
i 

 

Emotion Regulation: Neural correlates soon after birth and 

Implications for future behavior 

 

 

 

 

 

 

 

 

 

 

 

Elina Thomas 

A DISSERTATION 

Presented to the Department of Behavioral Neuroscience 

Oregon Health & Science University 

School of Medicine 

in partial fulfillment of 

the requirements for the degree of 

Doctor of Philosophy 

December 2020 

School of Medicine 

Oregon Health & Science University 

 



ii 

 

CERTIFICATE OF APPROVAL 

_______________________________________ 

This is to certify that the PhD dissertation of 

Elina Thomas 

has been approved 

 

 

________________________________________ 

Alice Graham, PhD, Mentor/Advisor 

 

 

 

________________________________________ 

Joel Nigg, PhD, Committee Chair 

 

 

 

________________________________________ 

Damien Fair, PA-C, PhD, Member 

 

 

 

________________________________________ 

Bonnie Nagel, PhD, Member 

 

 

________________________________________ 

Kristen Mackiewicz Seghete, PhD, Member 

 

 

________________________________________ 

Suzanne Mitchell, PhD, Outside Member 

 



 

i 

 

TABLE OF CONTENTS 

List of Figures .................................................................................................................................. ii 

List of Tables .................................................................................................................................. iii 

Abbreviations .................................................................................................................................. iv 

Acknowledgments.......................................................................................................................... vii 

Abstract ............................................................................................................................................ x 

Chapter 1: Introduction .................................................................................................................... 1 

1.1. What is Emotion regulation and why does it matter? ......................................................... 1 

1.2. The development and measurement of emotion regulation behavior and physiology ....... 3 

1.3. Neural connections support emotion regulation ability ...................................................... 4 

1.4. Using Rs-fcMRI to study the brain soon after birth ......................................................... 10 

1.5. Influence of the caregiving environment on the development of emotion regulation ...... 12 

1.6. Executive function as a marker for future mental health and academic success .............. 14 

1.7. The current studies ........................................................................................................... 20 

Chapter 2: Amygdala connectivity soon after birth supports early emerging fear ........................ 21 

2.1. Introduction ...................................................................................................................... 21 

2.2. Methods and materials ...................................................................................................... 25 

2.3. Results .............................................................................................................................. 33 

2.4. Discussion ........................................................................................................................ 44 

2.5. Conclusions and future directions .................................................................................... 48 

Chapter 3: Amygdala connectivity soon after birth supports early emerging emotion regulation 53 

3.1. Introduction ...................................................................................................................... 55 

3.2. Methods and materials ...................................................................................................... 59 

3.3. Preliminary Analyses ....................................................................................................... 68 

3.4. Results .............................................................................................................................. 71 

3.5. Discussion ........................................................................................................................ 81 

3.6. Conclusions, limitations and future directions ................................................................. 88 

Chapter 4: Emotion regulation and reactivity support emerging executive function .................... 90 

4.1. Introduction ...................................................................................................................... 90 

4.2. Methods and material ....................................................................................................... 96 

4.3. Analyses ......................................................................................................................... 103 

4.4. Results ............................................................................................................................ 104 

4.5. Discussion ...................................................................................................................... 116 

4.6. Limitations and future directions.................................................................................... 120 

4.7. Conclusion ...................................................................................................................... 120 

Chapter 5: Discussion .................................................................................................................. 124 

5.1. Overview of findings from Study 1 and 2 ...................................................................... 124 

5.2. Overview of findings from Study 3 ................................................................................ 130 

5.3. General conclusions across studies ................................................................................ 132 

5.4. Limitations and future directions.................................................................................... 134 

5.5. Summary and conclusions .............................................................................................. 137 

References .................................................................................................................................... 139 

 

 

  



ii 

 

List of Figures 

Figure 1.1 vMPFC and aI ROIs…………………………...…………….…………….…………..30 

Figure 1.2 Unconditional Fear Model………………………………….………………………….37 

Figure 1.3 Unconditional Sadness Model…….…………………………………………………..41 

Figure 1.4 Significant relationships between amygdala connections and fear and sadness……......43 

Figure 1.5 Conceptual model representing analyses………………………………………………46 

 

Figure 2.1 Trajectories of infant salivary cortisol release…………………………………………70 

Figure 2.2 Left amygdala a-priori connections associated with emotion regulation……………...72 

Figure 2.3 Left and right amygdala connections associated with emotion regulation……………75 

Figure 2.4 Conceptual model of results…………………………………………………………...80 

 

  



iii 

 

List of Tables 

Table 1.1 Demographics…………………………………. ………………………………….......26  

Table 1.2 Means, Standard Deviations and Internal Reliabilities for IBQ & ECBQ..….………….34 

Table 1.3 Fear Models…………………………………………………...…………….…….……36 

Table 1.4 Sadness Models………………………………………………………………………...40 

 

Table 2.1 Demographics……………………………………………………………………..……61 

Table 2.2 Right and left amygdala clusters associated with emotion regulation….………...……..74 

 

Table 3.1 Attentional control, negative emotional reactivity and shifting ability…………….…109 

Table 3.2 Attentional control, negative emotional reactivity and working memory…………….109 

Table 3.3 Attentional control, negative emotional reactivity and impulse control………………109 

Table 3.4 Regulatory behavior, negative emotional reactivity and impulse control…………….111 

Table 3.5 Regulatory behavior, negative emotional reactivity and working memory…………..111 

Table 3.6 Regulatory behavior, negative emotional reactivity and shifting ability……………..111 

Table 3.7 Caregiving environment, negative emotional reactivity and impulse control………...113 

Table 3.8 Caregiving environment, negative emotional reactivity and working memory……….113 

Table 3.9 Caregiving environment, negative emotional reactivity and shifting ability…………..113 

Table 3.10 Depressive symptoms, negative emotional reactivity and impulse control………….114 

Table 3.11 Depressive symptoms, negative emotional reactivity and working memory………..114 

Table 3.12 Depressive symptoms, negative emotional reactivity and shifting ability…………..114 

Table 3.13 SES, negative emotional reactivity and impulse control……………………………..116 

Table 3.14 SES, negative emotional reactivity and shifting ability…………………………..…116 

Table 3.15 SES, negative emotional reactivity and working memory……………………………116 

  



iv 

 

Abbreviations 
 

ER – emotion regulation 

RDoC – research domain criteria 

HPA – hypothalamic pituitary adrenal 

CRH – cortisol-releasing hormone 

ACTH – adrenocorticotrophic hormone 

EEG – electroencephalogram  

mPFC – medial prefrontal cortex 

vmPFC – ventromedial prefrontal cortex 

Am-mPFC – amygdala medial prefrontal cortex 

Am-Ins – amygdala insula 

Am-aI – amygdala anterior insula 

MRI – magnetic resonance imaging 

rs-fcMRI – resting state functional connectivity magnetic resonance imaging 

BOLD – blood oxygen level dependent 

fMRI – functional magnetic resonance imaging 

amygdala-aI – amygdala bilateral anterior insula 

NE – negative emotionality 

T1w – T1 weighted 

T2w – T2 weighted 

TR – time to repeat 

EPI – echoplanar imaging 

FOV – field of view 



v 

 

FD – frame displacement 

CSF – cerebrospinal fluid 

ROIs – regions of interest 

IBQ-R – Infant Behavior Questionnaire-Revised 

ECBQ – Early Childhood Behavior Questionnaire-Short 

HOME – Home Observation for Measurement of the Environment 

CESD – Center for Epidemiological Studies of Depression Scale 

LGM – latent growth models 

GA – gestational age  

FIML – full-information maximum likelihood 

MAR – missing-at-random 

CFI – comparative fit index 

TLI – Tucker-Lewis index 

RMSEA – root mean square error approximation 

HCP – Human Connectome Project 

Bayley-III – Bayley Scales of Infant and Toddler Development, third edition 

CBCL – Child Behavior Check List 

V1 – primary visual cortex 

Ram – right amygdala  

ANOVA – analysis of variance 

ANCOVA – analysis of covariance 

EF – executive function 

SES – socioeconomic status 



vi 

 

WM – working memory  

ADHD – attention deficit hyperactivity disorder 

 

  



vii 

 

Acknowledgments  

This dissertation would not have been possible without the contribution of many 

individuals. First and foremost, I would like to thank my mentors Drs. Damien Fair and 

Alice Graham for the countless hours they have invested in me. From offering key advice 

on data acquisition, processing and analysis which drove my project forward, to editing 

drafts of my written work, to supporting and believing in me, they have been the best 

mentors I could have asked for. Thank you Damien and Alice for showing me how to be 

a scientist and for having faith in me at times when I didn’t have faith in myself.  Thank 

you Alice for your constant support inside and outside of the lab, you have helped me 

survive and learn how to thrive. Thank you to Damien for putting together a group of 

brilliant, creative scientists, and creating an environment that facilitated learning. 

 To the Developmental Cognition and Neuroimaging lab (DCAN), thank you for 

your constant support, advice, and honesty. You have been like a family to me. In 

particular, thank you Dr. Eric Feckzo for teaching me various aspects of rs-fcMRI data 

processing and analysis and for your patience during this process. Additional thanks for 

teaching me about and letting me to use your machine learning algorithms for my 

analyses and for your creative ideas that have allowed this project to move forward. To 

Olivia Doyle and Sam Carpenter thank you for your constant support, and for teaching 

me how to scan babies. Thank you Eric Earl for teaching me technical aspects of MRI 

data acquisition, I appreciate you getting into the weeds with me. Thank you Dakota 

Ortega, for the countless hours you spent behaviorally coding infant videos with me. 

Thank you Dr. Oscar Miranda-Dominguez for teaching me complex statistics and for 

your creative brilliant ideas which pushed various aspects of these projects forward. 



viii 

 

Thank you Darrick Sturgeon for your key contributions in the development of the 

neonatal processing pipeline and for teaching me about various aspects of data processing 

and the command-line. A special thanks to Kathy Snider, who was key in helping me 

understand the ins and outs of our pipeline and how to process and reprocess my neonatal 

neuroimaging data, without her help I would likely still be working through processing 

errors. Thank you Anthony Galassi for creating an M-plus GUI that allowed for complex 

whole-brain analyses. Thank you to Bene Remirez for teaching me how to visualize my 

data using Python. Additional thanks to lab members Anders Perrone, Marc Rudolph, 

Mollie Marr, Lucille Moore, and Emma Schifsky for helping with various aspects of my 

data analyses and processing, this would not have been possible without their 

contributions. 

In addition to the Fair lab, a large number of collaborators helped make this 

dissertation possible. The infant subjects used for this dissertation were part of an 

ongoing collaboration between Drs. Damien Fair, Alice Graham and Claudia Buss.  

The data for this study were collected at UC Irvine under the direction of Dr. 

Claudia Buss, with funding from NIMH and study design supported by UC Irvine faculty 

members Dr. Sonja Entringer and Dr. Pathick Wadhwa, who collaborated in obtaining 

that support. I am honored to have had access to their unusually valuable data set. Indeed, 

Dr. Claudia Buss’s entire team acquired the cohort and the neuroimaging, behavioral and 

physiological data used in this dissertation. They were very generous in providing access 

to these data.  Dr. Buss also provided critical advice and guidance for which I am most 

grateful.  



ix 

 

Additional thanks to Dr. John Gilmore and Jarod Rasmussen at the University of 

North Carolina. Their original work on design and methods for the collection of infant 

neuroimaging data supported the project both at Irvine and at OHSU.  The infant 

amygdalae data were individually segmented by Dr. Martin Styner’s team at UNC in 

collaboration with Dr. Buss. Thank you to Dr. Martin Styner and his excellent team for 

this invaluable work.   

The infant still-face paradigm behavioral coding was made possible thanks to key 

trainings given by Dr. Elinor Sullivan and her team. Specifically, thank you to Jacqueline 

Thompson for teaching me how to use Noldus the Observer to code, compile and perform 

reliability analyses on our still-face coded videos. Thank you to Jennifer Bagley for 

helping to organize my visits to the lab. Thank you to Dr. Elinor Sullivan for  providing 

myself and research assistant Dakota Ortega with a modified coding scheme, helping us 

learn how to code infant affect and regulatory behaviors, and for providing videos for us 

to code to achieve reliability. Next, thank you to Dr. Cathi Propper for creating the 

original still-face paradigm coding scheme, offering key advice and providing videos for 

us to achieve reliability on. Thank you to Dr. Joel Nigg for organizing and facilitating the 

collaborations between Dr. Propper and Sullivan and our lab to enable this reliable and 

valid coding to be applied.  

