplementary Table 3.2 and Supplementary Figure 3.1).   

 Most importantly, we conducted an additional analysis to directly test whether 

the association between conflict and response to very angry speech relative to neutral was 

statistically greater than the association between conflict and response to happy relative 

to neutral speech. The results indicate that interparental conflict demonstrates a greater 

positive association with neural activity in the rostral ACC (above statistical threshold for 

multiple comparisons, Infant xyz= 6, 29, 4; MNI xyz= 7, 36, 5; t=2.61, k=100) and in the 

subcortical regions encompassing parts of the hypothalamus (with a cluster size below 

the statistical threshold for multiple comparisons, Infant xyz= 3, 2, 4; MNI xyz= 4, 2, 5; 

t=2.34, k=17) during presentation of very angry relative to neutral tone of voice than 

during presentation of happy relative to neutral tone of voice. These results remained 

consistent when including the age covariate. Taken together these additional analyses 

indicate that the association between interparental conflict and neural activity during very 

angry tone of voice relative to neutral is specific to very angry as opposed to happy tone 

of voice.  
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Methodological Issues Relevant to Results 

              In the present study we did not monitor sleep state during fMRI data collection, 

which places limitations on our understanding of how variation in sleep state may have 

affected the results. Research employing simultaneous EEG and fMRI data collection in 

infants and toddlers to allow for tracking sleep state during functional activation 

paradigms has not yet been published due to methodological challenges. However, ERP 

studies with infants provide support for comparable neural processing of auditory stimuli 

during sleep and wake (Cheour, Ceponiené, et al., 2002), with preservation of response 

amplitude and latency across different sleep stages (Martynova et al., 2003). Moreover, it 

appears that learning involving auditory and basic somatosensory stimuli occurs during 

sleep for infants (Cheour, Martynova, et al., 2002; Fifer et al., 2010; Reeb-Sutherland et 

al., 2011). With regard to BOLD signal changes during sleep versus wake, research with 

infants (Dehaene-Lambertz et al., 2002) and adults (Czisch et al., 2002; Portas et al., 

2000) indicates similar patterns of auditory and linguistic processing in sleep and wake 

states, with potential dampening of responses during sleep. Thus it seems more likely that 

the findings would be stronger rather than weaker in an awake state, although future 

research in this area employing simultaneous EEG and fMRI will be necessary.  
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Supplementary Table 3.1. Amplitude for Each Emotion Condition 

 

Supplementary Table 3.2. Increased activation associated with higher interparental 

conflict for happy > neutral 
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Supplementary Figure 3.1.  Results are p<.05 FWE corrected. Displayed on group 

mean structural image. Panels A and B show greater activity in the right somatosensory 

cortex (panel A) and bilateral  posterior insula (Panel B) associated with higher conflict 

score for the happy > neutral nonsense speech contrast. Panel C shows greater activity in 

the left amygdala associated with higher conflict score for the happy > neutral nonsense 

speech contrast when age is included as a covariate.  
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