I would like to extend my gratitude to the Behavioral Neuroscience Department at 

OHSU and all of the brilliant colleagues and professors I’ve had the opportunity to meet 

here. To my tiny class, it’s been an honor watching you grow, thank you for keeping me 

sane.  Thank you to Student Health Services for keeping me healthy, mentally and 

physically throughout this process. A big thank you to my husband Sam Brubaker, for 



x 

 

keeping me well taken care of. I could not have done this without you and no words can 

express how instrumental you have been throughout all of this. To my brother Andrew 

Gramley, thank you for meditating with me every day, keeping me calm, and supporting 

me unconditionally through thick and thin.  Lastly, thank you to my parents for helping 

shape my developmental trajectory.   

  



xi 

 

Abstract  

Emotion regulatory ability (ER) is the capacity to independently modify the 

duration or intensity of an affective response. The ability to regulate negative affect is 

particularly important; heightened and poorly regulated negative affect is considered a 

transdiagnostic risk factor for psychopathology. While it is known that the early 

development of negative affect and accompanying emotion regulation skills are related to 

subsequent mental health, the neural correlates of these processes remain poorly 

understood. The current studies aimed to increase understanding in these areas. They 

comprise secondary analysis of an existing longitudinal data set from University of 

California at Irvine directed by Dr. Claudia Buss. Participants were 71 women recruited 

during early pregnancy and their infants born after 34 weeks gestation. This data set 

included measures of neonatal rs-fcMRI, infant behavioral observations at 6 and 24 

months-of-age, maternal ratings of infant behavior at 6, 9, 12 and 24 months-of-age. 

Mothers also rated aspects of the home and caregiving environment at 6-months-of-age. 

Toddler executive function was assessed by standardized laboratory observations.  

Three studies were conducted. As the ability to regulate negative emotionality is 

of particular importance to future mental health, study 1 examined the neural correlates of 

fear and sadness development over the first two years of life, using resting state 

functional connectivity MRI (rs-fcMRI). Results revealed average developmental 

patterns of change in fear and sadness involved an increase through the first year of life 

followed by a decline through the second year of life. Interestingly, amygdala 

coordinated functioning with the anterior insula (Am-Ins) related to fear development, 
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while amygdala connectivity to the ventromedial prefrontal cortex (Am-vmPFC) was 

associated with sadness development.  

Study 2 evaluated the neural correlates of the emotional reactivity component of 

emotion regulation in infancy, and how it related to emerging internalizing symptoms 

(fear, sadness) in toddlerhood. Results indicated neonatal Am-mPFC connectivity was 

associated with toddler emotion regulation (measured by coding of latency to distress 

during the still-face paradigm), while Am-Ins connectivity failed to reach the threshold 

for significance. Additionally, regional specificity was observed, such that stronger 

amygdala connectivity to the ventral mPFC and primary sensory systems was associated 

with weaker emotion regulation, while stronger amygdala connectivity to the more dorsal 

mPFC and higher order systems was associated with greater emotion regulation. Results 

also indicated greater emotion regulation in infancy was associated with less internalizing 

symptomatology at 2-years-of-age. Moreover, emotion regulation in infancy also 

statistically mediated a relationship between amygdala functional connectivity at birth 

and future internalizing symptomatology.  

Study 3 examined how emotion regulation in infancy may relate to regulatory 

ability in toddlerhood, more broadly, beyond negative affect, by examining executive 

functioning (measured by observation during the Minnesota Executive function scale, 

spin-the-pots task and snack delay task) at 24-months-of-age. Results indicated that high-

reactivity (coded from the still-face paradigm) paired with high-regulation and low-

reactivity paired with low-regulation (coded from the still-face paradigm) at 6-months of 

age predicted better executive function at 24-months-of-age. Moderating influences of 

parental behavior and socioeconomic status on associations between infant emotional 
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reactivity and toddler executive function did not meet the threshold for statistical 

significance.   

Together these three studies showcase the extent to which infants brain 

functioning soon after birth and early emerging emotion regulation interact with 

hypothesized environmental influences in predicting subsequent behavior and executive 

functioning.  
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Chapter 1: Introduction 

 

1.1. What is Emotion regulation and why does it matter? 

Emotion regulation (ER) is defined herein the ability to modify the intensity or 

duration of an affective response (Gyurak et al., 2011). Typically there is an emotion 

evoking stimulus, which is followed by some level of emotional arousal, which is then 

emotionally regulated, see Figure 1a (Townsend et al., 2013). The level of emotionality 

experienced paired with an individual’s ability to engage in effective regulatory 

behaviors determines their emotion regulatory ability, see Figure 1b (Frick et al., 2017). 

 

Figure 1a. Emotion regulation follows a sequence of events. Typically there is an 

emotion evoking stimulus, which is followed by some level of emotional arousal, whicih 

is then emotionally regulated. 

 

 
Figure 1b. The level of emotionality experienced paired with an individual’s ability to 

engage in effective regulatory behaviors determines their ability to modify their 

emotional response.  

 

While ER applies to both positive and negative affect, it is particularly important 

for psychopathology development in the context of managing negative emotionality. This 
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is in part because the ability to down regulate negative emotionality is tied to our ability 

to cope with everyday distress (Riediger et al., 2011). Furthermore, difficulties regulating 

negative emotionality comprise an important feature across many mental health disorders 

including substance abuse (Weiss et al., 2015), eating disorders (Svaldi et al., 2012), 

internalizing behaviors (Buehler et al., 2007) like anxiety (Cisler et al., 2010) and 

depression (Berking & Wupperman, 2012), psychotic disorders (Kring & Caponigro, 

2010), as well as ADHD (Nigg et al., 2020) and oppositional defiant disorder.  Because 

of its importance as a transdiagnostic risk factor for psychopathology, negative 

emotionality is a research domain criteria (RDoC) domain (Gore & Widiger, 2018). 

Moreover, signs of dysregulated negative affect in early childhood are a risk factor for 

future psychopathology (Wakschlag et al., 2007). 

Thus, improving ER skills  is a target for interventions aimed at prevention and 

symptom improvement for children and adolescents at-risk for (Cameron et al., 2018; 

Houck et al., 2016), and those already diagnosed with mental illnesses (Thomson et al., 

2015). Already in infancy, regulatory difficulties are associated with emerging 

maladaptive behaviors in childhood (Dale et al., 2011; Gustafsson et al., 2020). Though 

this evidence needs further specification, childhood behavioral problems are costly 

(Kohlboeck et al., 2014) and can lead to problems later in life (Jamnik & DiLalla, 2019; 

Kassing et al., 2019; Narusyte et al., 2017). Thus understanding the early development of 

negative emotionality and ER is of significant importance for supporting mental health 

and improving prospects for early intervention and prevention.   
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1.2. The development and measurement of emotion regulation behavior 

The emergence of ER occurs over the first year of life when infants go through 

rapid cognitive and neural development (Gao et al., 2015). The ability to regulate 

emotions initially emerges in the context of the caregiving relationship. This is a form of 

extrinsic regulation, in which infants rely heavily on their caregivers to regulate their 

emotional distress for them (Spanglar et al., 1994). Specifically, extrinsic regulation, 

which occurs primarily in early life and also throughout development and adulthood, 

refers to the intentional or automatic, yet effective support of regulation of one’s 

emotions by another (Nozaki & Mikolajczak, 2020). This is in contrast to intrinsic 

emotion regulation in which one regulates ones emotions alone, which emerges 

increasingly with development (Gross, 2015; Nigg, 2017). By 9-weeks-of-age, infants 

can communicate their emotional state to their caregiver through behavioral cues such as 

gestures, facial expressions, crying and tone of voice (Legerstee et al., 1990). Given these 

cues, a caregiver can act to accurately identify and respond to the infant’s needs 

(Weinberg & Tronick, 1994) once again engaging in extrinsic regulation. During 

development, emotion regulation gradually progresses from mostly extrinsic to 

increasingly intrinsic. 

Thus, over the first 6 months of life, infants may begin to rapidly develop their 

own cognitive and behavioral strategies for intrinsic ER (Cole et al., 2004; Fox & 

Calkins, 2003; Kopp, 1989; Poehlmann et al., 2011). This represents the early precursors 

of intrinsic emotion regulation. In particular, attentional orienting, may emerge by 6-

months of age, allowing infants to orient and sustain their attention in a way that appears 

strategic (Reynolds & Romano, 2016; Rothbart, 2011). This ability allows infants to 
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disengage from stressful stimuli and orient to more neutral or positive stimuli, thus 

reducing their own levels of distress (Crockenberg & Leerkes, 2004). Infants may also 

avert gaze when over or under-stimulated during face-to-face interactions to adjust 

autonomic arousal (Field, 1981) and negative affect (Harman et al., 1997; Stifter & 

Braungart, 1995). In addition to attentional orienting, infants can learn to employ other 

emotion regulatory strategies including: self-soothing behaviors such as hand and foot 

clasping, self-manipulation, non-nutritive-sucking and avoidance behaviors (Derryberry 

& Rothbart, 1981; Thomas et al., 2017). These regulatory behaviors have also been 

shown to cause reductions in negative affect (Stifter & Braungart, 1995).  and can be 

reliably measured through the use of observational coding systems and through parent 

report measures (Garstein et al., 2003; Kostyrka-Allchorne et al., 2020; Leerkes et al., 

2012; Sullivan et al., 2015).  

 

1.3. Neural connections support emotion regulation ability 

With regard to neurobiology, the hypolathalamic-pituitary adrenal (HPA-axis) 

plays an important role in the early development of emotional reactivity and regulation 

(Gunnar & Quevedo, 2007). Infants are born with a functioning stress response system, 

which allows them to react to changes in their internal or external environment already at 

birth (Jansen et al., 2010). The HPA axis is first activated by the hypothalamus, which 

receives input from higher order brain regions and the amygdala. The hypothalamus 

produces cortisol-releasing hormone (CRH) which stimulates production of 

adrenocorticotrophic (ACTH) hormone from the anterior pituitary. ACTH is then 

released into general circulation where it stimulates cells in the adrenal cortex to produce 
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cortisol (Stansbury & Gunnar, 1994). The final product of the HPA axis, the release of 

cortisol into the blood stream, exerts a wide array of endocrine, immune and metabolic 

effects on most cells in the infant’s body, and results in the increased availability of 

glucose (Chrousos & Gold, 1992; Chrousos & Kino, 2009).  

Changes in salivary cortisol in response to a stressor are often used as a measure 

of cortisol reactivity (Stansbury & Gunnar, 1994). Following the onset of a stressor, it 

takes 10-15 minutes to produce a rise in circulating cortisol levels and 20-30 minutes for 

peak stress concentrations to be reached in the plasma (Stansbury & Gunnar, 1994). 

During the first 5-10 minutes after exposure to a stressor, the infant must appraise the 

stressor and engage in emotion regulation as needed, which may increase or decrease the 

cortisol response. Typically a greater increase in cortisol release following a stressor is 

interpreted as a sign of increased reactivity (Laurent et al., 2016). Alternatively, an 

increase following stress and a subsequent return to baseline is viewed as a sign of 

overall regulation (Jansen et al., 2010; Stansbury & Gunnar, 1994; Ursache et al., 2014). 

Thus measurement of salivary cortisol changes during ER in infancy may provide a 

window into how physiological systems support emerging ER already in the newborn 

period.  

For infants 0-2 months-of-age salivary cortisol increases can be reliably seen in 

response to noxious stimulation or handling (Gunnar, 1992). From 2-6 months of age, 

noxious stimuli still reliably cause increases in cortisol, however psychosocial stressors 

do not reliably result in a cortisol response (Gunnar, 1992). Consistent cortisol reactivity 

to psychosocial stress decreases even more when infants are 12-24 months-of-age (Jansen 

et al., 2010). By the end of the first year of life, the infant’s attachment quality to its 
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caregiver appears to buffer HPA axis activity, such that infants with insecure attachments 

are more likely to experience increases in cortisol than their securely attached 

counterparts (Gunnar & Quevedo, 2007; Gunnar et al., 1996, 2009). These findings 

suggest that from infancy through early childhood HPA activity in response to negative 

stress is dampened due to the protective role of caregivers (Gunnar & Quevedo, 2007; 

Gunnar et al., 2009).  Though it is difficult to assess HPA activity as an indicator of stress 

reactivity and regulation in infants, at 6-months-of-age observational tasks can be  used in 

an attempt to elicit negative emotional challenge and concomitant increases in cortisol 

(Gunnar et al., 2009; Provenzi et al., 2016).  

One commonly used observational task is the still-face paradigm (Gunnar et al., 

2009). During this paradigm mother and infant first engage in a face to face play 

interaction, next mothers are asked to face the infant with a blank face for a 2-minute 

interval; this is followed by a recovery period (Adamson & Frick, 2003). The still face 

paradigm has been associated with an increase in cortisol magnitude in a subset of studies 

(Crockett et al., 2013; Feldman, 2003; Haley & Stansbury, 2003; Provenzi et al., 2016). 

Thus, though difficult, increases in cortisol in response to certain psychosocial stressors 

are possible.   

Little is known about the specific brain regions and systems which support very 

early emerging ER in humans. EEG studies conducted in the first year of life reveal right 

frontal asymmetry, greater activity in the right frontal hemisphere than the left, is linked 

to greater negative emotion reactivity (Calkins et al., 2002), and lower ability to regulate 

negative affect (Fox, 1991; Smith et al., 2016). However, these studies do not speak to 

whether specific brain regions and patterns of connectivity, which have been shown to 
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play a critical role in ER from childhood to adulthood, such as the amygdala (Banks et 

al., 2007; Erk et al., 2010; Phillips et al., 2003b; Taylor & Liberzon, 2007; Townsend et 

al., 2013) play a similar role in early emerging ER.  

During adulthood, amygdala functional connectivity, in particular, plays a central 

role in moderating negative emotionality (Bebko et al., 2015; Denny et al., 2015; Mulej 

Bratec et al., 2015). Thus examining amygdala functional connectivity soon after birth in 

relation to emerging negative emotionality and emotion regulation represents a natural 

starting point for the current studies. Some studies indicate that the down regulation of 

negative emotional experiences occurs through the recruitment of specific frontal regions, 

such as the medial prefrontal cortex (mPFC), which is associated with reduced amygdala 

reactivity (Frank et al., 2014; Gyurak et al., 2011). This is known as top-down processing 

(Rauss & Pourtois, 2013). Moreover, greater amygdala-mPFC (Am-mPFC) functional 

connectivity has been associated with increased ER skills in children (Pitskel et al., 2011) 

and adults (Phillips et al., 2003a). In contrast, stronger functional connectivity between 

the amygdala and the insula (Am-Ins), has been associated with poor ER skills, which 

manifest as normative and pathological anxiety (Bebko et al., 2015; Roy et al., 2013a; 

Stein et al., 2007) and other disorders characterized by emotion dysregulation (e.g. 

bipolar disorder, substance use disorders) (Townsend et al., 2013; Wilcox et al., 2016). It 

is likely that Am-Ins connectivity plays a role in identifying salient stimuli and 

interacting with other brain systems to facilitate flexible responding (Menon & Uddin, 

2010; Seeley et al., 2007).  

However, there are exceptions where recruitment of frontal regions is associated 

with maladaptive outcomes in adolescents (Forbes et al., 2009, 2010) and amygdala 
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reactivity is associated with adaptive outcomes in adults (Taylor et al., 2006; Yamamoto 

et al., 2017). For example, in some instances, increased amygdala engagement has been 

associated with increased emotion regulation in adults (McRae et al., 2012; Nelson et al., 

2015). In infancy, research suggests increased Am-Ins connectivity plays a role in the 

normative development of negative emotionality, a dispositional tendency to react to 

events with negative affect (Patrick 1994), as assessed by parental self-report (Graham et 

al., 2016). While these findings in older human samples and animal models are a 

potentially useful reference point there is a large developmental gap between this age 

group and infancy and how amygdala connectivity at birth in relates to a behavioral 

indicator of emerging emotion regulation in infancy remains unknown.  

Previous work suggests potential developmental continuity in neural circuitry 

associated with ER, as soon after birth stronger Am-Ins and Am-mPFC functional 

connectivity are already associated with greater fear and fear balanced by cognitive 

capacity at 6-months-of-age (Graham et al., 2016). Additionally, another study suggests 

that increased white matter structural integrity between the amygdala and orbital frontal 

cortex at 3-months-of-age may allow for greater emotion regulation capacity at 9-

months-of-age (Banihashemi et al., 2020). Similarly in children, bilateral activity in the 

orbital frontal cortex has been associated with increased emotion regulation behavior 

(Lévesque et al., 2004). This pattern of connectivity related to greater ER has also been 

shown in adults (Ochsner et al., 2004), once again suggesting potential continuity in the 

neural circuitry support ER.   

Multiple higher order brain systems also work together to facilitate ER (Rey et al., 

2016). Specifically, functioning within the default mode network (Rey et al., 2016; Tozzi 
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et al., 2017; Xie et al., 2016), salience (McLaughlin et al., 2015; X. Wu et al., 2016) and 

dorsal attention networks (Viviani, 2013) support ER skills in adults. Similarly in 

adolescence, connectivity within the salience network supports ER (McLaughlin et al., 

2015). Because immature forms of these large scale brain systems exist already in the 

newborn period (Gao, Alcauter, Elton, et al., 2015; Gao, Alcauter, Smith, et al., 2015), it 

may be that coordinated functioning within and between brain regions in these networks 

contributes to emerging ER skills. In fact, recent work already shows connectivity 

between default mode network regions in infancy are associated with increased negative 

emotionality (Graham et al., 2015), and decreased regulatory behavior (Kelsey et al., 

2020). These findings interestingly mirror findings in children and adults implicating the 

involvement of the default mode network in emotional reactivity and regulation (Pan et 

al., 2018; van der Horn et al., 2016; Xie et al., 2016) once again suggesting potential 

continuity in neural circuitry support emotion regulation from infancy to adulthood. 

While the studies cited above have used diffusor tensor imaging, and resting state 

functional connectivity magnetic resonance imaging (rs-fcMRI) to examined specific 

brain connections and networks, respectively, in relation to emotion regulation, rs-fcMRI 

has yet to be used to examine amygdala connectivity soon after birth in relation to an 

observational measure of emotion regulation in infancy. Given the central role of 

amygdala functional connectivity in moderating negative emotionality in adulthood 

(Bebko et al., 2015; Denny et al., 2015; Mulej Bratec et al., 2015) and given the 

potentially continuity in neural circuitry supporting emotion regulation from infancy to 

adulthood, examining amygdala connectivity soon after birth in relation to emerging 

emotion regulation represents a natural starting point for the current studies. 
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While continuity in emotion regulation neural circuitry between infancy and 

adulthood appears at least partially to be the case, there are also likely systems involved 

in emotion regulation that are unique to infancy. Given the emergence of adult-like visual 

and sensorimotor functional networks early in infancy (Gao et al., 2015), and given that 

emotion regulatory behavior involves rudimentary processes like shifting visual attention 

and thumb sucking (Braungart-Rieker & Stifter, 1996), it is possible that amygdala 

connectivity to sensory processing and integration regions plays a key role in emotion 

regulation in infancy. It is also likely that specific sensorimotor responses play a lesser 

role in adulthood, for example, non-nutritive sucking, which is an adaptive mechanism in 

infancy that does not normatively persist into adulthood (Feştilă et al., 2014; Field & 

Goldson, 1984). However, attentional control (orienting and executive attention in 

particular) appears to play a key role in emotion regulation in both infancy and adulthood 

(Crockenberg & Leerkes, 2004; Posner et al., 2012; Posner & Rothbart, 1998; Viviani, 

2013). The anterior-insula-centered-salience functional network emerges in early infancy 

and supports executive attention (Gao et al., 2017; Posner et al., 2012). Moreover, the 

ability to anticipate the location of a stimulus is linked to emotion regulation from 6-7 

months-of-age, showcasing the importance of orienting as a control system in infancy 

(Posner et al., 2012).  

 

1.4. Using Rs-fcMRI to study the brain soon after birth 

 Resting state-functional magnetic resonance imaging (Rs-fcMRI) is a powerful 

tool that allows for the non-invasive study of functional and structural infant brain 

characteristics during natural sleep. Rs-fcMRI provides information about how the brain 
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is intrinsically functionally organized. Structurally, subcortical structures of the brain can 

be measured in three-dimensional voxel space, which allows for the characterization of 

the volumetric size of different subcortical brain structures. Additionally grey matter and 

white cortical brain matter can be delineated, allowing for the characterization of amount 

of myelination, cortical thickness or sulci depth (Glasser et al., 2013).  

Rs-fcMRI allows the measurement patterns of connectivity across the brain, 

allowing us to see individual connections between brain regions as well as large-scale 

network connections in the brain at rest. With this information we are able to determine 

how brain functional connectivity is associated with infant behavior and other aspects of 

infant physiology. Rs-fcMRI is measured based on correlations between spontaneous 

fluctuations in the blood oxygen level dependent (BOLD) signal between different brain 

regions (Biswal et al., 1995). The BOLD signal indirectly measures activity in the brain 

and relies on the magnetic properties of hemoglobin in the blood (Ogawa et al., 1990).  

For infant studies in particular, rs-fcMRI offers several advantages over other 

forms of neuroimaging. First and foremost, rs-fcMRI, based on low-frequency 

fluctuations in the BOLD signal across the brain, can measure activity across the brain in 

the absence of any task (Murayama et al., 2010). This allows for the measurement of 

resting state functional connectivity during natural sleep. Rs-fcMRI also allows for a 

more complete representation of brain regions involved (Fox & Raichle, 2007) while 

task-based fMRI may only activate a limited number of connectivity patterns in a 

particular domain, with each task activating specific brain regions. Moreover, because 

scans are conducted during natural sleep, there are even more limitations on the types of 

tasks that can be given to the infant during the scan, which limits the number of regions 
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that can be activated in a particular behavioral domain. Furthermore, rs-fcMRI allows for 

the comparison of functional neural connections across development (Dosenbach et al., 

2007; Fair, 2010; Fair et al., 2012). Moreover, rs-fcMRI allows for the measurement of 

brain connections and systems associated with complex behaviors later in life, which may 

provide a window already in the neonatal period to patterns of brain organization later 

relevant for psychiatric disorders (Graham, Pfeifer, Fisher, Lin, et al., 2015). 

 

1.5. Influence of the caregiving environment on the development of emotion 

regulation 

A caregiver’s ability to accurately identify and respond to the infant’s needs, 

known as caregiver responsivity, is particularly important for the development of ER 

(Crockenberg & Leerkes, 2004; Leerkes & Crockenberg, 2003; Morris et al., 2017; 

Thomas et al., 2017). This form of extrinsic regulation presumably must be present if 

intrinsic regulation is ever to develop. In early infancy, infants are almost completely 

reliant on their caregivers for the regulation of their emotions. During this time, infants 

can use behavioral cues such as tone of voice, gestures, facial expressions and 

vocalizations to express their emotional state to their caregiver, who then, through timely 

and accurate responses to the infant’s needs, can regulate the infant’s emotions 

(Weinberg & Tronick, 1994). Caregivers can aid in the regulation of infant emotion by 

encouraging infants to redirect attention from distressing or novel stimuli, by responding 

accurately to the infants expressed need, or by motivating a positive interaction 

(Crockenberg & Leerkes, 2004). Responsive caregivers can effectively reduce infant 

distress in emotion-filled contexts; these interactions may teach infants strategies for 



13 

 

reducing their own emotional arousal in future situations, (previously noted as  intrinsic 

regulation (Leerkes et al., 2009; Nigg, 2017). As a result, infants of relatively more 

responsive mothers may show more regulatory behaviors, in the absence of maternal 

input, than infants of relatively less responsive mothers (Frick et al., 2017a; Haley & 

Stansbury, 2003; Leerkes & Crockenberg, 2003).  

In addition to influencing infant behavior, the caregiving environment influences 

infant physiology. Specifically, the caregiving environment can influence associations 

between  infant positive emotionality and prefrontal and occipital cortical networks, such 

that more maternal mental state-talk is associated with greater infant positive 

emotionality and greater resilience of prefrontal and occipital cortical networks  (Hanford 

et al., 2018). Additionally,  differences in amount of maternal care in early life in rodent 

models have been shown to alter gene expression, particularly impacting the transcription 

of proteins regulating brain formation and function in the hippocampus (Weaver et al., 

2006). Moreover, recurrent maternal care in early life may support the expression of 

genes involved in later attenuation of the stress-response (Fenoglio et al., 2006). Lastly, 

infants of more responsive caregivers may be better able to regulate their physiological 

response to stress, in the form of heart rate, when exposed to stressors (Haley & 

Stansbury, 2003). Thus the caregiving environment appears to play a key role in the 

emergence of infant emotion regulation behavior and underlying physiology.  

Maternal depressive symptomatology, primarily through its effects on maternal 

responsivity, also appears to be important for the development of emotion regulation 

partly due to interfering with her responsivity. Depressed mothers are more likely to 

express lower sensitivity, inconsistent support of infant engagement, and a restricted 
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range of affective expression (Weinberg & Tronick, 1998). These qualities can create 

difficultly for development of adequate regulatory behaviors. Thus, infants of depressed 

mothers may express higher negative emotionality and less mature regulatory strategies 

(Feldman et al., 2009). Depressed mothers may also rate their infants as more difficult 

than non-depressed mothers in self-report questionnaires (Leerkes & Crockenberg, 2003; 

McGrath et al., 2008), thus maternal depressive symptomatology is an important 

covariate in studies with self-report measures. Maternal depressive symptoms may also 

impact physiology underlying infant emotion regulation.  Findings from an EEG study, 

indicate that infants of depressed mothers show significantly lower frontal asymmetry 

scores than infants of non-depressed mothers, potentially indicative of early patterns of 

depressive symptoms (Dawson et al., 1997). Similarly, in a more recent EEG study, 

maternal depressive symptomatology was specifically associated with greater relative 

right-frontal alpha asymmetry in newborns (Gustafsson et al., 2018) and maternal 

depression predicted infant behavior. Additionally, maternal prenatal depression has been 

associated with infant negative affect (Gustafsson et al., 2018). Therefore infants of 

depressed mothers may have neural connectivity patterns potentially indicative of risk for 

future depression, and lower emotion regulation ability.  

 

1.6. Executive function as a marker for future mental health and academic success 

Executive function and its precursors constitute an important early emerging 

indicator of capacity for successfully engaging in academics and social functioning (Blair 

& Razza, 2007; Carlson et al., 2004; Mulder et al., 2017). As expressed by adulthood, 

executive function can be defined as a set of cognitive abilities involved in purposeful, 
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flexible, goal-directed behavior (Miyake et al., 2000).  One model of executive function 

by adulthood is composed of three closely related, but distinct factors: inhibitory control 

(the ability to inhibit a prepotent response), working memory (the ability to retain and 

manipulate relevant information for the task at hand), and shifting (the ability to 

disengage from irrelevant tasks and reengage in relevant tasks) (Diamond, 2013; Miyake 

et al., 2000). Poor executive function abilities, like negative emotionality, can be an 

indicator of risk for mental health problems  (Bettis et al., 2017; Pennington & Ozonoff, 

1996; Zelazo, 2020).  

1.6.1. The development of executive function 

The foundations of executive function begin to develop in early life, with the 

support of attentional, cognitive, sensory motor skills, and neurobiology (Garon et al., 

2008; Gottwald et al., 2016; Wu et al., 2017).  For example, strategies to maintain or 

redirect attentional focus and general cognitive capacity in toddlerhood have been 

associated with executive function performance in childhood (Conway & Stifter, 2012; 

Eigsti et al., 2006; Wu et al., 2017). Moreover, prospective motor control supports 

precursors of executive functions at 18-months-of-age (Gottwald et al., 2016). The 

neurobiological correlates of executive function have also been hypothesized and include 

the dorsolateral and ventrolateral prefrontal cortex, which develop rapidly across the first 

two years of life (Diamond, 2002, 2013; Garon et al., 2008).  

Multiple terms are used to refer to regulation of cognitive and emotional 

processes, effortful control is one such term, defined as an innate aspect of temperament 

reflecting propensity to self-regulate emotion and cognition with ease (Diamond et al., 

2013). In toddlerhood executive function is in a primitive form and is not well 
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differentiated (Espy et al., 1999). During this time, effortful control, attention 

development and the ability to hold information in mind facilitates the development of 

early precursive executive functions (Michael I Posner & Rothbart, 1998).  

Emerging effortful control, attention and short term memory support the 

development of early precursive executive functions. The ability to hold information in 

mind (short term memory) develops in infancy and supports the development of working 

memory and impulse control (Diamond et al., 2013). While impulse control is not yet 

present in toddlerhood, attention shifting ability and effortful control are present as 

precursors (Diamond et al., 2013). These precursors likely impact the inhibitory control 

of attention which allows for the ability to selectively attend to specific information and 

ignore information that is not relevant (Eigsti et al., 2006). Cognitive flexibility builds on 

working memory and impulse control and begins to emerge much later in development. 

Advanced skills, like planning, are not yet present in toddlerhood except in a very 

rudimentary form (Diamond et al., 2013).  

The developmental course of early precursive executive functions relates to 

subsequent development across domains. Early precursive executive function skills have 

been associated with future internalizing and externalizing symptomatology in childhood 

(Murray & Kochanska, 2002) and executive function in late adolescence (Eigsti et al., 

2006) Moreover, early precursive executive function skills may provide a foundation for 

healthy development (Blair & Razza, 2007; Mulder et al., 2017), with implications for 

academic and social functioning (Carlson et al., 2004; Hughes & Ensor, 2005). 

 



17 

 

1.6.2. The interplay of negative affect, emotion regulation, and executive function 

Both executive function and ER, while conceptually independent constructs, are 

closely related and share conceptual space. For example, both concepts involve  top down 

aspects of self-regulation (Nigg, 2017). However, ER and executive function are not the 

same as self-regulation, rather executive function can enable self-regulation and emotion 

regulation, but top down ER can be extended to multiple strategies in adulthood  (Gross 

2015; Nigg, 2017). Developmentally, the relationship between emotion regulation and 

executive function may also be bi-directional. Research indicates children ages 8-12, with 

better emotion regulation skills may have greater proficiency on precursive executive 

function measures (Sudikoff et al., 2015). Moreover, individuals with greater executive 

function may be better able to use emotion regulation strategies to decrease negative 

affect (Pe et al., 2013). Effortful control in infancy, which impacts both executive 

function and ER, can serve to increase or decrease the onset, duration or intensity of 

temperament reactions (Rothbart 2011). In turn, infants and toddlers who have higher 

negative emotional reactivity paired with low effortful control are more likely to develop 

ADHD (Willcutt et al., 2005). 

Early skills like redirecting attention and effortful control are simultaneously the 

precursors of executive function and the precursors of intrinsic ER (Feldman, 2009). 

Greater intrinsic emotion regulatory skills in infancy, which are the same as top-down 

executive function, have been associated with greater executive function skills at 5-years-

of-age (Feldman, 2009). Furthermore, unregulated negative emotionality has been 

associated with worse executive function in preschoolers (Ferrier et al., 2014).  Thus, 

development of executive function abilities may therefore rely on  the earlier effective 
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regulation of negative emotionality (Zelazo & Cunningham 2007). However, it may not 

be emotion regulation or negative emotionality alone that support emerging executive 

function; it may be the specific match between levels of negative emotionality and 

emotion regulation that is relevant for executive function. Importantly this is recursive. 

Effortful control and attention development, the precursors of executive function, support 

the development of ER, and in turn the consolidation of ER facilitates the development of 

executive function (Posner & Rothbart, 1998).  

Specifically, in one study the interaction between emotion regulation and 

reactivity at 15-months-of-age predicted executive function at 48-months-of-age 

(Ursache et al., 2012). These findings indicate that high reactivity paired with high 

regulation is associated with greater executive function, while high reactivity paired with 

low regulation is associated with worse executive function. This suggests that reactivity 

must be balanced by regulation for the development of executive function skills. Thus it 

appears important to assess both levels of emotion regulation and negative emotionality 

in relation to executive function see Figure 2. While this interaction has already been 

examined in relation to executive function in early life, associations between emotion 

regulation and negative emotionality in the first year of life and specific domains of 

executive function in toddlerhood remain unknown.  
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Figure 2. High reactivity paired with high regulation is associated with greater executive 

function, while high reactivity paired with low regulation is associated with worse 

executive function. This suggests that reactivity must be balanced by regulation for the 

development of executive function skills. Thus negative emotionality paired with the 

ability to regulate emotions may predict future executive functions.  

 

1.6.3. Psychosocial moderators may influence associations between negative 

emotionality and emerging executive function 

Associations between negative emotionality and emerging executive function may 

also be influenced by variation in the caregiving environment and socioeconomic status 

(SES). SES may influence development of executive function through availability of 

learning resources, opportunities in the home environment, as well as the time and 

guidance provided by caregivers (Hackman et al., 2015). For example, variation in access 

to computers and home literacy activities has been shown to mediate a relationship 

between low SES and executive function (Lipina et al., 2013). Moreover, SES likely 

influences development through the quality, sensitivity, and responsivity of caregiving 

(Hackman et al., 2015). The caregiving environment, particularly maternal responsivity, 

may exert a strong impact on emerging executive function (Fay-Stammbach et al., 2014). 

Specifically, sensitive caregiving can promote the infants internalization of regulatory 

strategies (Bernier et al., 2012). As such, sensitive, engaging interactions with caregivers 

may be associated with decreased negative emotionality and increased executive function 
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competence (Rhoades et al., 2011). Moreover, negative emotionality at 9-months-of-age, 

moderated by maternal caregiving at 9-months-of-age, has been associated with 

executive function at 5-years-of-age (Miller et al., 2019). Early maternal caregiving has 

also been shown to influence infant temperament reactivity (Miller et al., 2019a) and 

associations between negative emotional reactivity in infancy and executive function in 

childhood (Miller et al., 2019b). Thus it appears important to consider the postnatal 

environment when evaluating associations between negative emotionality and executive 

function. 

1.7. The current studies 

The current studies aimed to identify the earliest neural precursors of intrinsic 

emotion regulation through the examination of coordinated functioning of the newborn 

brain in relation to emerging negative emotionality and emotion regulation behavior and 

physiology at 6-months-of-age with consideration of selected aspects of the caregiving 

environment. In addition, toddler outcomes associated with infant emotion regulation are 

examined. Specifically, Study 1 examined if a-priori neonatal amygdala functional 

connectivity to regions of interest for emotional reactivity and regulation are associated 

with infant negative emotionality development across the first two years of life. Study 2 

examined potential pathways from neonatal amygdala functional connectivity to 

emerging emotion regulation/ reactivity behavior and physiology during infancy, and 

subsequent internalizing and externalizing symptomatology in toddlerhood. Lastly, Study 

3 examined how emerging emotional reactivity, emotion regulation, and two 

environmental measures, SES status and caregiver behavior during infancy, relate to 

subsequent executive function skills during toddlerhood.  
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Chapter 2: Amygdala Connectivity soon after birth supports early 

emerging Fear 

 

2.1. Introduction 

2.1.1. The importance of examining early neural correlates of fear  

Fear is an emotion essential for adaptive functioning expressed when an animal 

perceives potential danger (Milad & Quirk, 2012; Phelps & LeDoux, 2005). While fear 

expression is essential for adaptation, heightened levels of fear are associated with 

psychopathology (Engle & Mcelwain, 2011; Gjone et al., 1997). Limbic-prefrontal brain 

systems play a critical role in normative and pathological variability in fear in children 

and adults (Etkin et al.,2011, 2007; Milad & Quirk, 2012; Qin et al., 2014; Ruocco et al., 

2013); however, how these brain systems in the newborn period contribute to the early 

development of fear is poorly understood.  

 

2.1.2. Typical development of fear 

Fear expression typically increases over the first year of life as increasing 

mobility facilitates increasingly complex interactions with the environment, and 

increasing exposure to threatening stimuli (Shaw et al., 2000).  It is likely that fear 

expression rises during the first year of life as it becomes ecologically significant for the 

infant’s survival (Callaghan et al., 2014). By the second year of life, the infant’s 

expression of fear stabilizes (Garstein & Rothbart, 2003; Partridge & Lerner, 2007). This 

is likely due to the infant’s increasing ability to regulate  emotions both independently, 

and through use of caregiver support (Gartstein et al., 2012; Lemery et al., 1999). Due to 
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changes in fear expression over time (Gartstein et al., 2010; Lipscomb et al., 2012; 

Partridge et al., 2007), it is critical to examine fear at multiple time points to capture it’s 

full early developmental trajectory.  

 

2.1.3. Early brain connectivity as a predictor of fear  

We have previously shown that newborn amygdala functional connections predict 

early fear expression (Graham et al., 2016). Specifically, stronger connectivity between 

the amygdala and bilateral anterior insula (amygdala-aI) was associated with higher fear 

at 6-months-of-age. This finding is in line with adult literature suggesting an important 

role for amygdala-aI connectivity in normative (Baur et al., 2013), and pathological fear 

(Etkin et al., 2007; Rabinak et al., 2011; Sripada et al., 2012). This suggests potential 

continuity in the neural circuitry underlying the early emergence of fear. Furthermore, we 

have previously shown that stronger connectivity between the amygdalae and ventral 

medial prefrontal cortex (amygdala-vMPFC) at birth is associated with a phenotype 

characterized by higher fear and more advanced cognitive development at 6-months-of-

age potentially suggesting that a balance between negative affect and cognitive skills is 

relevant for effectively regulating negative affect (Degnan & Fox, 2007; Gartstein et al., 

2012; Nigg, 2006). In line with this interpretation, amygdala-vMPFC connectivity plays 

an important role in emotion regulation in children and adults (Gee, Gabard-Durnam, et 

al., 2013; Milad et al., 2007; Schiller & Delgado, 2010; Silvers et al., 2017), and has been 

frequently implicated in conditions involving poor regulation of negative affect, 

including anxiety (Casey & Lee, 2015; Loucks, et al., 2011; Roy et al., 2013a) and 

depression (Burghy et al., 2012; Connolly et al., 2017; Wang et al., 2013). However, the 
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role of amygdala-vMPFC connectivity in the development of fear and other aspects of 

negative emotionality (NE) during infancy and toddlerhood has not been examined. 

 

2.1.4. Key influences on the development of fear  

During infancy, caregivers serve an important role in influencing infants emotion 

reactivity and regulation (Bernier et al., 2016). Infants use behavioral cues to 

communicate their emotional state to caregivers who aid in emotion regulation through 

quick and accurate responses to the infant’s expressed needs (Thomas et al., 2017). 

Responsive caregivers can effectively reduce infant distress, decreasing infants’ 

expression of fear and other aspects of NE over time (Leerkes et al., 2009). Moreover, 

neural phenotypes may increase or decrease the influence of maternal responsivity on 

emerging fear (Ellis et al., 2011). It is therefore important to consider the caregiving 

environment as well as interactive effects of maternal responsivity and newborn brain 

phenotypes in relation to emerging fear.  

Maternal depressive symptomology influences maternal reporting and observation 

of infant NE. Mothers with greater depressive symptoms are more likely to rate their 

infants as more difficult than parents who are not depressed (Parade & Leerkes, 2008). 

Additionally, more severe maternal depressive symptoms have been associated with 

greater increases in infant fear from 8-12 months of age (Gartstein et al., 2010). Research 

to date also suggests some specificity, such that the association between maternal 

symptomatology in the postpartum period and infant NE is specific to maternal 

depression versus anxiety (Feldman, et al., 2009). These results highlight the importance 

of considering maternal depressive symptoms in examining infant fear development.  
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2.1.5 Present study 

In the current study we examine how newborn amygdala-vMPFC and amygdala-

aI connectivity relate to the developmental trajectory of fear over the first two years of 

life. Further, to see if these connections are specific to emerging fear or more 

generalizable to other aspects of NE, we also examine them in relation to emerging 

sadness. Finally, we consider how maternal responsivity and depressive symptomology 

may moderate associations between these newborn amygdala connections and subsequent 

development of NE.  

Based on previous work (Etkin & Wager, 2007; Graham et al., 2016; Rabinak et 

al., 2011; Sripada et al., 2012), we hypothesize stronger amygdala-aI connectivity will be 

associated with higher fear at 6-months-of-age and greater increase in fear over the first 

two years of life. Due to the role of amygdala-vMPFC connectivity in depression and 

anxiety in adolescents and adults (Casey & Lee, 2015; Wang et al., 2013), we anticipate 

this connection will demonstrate associations with both fear and sadness development. 

While stronger amygdala-vMPFC connectivity is associated with greater emotion 

regulatory ability in adolescents and adults (Silvers et al., 2017), due to the 

developmental switch in how amygdala activity relates to vMPFC activity while viewing 

negatively valenced stimuli (Gee et al., 2013), we anticipate stronger amygdala-vMPFC 

connectivity will be associated with higher levels of NE at 6-months and greater increase 

in NE from 12-24 months-of-age. Finally, we anticipate associations between newborn 

amygdala connectivity and NE development will be moderated by levels of maternal 

responsivity.   
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2.2. Methods and materials 

2.2.1 Participants  

Infants included in this study (N=62) were part of an ongoing longitudinal study 

of mothers and infants conducted at the University of California Irvine (for details see 

Moog et al., 2017). Mothers were recruited during their first trimester of pregnancy. 

Exclusionary criteria included: maternal use of systemic corticosteroids or psychotropic 

medications during pregnancy, infant birth before 34 weeks’ gestation, and infant 

congenital, genetic, or neurological disorder. An MRI and fMRI scan was completed 

when infants were approximately 4-weeks-of-age (M ± SD, 3.7 ± 1.7). Temperament 

assessments were completed at 6, 9, 12, and 24-months-of-age. Detailed demographic 

information is provided in Table 1.. All procedures were approved by the Institutional 

Review Board at the University of California, Irvine. The number of subjects with data at 

each time point is provided in Table 1.  

 

Table 1.: Demographics 

            Mean (SD) 

Age in Weeks       

 Gestational age at birth   39.1 (1.5) 

 Age at fMRI data collection   3.7 (1.7)  

 Age at 6 moth behavioral assessment  28.0 (2.4)  

 Age at 9 month behavioral assessment  39.9 (7.4) 

 Age at 12 month behavioral assessment  55.0 (3.1) 

 Age at 24 month behavioral assessment  240.0 (35.1) 

      Percentage 

Sex        

 Male     54.8  

 Female     45.2  

        Race/ethnicity       

 Caucasian non-Hispanic   37.7  
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 African American non-Hispanic  2.6  

 Asian non-Hispanic    7.8  

 Multi-racial non-Hispanic   10.4  

 Caucasian Hispanic    33.8  

 Asian Hispanic    1.3  

 Multi-racial Hispanic   5.2  

 Other Hispanic     1.2  

        
Highest level of maternal education     

 Primary, Elementary, or Middle School  1.6  

 High-school or test equivalent   14.5  

 Technical or vocational school    12.9  

 Some college, but no degree  30.6  

 Associates degree    3.2  

 Bachelor’s degree     19.4  

 Graduate level degree  12.9  

 Certificate  4.8  

        
Gross annual household income     

 <$15,000    9.6  

 $15,000- 29,999    19.2  

 $30,000- 49,999    27.4  

 $50,000- 100,000    35.6  

 >$100,000    8.2  

 

 

 

 

2.2.2 MRI and fMRI data acquisition and processing 

2.2.2.1 Data acquisition 

As described in our previous work (Graham et al., 2016, 2017, 2018; Rudolph et 

al., 2018) a TIM Trio, Siemens Medical System 3.0T scanner was used to collected 

neuroimaging data with infants during natural sleep. A T2-weighted scan (TR = 3200 ms, 

echo time = 255ms, resolution = 1 x 1 x 1 mm, 4.18 min) was used as an anatomical 

reference for functional images. A T1-weighted scan (MR-RAGE TR = 2400 ms, 

inversion time = 1200 ms, echo time = 3.16 ms, flip angle = 8°, resolution = 1 x 1 x 1 

mm, 6.18 min) was used in conjunction with the T2-weighted scan for amygdala 
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segmentation. To obtain functional images for rs-fcMRI, a gradient-echo, echoplanar 

imaging (EPI) sequence sensitive to blood oxygen level-dependent (BOLD) contrast (TR 

= 2000 ms; TE = 30 ms; FOV = 220 x 220 x 160 mm; flip angle = 77°) was used. Using 

32 ascending-interleaved 4 mm axial slices with a 1 mm skip, full brain coverage was 

obtained. Steady-state magnetization was assumed after 4 frames (8 ~ s). Functional data 

was obtained in a single scan consisting of 150 volumes for early participants (N = 8), 

and increased to 195 volumes for the remaining participants (N = 54) in later stages of the 

study to increase the likelihood of acquiring a sufficient number of volumes for analysis. 

Only functional scans with at least 4 minutes of data (after volume removal for motion) 

were included in the present study. 

 

2.2.2.2 fMRI data preprocessing 

The Brain Extraction Tool from the FMRIB Software library (Beckmann et al., 

2006; Smith et al., 2001;  Smith, 2002) was used as an initial step to separate the brain 

from the rest of the head tissue in images. Next, an in house tool was used to remove the 

remaining skull. This tool involved registration of a skull stripped infant atlas (0- to 2-

month age range; MRI Study of Normal Brain Development; (Fonov et al., 2011))  to the 

individual image, which allowed for creation of a refined individual brain mask. 

Functional images were preprocessed to reduce artifacts (Miezin et al., 2000) as in our 

prior work (see Graham et al., 2016). Atlas transformation of the functional data was 

computed for each individual via the high-resolution T2 scan (see Graham et al., 2016). 

Visual inspection of data resulted in the loss of two subjects for poor quality EPI scans, 
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and one subject for a structural abnormality identified in the high resolution T2- weighted 

scan. 

 

2.2.2.3. rs-fcMRI preprocessing 

To control for signal from non-neuronal processes additional preprocessing steps 

were conducted for rs-fcMRI data as in our prior studies (D. Fair et al., 2012; Graham et 

al., 2016; Rudolph et al., 2018). A volume censoring approach was used to remove 

volumes associated with greater than 0.3 mm frame-wise displacement (FD) (including 1 

preceding and 2 following volumes to account for temporal blurring (Power et al., 2012)). 

Scans with less than 4 mins of remaining data were removed. This resulted in an 

additional 3 infants being removed from the analysis. Scan length after volume removal 

for remaining infants (N = 62) was approximately 5 and a half minutes (M = 5.50, range 

= 4.14 – 6.30), and the remaining FD was approximately 0.08 (M = 0.081, range = 0.047 

– 0.134). To rule out effects of remaining motion on results, post-hoc analysis included 

adjustment for remaining FD (Fair et al., 2012; Power et al., 2015). 

 

2.2.2.4 Amygdala regions of interest 

2.2.2.4.1 Amygdala ROIs 

Amygdalae were automatically segmented using a multi-template, multi-modality 

based method combining T1 and T2 weighted high-resolution images (J. Wang et al., 

2014). Data was then realigned such that the anterior-posterior direction was positioned 

along the hippocampal long axis for manual correction of the amygdala segmentations in 

ITK-Snap (Yushkevich et al., 2006). Manual correction involved a strict protocol 
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consisting of shape correction and definition of the boundary between the hippocampus 

and amygdala defined by CSF contrast in the T2 weighted image. Manual corrections of 

the automatic segmentations were performed using both the T1- and T2-weighted image 

(see Graham et al., 2016 for details).  

 

2.2.2.4.2. Amygdala connections to anterior insula and vMPFC 

We examined amygdala functional connections identified in a prior study 

(Graham et al., 2016). Specifically, our prior work employed several whole brain 

regressions to examine newborn left and right amygdala connectivity in relation to infant 

fear and a fear and cognition phenotype at 6-months-of-age (Graham et al., 2016). The 

results of this analyses indicated that newborn functional connectivity between the left 

amygdala and bilateral anterior insula was related to infant fear, and connectivity 

between both right and left amygdala and vMPFC was related to a fear-cognition 

phenotype. Regions of interest (ROIs) for the bilateral anterior insula and vMPFC were 

extracted from the whole brain maps resulting from these analyses. Specifically, in line 

with previous research (Fair et al., 2007; Mills et al., 2012), a search algorithm from the 

4dfp Suite of Image Processing Programs 

(ftp://imaging.wustl.edu/pub/raichlab/4dfp_tools/) was used to identify peak voxels 

within the whole brain map (with z-values greater than or equal to 2.25 for consistency 

with the Monte Carlo correction for multiple comparisons). Regions were then defined 

around the peaks beginning with a radius of 10mm, consolidating regions with peaks 

closer than 10mm, and masking out voxels falling outside of the Monte Carlo corrected 

whole brain regression. Since there were multiple peaks within the vMPFC and bilateral 
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anterior insula, the peak with the highest z-value was the basis for each of these ROIs. 

Coordinates in Talairach space are as follows: vMPFC (8, 27, -1; -2, 20, -20), anterior 

insula (-38, 13, -8; 36, 12, -5). Due to Type 1 error concerns (Eklund et al., 2016) these 

regions were further validated with secondary analyses (for details see Graham et al., 

2016).  

Fisher Z-transformed (normally distributed) correlation coefficients representing 

connectivity strength between the bilateral amygdala-vMPFC ROIs and left amygdala-aI 

ROIs were used in subsequent analyses. These a-priori hypothesized regions are provided 

in Figure 1. 

 
 

Figure 1. The ventromedial prefrontal cortex (vMPFC) and anterior insula regions (aI) of 

interest (ROIs) were identified in a prior study examining whole brain voxel-wise 

connectivity of the neonatal amygdala in relation to fear and a fear-cognition phenotype 

at 6-months-of-age (Graham et al., 2016). The ROIs from this prior study are displayed 

here. Based on the results of this prior work, amygdala-aI and amygdala-vMPFC 

connections were extracted and examined in the current study.  

 

 

2.2.3. Infant behavioral outcomes 
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2.2.3.1 Infant fear and sadness 

Infant fear and sadness were assessed at 6 months (M6), 9 months (M9) and 12 

months (M12) via maternal report on the Infant Behavior Questionnaire-Revised (IBQ-R) 

(Garstein & Rothbart, 2003) designed for 3-12 month old infants. At 24 months of age 

(M24), fear and sadness were assessed via maternal report on the Early Childhood 

Behavior Questionnaire-Short Form (ECBQ) (Putnam et al., 2006) designed for 18-26 

month old infants. Importantly, prior research indicates convergent validity between 

laboratory-based observational measures of fear and maternal-self reported measures of 

fear on the IBQ-R at 6, 9 and 12 months of age (Gartstein & Marmion, 2008; Parade & 

Leerkes, 2008), indicating the utility of this measure across the first year of life. 

Additionally in longitudinal work, convergent validity between IBQ-R and ECBQ 

subscales  of fear and sadness has been demonstrated (Putnam et al., 2008), supporting  

the idea of consistency in these measurements across time. On both questionnaires 

mother’s rated their infants’ engagement in specific fear- and sadness-related behaviors 

on a Likert-type scale from 1 (never) to 7 (always). Fear was assessed based on the 

amount of distress the infant experienced to sudden changes in stimulation, exposure to 

novel physical objects or social stimuli (Garstein & Rothbart, 2003). Sadness ratings 

reflected activity and lowered mood caused by the infant’s personal suffering, physical 

state, loss of an object, or inability to perform a desired action (Garstein & Rothbart, 

2003).  

 

2.2.3.2 Postnatal caregiving environment 
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When infants were 6-months-of-age, quality of the postnatal caregiving 

environment was assessed using the Home Observation for Measurement of the 

Environment (HOME) Inventory (Bradley et al., 2003). Assessments were made by 

trained observers who had achieved reliability with a certified administrator of the 

inventory (95% agreement on two consecutive videos). Home visits were done to observe 

the infant’s activities and interactions in their caregiving environment and conduct a 

semi-formal interview with their mothers. In our analysis, we used the subscale HOME 

Responsivity to assess the extent of maternal responsiveness to the infant. Responsive 

mothers respond quickly and appropriately to cues from their infants; in early life this has 

a strong effect on the development and future expression of NE (Ester M Leerkes et al., 

2009).  

 

2.2.3.3 Maternal depressive symptomology 

To assess maternal depressive symptomology the 20-item Center for 

Epidemiological Studies of Depression Scale (CESD) (Radloff, 1977) was administered 

at M6, M9, M12 and M24.   

 

2.2.4. Analytic approach  

We examined longitudinal trajectories of fear and sadness development using 

latent growth models (LGM) in a structural equation-modeling framework. First, we 

created an unconditional LGM for each of the developmental trajectories - fear and 

sadness - to look at the average growth patterns for the sample. This was done using data 
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from four time points: M6, M9, M12 and M24. The latent intercept was specified at the 

M6 time point with growth factors representing change from M6-M24.  

To assess the association between newborn amygdala connectivity patterns and 

the development of fear and sadness, for each connection of interest (amygdala-aI and 

amygdala-vMPFC), we tested a separate model with the connection as a predictor of the 

latent growth factors. In each model we controlled for gestational age at birth (GA) and 

age at scan. 

Additionally, we considered maternal CESD scores as a covariate for time points 

with significant correlations between CESD scores and fear and sadness measures to 

account for potential maternal reporting bias due to depressive symptomology. Lastly, we 

examined the independent and moderating effects of HOME responsivity scores on 

emerging fear and sadness trajectories. All models were estimated using full-information 

maximum likelihood (FIML) under the missing-at-random (MAR) assumption with 

Mplus Version 7.4 (Muthén & Muthén, 2015). To ensure infants lost to follow- up at 9, 

12, or 24 months did not differ from the remainder of the cohort across key clinical 

variables, we conducted independent sample T-tests to compare sample means of 

maternal responsivity, average maternal CESD, and connectivity measures across 

subjects with and without data at each time point. No significant differences between 

means were found (p > 0.05); indicating infants lost to follow-up did not differ from the 

remainder of the cohort across these measures.    

 

2.3. Results 

2.3.1 Descriptive analyses  
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2.3.1.1 Infant fear and sadness 

Means for fear and sadness measures and Cronbach’s alpha coefficients at each 

time point in the current sample are provided in Table 2. Fear and sadness were 

significantly correlated at each time point, but the strength of correlations were moderate 

(r = .51- .53, p < 0.01) providing support for fear and sadness being related, but distinct 

constructs. With regard to internal reliability, Cronbach’s alpha for the fear and sadness 

scales at each time point exceeded 0.70 (α = .72- .91). There was one exception for 

sadness at 24-months-of-age (α = .46), which was likely due to the low number of 

sadness items in the ECBQ questionnaire at this time point (N = 6).  

 

 

Table 2: Means, Standard Deviations and Internal Reliabilities for IBQ & ECBQ 

Dimensions 

 

IBQ-R Dimension  N  M   SD   α 

Sadness- 6 months  56  3.59   1.04   0.86 

Sadness- 9 months  45  3.73   0.98   0.87 

Sadness- 12 months  43  3.82   1.01   0.85 

Sadness- 24 months  49  3.05   0.76   0.46 

Fear- 6 months  56  2.84   1.06   0.91  

Fear- 9 months  44  3.23   1.09   0.91  

Fear- 12 months  43  3.40   1.13   0.89  

Fear- 24 months  49  2.53   1.04   0.72 

Note: Eight out of nine alphas calculated exceeded 0.70, demonstrating adequate internal 

consistency.  Sadness at 24 months was noticeably lower (α = .46). 

 

2.3.1.2 Maternal depressive symptoms 

Internal reliability of the CESD measured at each time point was high (α = .83- 

.91).  The distribution of CESD scores was in line with expectations for a non-clinical 

sample (mean ± SD, 10.11 ± 7.98) (Radloff, 1977). Correlations between temperament 

scores and CESD scores at each time point were calculated to examine the need to adjust 
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for effects of maternal mood on reporting of infant emotionality (Parade & Leerkes, 

2008). Results indicated that higher maternal CESD was associated with higher levels of 

infant sadness at 6-months-of-age (r = .268, p < .01), but not with fear at any time point, 

or with sadness at other time points. This indicated a need to account for maternal 

depressive symptoms at the 6-month time point as a covariate in the model examining 

infant sadness.  

 

2.3.1.3 Maternal Responsivity  

 A wide range of scores was seen for the HOME responsivity scores (M ± SD, 8.32 

± 1.78, range = 1-11), reflective of wide diversity in the home environments the infants in 

this study were exposed to.  

 

2.3.2 Primary Analysis 

2.3.2.1 Unconditional model for fear growth trajectory 

First, we tested a linear growth model in which the intercept factor loading was 

fixed at 0 (M6) and the linear factor loadings at 0.25, 0.5 and 1.5 (M9, M12 and M24, 

respectively). However, as indicated from the means at each time point (Table 2), the 

initial increase in expression of fear from M6-M12 was followed by a decrease from 

M12-M24 (Figure 2), and the linear model did not fit the data well (χ2 (5) = 64.90, p < 

0.001, CFI = 0.39, TLI = 0.27, RMSEA = 0.30). To address this nonlinearity, a quadratic 

growth term was added to the model. This model fit the data (χ2 (3) = 1.07, p = 0.79, CFI 

= 1.00, TLI = 1.10, RMSEA < 0.001), and was significantly better than the linear model 

(chi-square difference test χ2 (4) = 64.132, p < 0.001). 
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Thus we used the quadratic model for the remainder of our analyses. In this 

quadratic model, the non-significant covariance between the intercept and linear slope, as 

well as the non-significant residual variance in fear at 24-months was restricted to 

increase reliability of the model results. The model parameters are listed in Table 3.   

The quadratic model captured an increase (M6-M12) followed by a decrease 

(M12-M24) in fear (see Table 2), reflected in the significant negative mean of the 

quadratic term (M = -1.34, p < 0.001). Additionally, a significant positive linear term (M 

= 1.8, p < 0.001) indicated an overall increase in fear after 6-months-of-age (Figure 3).  

Table 3. Fear  Models           

 Unconditional     Amygdala-aI   Amygdala-vMPFC 

Parameter Estimate SE  Estimate SE  Estimate  SE 

Intercept Mean ***2.84 0.14  ***8.20 3.13  6.97 3.52 

Intercept Variance ***0.76 0.18  ***0.66 0.16  ***0.74 0.18 

Linear Growth Term Mean ***1.80 0.38  -12.96 8.67  -10.90 9.22 

Linear Growth Term Variance 1.51 2.09  1.82 1.91  1.35 1.95 

Intercept & Linear Growth Term 

Covariance 
Restricted   Restricted   Restricted  

Quadratic Growth Term Mean ***-1.34 0.24  8.02 5.83  7.45 5.89 

Quadratic Growth Term Variance 0.87 0.89  1.04 0.82  0.76 0.83 

Quadratic and Intercept 

Covariance  
-0.13 0.08  -0.09 0.07  †-0.14 0.08 

Quadratic & Slope Covariance -1.02 0.24  -1.27 1.24  -0.88 1.26 

Predictors of Intercept         

  Amygdala-aI    ***3.10 0.72    

  amygdala-vMPFC       0.90 0.75 

  Scan Age    0.00 0.01  0.00 0.01 

  GA     †-0.15 0.08  -0.11 0.09 

Predictors of Linear Growth 

Term 
        

  Amygdala-aI    **-5.55 2.13    

  amygdala-vMPFC       -1.68 1.97 

  Scan Age    0.05 0.03  †0.05 0.03 

  GA    †0.37 0.22  0.30 0.15 
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Predictors of Quadratic Growth 

Term 
        

  Amygdala-aI     2.19 1.44    

  amygdala-vMPFC       0.64 1.27 

Scan Age     -0.03 0.02  -0.03 0.02 

  GA       -0.23 0.15   -0.21 0.15 

Note: χ2=chi-square; CFI=Comparative Fit Index; TLI=Tucker and Lewis Index;     

† p < 0.10. * p < 0.05.  ** p < 0.01. *** p <  0.001.        
 

 

 
 

Figure 2. Fear developmental trajectory from 6-24 months of age.  

 

2.3.2.2 Amygdala-aI connectivity predicts growth trajectory of fear 

Next, we added amygdala-aI connectivity as a predictor to the unconditional fear 

model with covariates for GA and age at scan. Amygdala-aI connectivity was 

significantly, positively associated with the intercept (b = 0.53, p < .001; Figure 4A) and 
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negatively associated with the linear growth term (b = -0.52, p < 0.05). It was not 

associated with the quadratic growth term (b = 0.31, p = 0.15; Figure 4B).  Importantly, 

to ensure results were not driven by the starting point, we included the intercept as a 

covariate in the pathway from amygdala-aI connectivity to the linear growth term in this 

model and found that that amygdala-aI connectivity still significantly predicted the linear 

growth term (b = -4.89, p < 0.05). Thus, stronger newborn amygdala-aI connectivity 

predicted higher levels of fear at 6-months-of-age, consistent with our prior findings 

(Graham et al., 2016), and less increase in fear expression over the first two years of life 

independent of the starting point.   

 

2.3.2.3 Maternal responsivity does not alter the association between amygdala-aI 

connectivity and fear growth 

Associations between amygdala-aI connectivity and the fear intercept and linear 

growth term remained the same after adding maternal responsivity (via HOME 

responsivity) as a covariate in the model (p < 0.05). The association between amygdala-aI 

connectivity and the quadratic growth term remained non-significant (p > 0.10). No 

significant associations emerged between maternal responsivity and the intercept, linear 

or quadratic growth terms (p > 0.05). To test maternal responsivity as a moderator for the 

effect of amygdala-aI connectivity on fear growth, we added the interaction between 

amygdala-aI connectivity and maternal responsivity as a predictor in the model. The 

interaction between maternal responsivity and amygdala-aI connectivity did not predict 

the intercept (b = -0.02, SE = 0.13, p > 0.1), linear (b = 0.20, SE = 0.40, p > 0.1), or 

quadratic growth terms (b = -0.16, SE = 0.27, p > 0.1) of fear when added to the model. 
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Results suggest newborn amygdala-aI connectivity predicts fear development over the 

first two years of life independent of maternal responsivity. 

 

2.3.2.4 Amygdala-vMPFC connectivity not significantly associated with fear 

trajectory 

We next tested a separate model, in which we examined the role of amygdala-

vMPFC connectivity in fear development over time by adding it as a predictor to the 

unconditional model of fear growth. No significant main effects of amygdala-vMPFC 

connectivity were found on the intercept, linear, or quadratic growth terms (see Table 4). 

Thus, unlike newborn amygdala-aI connectivity, amygdala-vMPFC connectivity was not 

significantly associated with the trajectory of fear growth from 6-24 months-of-age. 

Results were unchanged after adjusting for maternal responsivity and considering it as a 

potential moderator.  

 

2.3.3 Unconditional model for sadness growth trajectory 

As with fear, to map the trajectory of sadness from 6-24 months-of-age we 

initially tested the fit of a linear growth model. Intercept factor loadings were fixed at 0 

(M6) and linear factor loadings at 0.25, 0.5, and 1.5 (M9, M12, and M24, respectively). 

However, as indicated from the means at each time point (Table 2), the initial increase in 

expression of sadness from M6-M12 was followed by a decrease from M12-M24 (Figure 

3), and the linear model did not fit the data well, χ2 (5) = 12.13, p = 0.03, CFI = 0.88, TLI 

= 0.86, RMSEA = 0.10. To address this nonlinearity, a quadratic term was added to the 

model. This model fit the data well (χ2 (5) = 3.56, p = 0.61, CFI = 1.00, TLI = 1.04, 
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RMSEA < 0.001) and was significantly better than the linear model (chi-square difference 

test [χ2 (4) = 12.11, p < 0.025]). Thus we used the quadratic model for the remainder of 

our analyses. In this quadratic model, the non-significant residual variance in the linear 

growth term was restricted to increase reliability of the model results. Specific model 

parameters are listed in Table 4.  

Due to the significant association between maternal depressive symptoms and 

infant sadness at 6-months we initially considered maternal CESD scores as a covariate 

with sadness at this time point. However, including M6 CESD as a covariate significantly 

worsened our model fit (χ2 (4) = 10.18, p = 0.037, CFI = 0.91, TLI = 0.78, RMSEA = 

0.11; chi-square difference test [χ2 (1) = 6.62, p < 0.01]), and did not alter the 

significance or direction of the intercept, linear and quadratic growth terms in the 

unconditional model. Including the covariate also did not alter associations between brain 

connectivity and these growth terms. Therefore, the final models reported below do not 

include this covariate.  

 

 

Table 4. Sadness  Models           
  Unconditional    Amygdala-aI   Amygdala-vMPFC 

Parameter Estimate SE  Estimate SE  Estimate  SE 

Intercept Mean ***3.60 0.13  **8.57 3.34  7.85 3.27 

Intercept Variance ***0.66 0.16  ***0.66 0.16  ***0.66 0.16 

Linear Growth Term Mean *0.87 0.39  -12.21 9.76  -10.25 9.26 

Linear Growth Term Variance Restricted   Restricted   Restricted  

Intercept & Slope Covariance    N/A   N/A  

Quadratic Growth Term Mean **-0.82 0.25  3.75 6.19  2.94 2.91 

Quadratic Growth Term Variance ***0.16 0.04  ***0.14 0.04  ***0.15 0.04 

Quadratic and Intercept 

Covariance  
**-0.22 0.07  **-0.20 0.07  **-0.21 0.07 

Quadratic & Linear Growth Term 

Covariance 
N/A   N/A   N/A  
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Predictors of Intercept         

  Amygdala-aI    1.38† 0.77    

  Amygdala-vMPFC       **1.78 0.70 

  Scan Age    -0.01 0.01  -0.01 0.01 

  GA     -0.13 0.08  -0.11 0.08 

Predictors of Linear Growth Term         

  Amygdala-aI    -3.83 2.35    

  Amygdala-vMPFC       **-5.73 2.00 

  Scan Age    0.02 0.03  0.01 0.03 

  GA    0.34 0.25  0.29 0.23 

Predictors of Quadratic Growth 

Term 
        

  Amygdala-aI    1.72 1.50    

  Amygdala-vMPFC       *2.98 1.29 

Scan Age     0.00 0.02  0.00 0.02 

  GA       -0.13 0.16   -0.11 0.15 

Note: χ2=chi-square; CFI=Comparative Fit Index; TLI=Tucker and Lewis 

Index;     
† p < 0.10. * p < .05. ** p < 0.01. *** p < 

0.001.        
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Figure 3. Sadness developmental trajectory from 6-24 months of age. 

 

2.3.3.1 Amygdala-aI connectivity not significantly associated with sadness trajectory 

We examined the role of amygdala-aI connectivity in sadness development by 

adding it as a predictor to the unconditional model of sadness growth. No significant 

main effects of amygdala-aI connectivity were found on the intercept, linear or quadratic 

growth terms of sadness (see Table 4). Results were unchanged after adjusting for 

maternal responsivity and considering it as a potential moderator. Thus, newborn 

amygdala-aI connectivity did not relate to sadness development, and appears to be more 

specifically related to fear development.  

 

2.3.3.2 Amygdala-vMPFC connectivity predicts sadness trajectory 

In a separate model, we examined newborn amygdala-vMPFC connectivity in 

relation to the sadness growth trajectory. Newborn amygdala-vMPFC connectivity had a 

significant positive effect on the intercept (b = 1.80, p < .01; Figure 4C), indicating that 

higher amygdala-vMPFC connectivity was associated with greater expression of sadness 

at 6-months-of-age. This connection also evidenced a significant negative association 

with the positive linear growth term (b = -5.73, p < 0.01; Figure 4D), and significant 

positive association with the negative quadratic growth term (b = 2.98, p < 0.05; Figure 

4E). Importantly, inclusion of the intercept as a covariate in the pathway from amygdala-

vMPFC connectivity to the linear and quadratic growth terms of this model did not 

change our results. Amygdala-vMPFC connectivity still significantly predicted both 

linear (b = -6.43, p < 0.05), and quadratic growth terms (b = 3.98, p < 0.05) after 
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inclusion of this covariate, indicating that the association between newborn connectivity 

and change in sadness expression over time was not driven by the initial starting point of 

sadness expression. Thus higher amygdala-vMPFC connectivity at birth predicted higher 

sadness at 6 months and less change in sadness over the first two years of life.  

 

 
 

Figure 4. Standardized beta weights showcase significant relationships between sadness 

and fear growth terms and amygdala-vMPFC and amygdala-aI connectivity. Histograms 

on x and y axes represent distributions of growth terms and connectivity. Measures have 

been adjusted to account for variation caused by gestational age at birth and age at scan. 

A, B: Data has been extracted from the conditional fear amygdala-aI connectivity model 

reported in text. C, D, E: Data has been extracted from a conditional sadness amygdala-

vMPFC model with variance from the slope unrestricted for data visualization purposes.  

 

2.3.3.3 Maternal responsivity does not alter the association between amygdala-

vMPFC connectivity and the sadness trajectory 
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Associations between amygdala-vMPFC connectivity and sadness intercept, 

linear and quadratic growth terms remained consistent after adding maternal responsivity 

as a covariate in the model (p < .05). Additionally, no significant relationships between 

maternal responsivity and the intercept, linear or quadratic growth terms emerged (p > 

0.1). Maternal responsivity was also tested as a moderator of the effect of amygdala-

vMPFC connectivity on sadness growth by evaluating the interaction between 

responsivity and amygdala-vMPFC connectivity on emerging sadness. The interaction 

between maternal responsivity and amygdala-vMPFC connectivity was not significantly 

associated with the intercept (b = -0.18, SE = 0.15, p = 0.23), linear (b = 0.41, SE = 0.42, 

p = 0.33) or quadratic growth terms (b = -0.30, SE = 0.27, p = 0.27) of the sadness 

trajectory. These results indicate newborn amygdala-vMPFC connectivity predicts 

sadness development independent of variation in this measure of maternal responsivity.  

 

2.4. Discussion 

2.4.1 Summary of findings  

  The present study aimed to advance understanding of how newborn limbic-

prefrontal brain systems relate to early fear development and the etiology of fear-based 

psychopathologies. Findings suggest that newborn amygdala functional connectivity is 

predictive of emerging fear over the first two years of life. Moreover, our current findings 

indicate some specificity, such that amygdala-aI connectivity is particularly important for 

fear development and amygdala-vMPFC relates only to sadness development. This 

suggests potential distinctions in the neural circuitry underlying different components of 

NE.  An overall pattern emerged for both fear and sadness development, in which 
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stronger newborn amygdala connectivity was associated with greater initial expression of 

each NE domain at 6-months-of-age, followed by less dynamic change from 6-24 months 

of age (Figure 5). Importantly our findings may not be specifically relevant for fear and 

sadness, but generally relevant for high versus low arousal states. This may be relevant 

for amygdala lateralization (Calkins et al., 2002; N. A. Fox, 1991; C. L. Smith et al., 

2016). 
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Figure 5. Conceptual model representing the analyses examining newborn amygdala-aI 

connectivity in relation to fear development. Specifically, amygdala-aI connectivity was 

considered as a predictor for the intercept, linear, and quadratic factors of the fear 

trajectory with and without maternal responsivity as a covariate and interaction term. The 

bolded red line indicates the significant relationship found between amygdala-aI 

connectivity and the intercept and linear factor of fear.  Note: Separate models were run 

to examine each connection in relation to the growth curve for fear and then sadness. All 

SEM models included gestational age at birth and age at scan as co-variates. 

‘Connectivity X Responsivity’ represents the interaction term used to test the potential 
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moderating effect of maternal responsivity, and ‘Responsivity’ represents the main effect 

of maternal responsivity on fear development. Significant associations (p < 0.05) are 

bolded in red.  

 

2.4.2 Developmental trajectories of fear and sadness are distinct over the first two 

years of life  

Our model captured an increase in fear over the first year of life (M6-M12), 

followed by a decrease in the second year of life (M12-M24) reflecting the expected 

trajectory of fear (Partridge et al., 2007). Sadness showed a similar developmental 

trajectory, increasing from 6-12 months then decreasing from 12-24 months. However, 

the initial increase and subsequent decline were less pronounced for sadness than for fear 

(Figures 1.3 & 1.4). This suggests that relative to fear, sadness may not involve the same 

degree of change over the first two years of life. Because the developmental trajectory of 

sadness has not been examined in prior studies, it is difficult to say what the expected 

trajectory of this particular aspect of NE looks like. Our findings fit well within the 

context of what is known about general NE development which increases over the first 

year then stabilizes (Bridgett et al., 2009; Partridge & Lerner, 2007).   

 

2.4.3 Newborn amygdala-aI connectivity relates to fear development from 6-24 

months-of-age 

Though models of fear and sadness showed similar developmental trajectories, 

brain connectivity patterns underlying these trajectories differed. In line with our initial 

hypothesis, amygdala-aI connectivity was specifically associated with fear development 

across the first two years of life. Infants with stronger newborn amygdala-aI connectivity 
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expressed greater fear at 6-months-of-age with less dynamic change over time, including 

a small increase from 6-9 months and a less pronounced decrease from 9-24 months.  

These results provide the first evidence that newborn amygdala-aI connectivity is 

associated with the early developmental trajectory of fear, and that it may be specific to 

fear as opposed to other aspects of NE. This fits with the conceptualization of fear as 

representing a distinct component of NE, with distinct neurobiological correlates 

(Garstein & Rothbart, 2003). 

   The anterior insula is a key component of the salience network (Seeley et al., 

2007), involved in detection of novel salient stimuli through different sensory modalities 

(Downar et al., 2000, 2002). In line with this role, amygdala-aI connectivity is involved 

in pathological and subclinical variation in fear (Baur et al., 2013), which involves the 

detection of potentially threatening stimuli in the environment. Our results fit well within 

this framework. Specifically, higher newborn amygdala-aI connectivity may increase 

detection of potentially threatening stimuli earlier in life, resulting in a heighted fear 

response by 6-months-of-age. The reduced novelty of these stimuli from 9-24 months-of-

age, paired with a potential early emergence of emotion regulatory ability, may result in 

the subsequent decrease in fear expression.  

In line with our hypothesis, amygdala-aI connectivity appears to be relevant for 

the development of fear; however, contrary to our hypothesis, stronger amygdala-aI 

connectivity was associated with less increase in fear over time. Given the general 

trajectory of fear development, this finding may suggest stronger newborn amygdala-aI 

connectivity is associated with more precocious fear development. Alternatively, it is 

possible higher connectivity may be indicative of a more fixed phenotype involving 
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decreased plasticity, manifested as less dynamic change in fear expression from 6-24 

months.  

 

2.4.4 Amygdala-vMPFC connectivity predicts sadness development 

While stronger amygdala-vMPFC connectivity facilitates greater emotional 

regulatory ability in adults  (Silvers et al., 2017), we anticipated the opposite association 

in infant populations, due to the developmental switch in amygdala-vMPFC functional 

connectivity (Gee et al., 2013).  We hypothesized that stronger, positive amygdala-

vMPFC connectivity would be associated with higher levels of NE at 6-months and 

greater increase in NE over time. Stronger amygdala-vMPFC connectivity was associated 

with higher levels of sadness at 6-months. However, in contrast to expectations, greater 

amygdala-vMPFC connectivity was not associated with increasing sadness expression 

over time. Similar to the association between amygdala-aI connectivity and fear 

development, stronger amygdala-vMPFC connectivity at birth may indicate a 

developmental shift in the expected NE trajectory, such that an increase and subsequent 

decrease in sadness expression occurs earlier in life.  

Based on findings suggesting a role for amygdala-vMPFC connectivity in 

regulation of negative affect and in anxiety and depression (Burghy et al., 2012; Casey & 

Lee, 2015; Connolly et al., 2017; Kim et al., 2011; Roy et al., 2013b; Wang et al., 2013), 

we anticipated this connection would be relevant for the early emergence of both fear and 

sadness. However, our results suggest a specific association only with sadness. 

While amygdala-vMPFC connectivity has been associated with pathological and 

subclinical variation in fear (Baur et al., 2013), it has been more consistently associated 
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with depressive psychopathologies (Almeida et al., 2009; Perlman et al., 2010; Ritchey et 

al., 2011; Siegle et al., 2007). Our results linking amygdala-vMPFC connectivity to 

developmental trajectories of sadness expression from 6-24 months of age suggest this 

connection may already be relevant for variations in mood beginning in infancy.  

 

2.4.5 Variation in maternal responsivity does not affect results 

Variation in maternal responsivity did not change or moderate the associations 

between newborn amygdala connectivity and developmental trajectories of fear or 

sadness. With 62 subjects the power to detect the interaction was low, so this could 

potentially be a Type II error. Furthermore, consideration of maternal depressive 

symptomology at each time point did not impact our results. It should also be noted that 

while we did see variability in maternal responsivity, more extreme variation may have 

been required to observe a moderating effect on the newborn amygdala connections. 

(Burghy et al., 2012; Callaghan et al., 2014; Gee, Gabard-Durnam, et al., 2013; Herringa 

et al., 2013). In present form, results suggest patterns of coordinated newborn amygdala 

functioning have implications for the development of fear and sadness through 24-

months of age even after adjusting for variation in the postnatal caregiving environment.  

 

2.4.6 Limitations  

Several limitations of the present study should be considered. First our small N 

resulted in reduced power for our interaction analyses, however we still believe these 

findings are important for their novelty though it remains to be seen what will replicate in 

larger samples. Next, measures of infant fear and sadness relied on maternal self-report. 
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Parental report has the advantage of allowing for observation of infant behavior over a 

long period of time across different contexts (Pelham, 1993; Stifter et al., 2006), and the 

specific measures used have demonstrated convergent validity with laboratory 

observation (Braungart-Rieker et al., 2010; Gartstein et al., 2010; Parade and Leerkes, 

2008). However, it would be preferable for measurement of these constructs to combine 

parental report and observational measures. Additionally, while we considered the role of 

maternal depressive symptoms in potentially biasing report of infant fear and sadness, it 

is also possible that cultural factors may lead to differences in understanding of and 

reporting on infant NE (Bosquet et al., 2016; Dragan & Fronczyk, 2011; Gartstein et al., 

2016; Montirosso et al., 2011). With regard to the observational measure of maternal 

responsivity, we note that it was only assessed at the 6-month time point, which limited 

the capacity to consider how changes in maternal responsivity over the postpartum period 

may relate to the trajectories of infant fear and sadness.  

Another concern relates to our approach of choosing a-priori connections of 

interest for our analysis at the expense of doing a whole brain exploratory analysis. This 

decision was based on previous findings implicating these connections in emerging fear 

at 6-months of age (Graham et al., 2016) and in typical and pathological fear and children 

and adults (Baur et al., 2013; Casey & Lee, 2015; Etkin & Wager, 2007; Kim et al., 2011; 

Rabinak et al., 2011; Roy et al., 2013; Sripada et al., 2012). This approach allowed us to 

conduct a more focused analyses and facilitated the interpretability of our results. 

However, while these connections represent a natural starting point for examining 

developing fear, other aspects of amygdala connectivity and large scale brain systems 

will certainly be relevant for the development of fear in early life.   
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The BOLD data in this study did not undergo distortion correction. However, 

multiple steps were taking to ensure the quality of the BOLD data as detailed in the 

methods section. To confirm results were not driven by a lack of distortion correction, we 

quantified the average raw BOLD signal across the time series within each ROI and 

correlated this signal with our outcome measures of interest (fear and sadness growth 

factors). No significant associations (p > 0.1) were found, making it highly unlikely that 

results were driven by effects of field inhomogeneities on the BOLD signal within the 

ROIs. Additionally, we would have ideally included more resting state data per subject. 

However, given the challenges of collecting high quality MRI data with infants, 

investigators are faced with a decision of correlation values that are increasingly noisy 

(due to less data inclusion – see Laumann et al., 2015) or fewer subjects that would lead 

to reduced power (see descriptions in Dosenbach et al., 2017). We excluded infants with 

less than 4 minutes of high quality data as a natural balance between these two competing 

issues. Due to limitations in the resolution of MRI and fMRI data, we were also unable to 

examine amygdala subregions, which are certainly of interest for understanding fear 

development, and will be an important topic for future investigations when they can be 

reliability identified using these modalities.  Lastly, developmental differences in the 

underlying physiology of the BOLD signal are not completely understood (Arichi et al., 

2012; Hagmann, Grant, & Fair, 2012; Karen et al., 2008; Kozberg et al., 2013; Liao et al., 

2010), and further investigation will be needed to consider how they may influence brain-

behavior associations at different developmental time points, including in the newborn 

period.  
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2.5. Conclusions & Future directions 

Overall, the current results provide further evidence that fear is a distinct 

component of NE with specific neural correlates. Ongoing longitudinal research will be 

needed to test the idea that these neurobehavioral phenotypes lay the foundation for 

healthy versus pathological fear development over time, though  current research already 

indicates these newborn connections are relevant for future internalizing symptoms at 2 

years of age (Graham et al., 2018; Rogers et al., 2017). Additionally, while the current 

study evaluates NE expression in relation to amygdala connectivity, it is well known that 

emotionality is balanced by regulatory capacity (Nigg, 2006). Future work should 

examine emotion regulatory capacity during this time period to determine how regulatory 

ability influences associations between newborn amygdala connectivity and emerging 

NE. 

The current study also raises questions about the underlying cause for the pattern 

of development seen in infants with stronger amygdala-aI connectivity. Specifically, in 

future work it will be important to consider how maternal emotional state during 

pregnancy may impact future neonatal amygdala functional connectivity and emerging 

fear and sadness. Our previous work suggests that elevated concentrations of maternal 

biological stress mediators (e.g., interleukin 6 and cortisol) during pregnancy are 

associated with altered newborn amygdala connectivity (Graham et al., 2017, 2018). 

Further, recent research has identified an association between maternal depressive 

symptoms during pregnancy and emerging infant sadness via maternal inflammation 

levels (Gustafsson et al., 2018). Examination of both the antecedents and consequences 
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of these neural phenotypes and developmental trajectories of negative emotionality will 

be an important area of ongoing investigation.   
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Chapter 3: Amygdala connectivity soon after birth supports early 

emerging emotion regulation 

 

3.1. Introduction 

3.1.1. The importance of identifying early neural systems which support emerging 

emotion regulation  

The capacity to modify the duration and intensity of an affective response, known 

as emotion regulation (ER), allows us to successfully cope with distress (Modecki et al., 

2017). Poor emotion regulation contributes to poor mental health outcomes, substance 

abuse, and internalizing and externalizing behaviors across the lifespan (Aldao et al., 

2010, 2016; Keenan, 2000; Phillips et al., 2003b; Taylor & Liberzon, 2007). Already in 

infancy, poor ER skills are associated with the emergence of internalizing and 

externalizing behaviors in toddlerhood linked to future risk for mental illness (Dale et al., 

2011; Moore et al., 2001). Though ER ability has been identified as a key factor in 

determining risk for psychopathology, very little is known about how early brain systems 

support this capacity.  Identifying newborn neural phenotypes associated with emerging 

ER may help elucidate pathways through which early ER skills relate to future 

socioemotional adjustment and ultimately risk for psychopathology.   

Thus, in the current study, we evaluate how neural connectivity at birth supports 

emerging emotion regulation in early infancy. While emotion regulation is a broad 

concept which refers to the modification of both positive and negative emotions, the 

unregulated expression of negative emotion in infancy is of particular concern as it is 

linked to greater emotional problems later in childhood (Burgess et al., 2003). For this 
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reason, we have chosen to use a construct of latency to negative affect as our measure of 

ER, which captures the emotion reactivity component of emotion regulation (Frick et al., 

2017, 2019). Next, we examine how neural systems at birth and emotion regulation in 

infancy contribute to emerging internalizing and externalizing symptomatology in 

toddlerhood.   

 

3.1.2. Typical development of behavioral and physiological aspects of emotion 

regulation ability  

Emotion regulation is a dynamic process, which changes as a function of 

development (Aldao et al., 2016). Initially, infants may depend entirely on caregivers to 

regulate emotions (Spanglar et al., 1994). However, by 6-months-of-age, they begin to 

rapidly develop their own behavioral strategies to support ER (Cole et al., 2004; Fox & 

Calkins, 2003; Kopp, 1989; Poehlmann et al., 2011). For example, the ability to 

consciously, focus and shift attention, advances significantly at this time; allowing infants 

to avert their gaze when presented with a stressful stimuli (Posner & Petersen, 1990). 

Gaze aversion, along with hand or foot clasping, attention-seeking, and self-distraction 

behaviors support early emerging ER in infancy and allow for a change in affect 

experienced by the infant during stressful situations (Kopp, 1989; Weinberg & Tronick, 

1994). However, not all ER behaviors lead to a reduction in distress (Braungart-Rieker & 

Stifter, 1996; Buss & Goldsmith Hill, 1998). Because regulating negative emotional 

experiences is a key component of the infant’s ability to adaptively cope with the 

environment (Kopp, 1989), here we employ a measure of latency to distress as our 

measure of emotion regulation. Through measuring infant latency to distress during a 
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stress-inducing paradigm, which removes the caregiver’s ability to regulate infant 

emotion, we capture negative emotional reactivity to the paradigm despite infant efforts 

to independently regulate emotions through various behavioral strategies. Thus we 

examine ER as the inhibition of negative emotional reactivity (Kopp, 1989).  

Physiological systems during infancy also support emotion regulation (Feldman, 

2009; Moore et al., 2009; Pratt et al., 2015). In particular, HPA axis activity can also be 

used as an indicator of infant reactivity and regulation (Ahnert et al., 2004; Khoury et al., 

2015). Changes in salivary cortisol in response to a stressor can be used as a measure of 

cortisol reactivity (Stansbury & Gunnar, 1994). Typically, a greater increase in cortisol 

release after a stressor occurs in indicates greater HPA reactivity and less regulation of 

stress (Laurent et al., 2016). Through evaluating both behavioral and physiological 

supports of emerging emotion regulation, we can elucidate specific mechanisms in 

infancy which support the development of mental health. 

 

3.1.3. Early brain connectivity as a predictor of emotion regulation 

Prior research has consistently found that patterns of frontal EEG asymmetry in 

infancy are linked to future emotion regulation ability (Fox, 1991; Fox et al., 2001). 

Specifically, findings suggest right frontal activation is linked to increased negative affect 

and poor emotion regulation ability, while left frontal activation is linked to greater 

regulatory ability and decreased negative affect (Smith et al., 2016). More recently, 

researchers have begun to identify very early neural precursors, already soon after birth, 

associated with emerging negative emotionality using resting state fMRI to examine 

coordinated functioning of regions known to be very important for healthy versus 
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maladaptive emotion regulation later in life. For example, research across two 

independent datasets identified stronger neonatal amygdala functional connectivity to the 

anterior insula and medial prefrontal cortex related to heightened emerging negative 

emotionality (Graham et al., 2016; Rogers et al., 2017; Thomas et al., 2019) indicating 

the potential relevance of this early neural phenotype for emotion regulation ability. To 

further our understanding of this work, we now aim to examine an observational measure 

of emotion regulation. Understanding how neural systems at birth influence a future 

observational measure of emotion regulation ability will fill a key gap in the literature, 

linking the rapidly advancing literature on brain development during infancy to emerging 

emotion regulation skills, and ultimately to mental health outcomes. 

 

3.1.4. Key influences on emerging emotion regulation ability 

Early emerging emotion regulatory processes are very susceptible to the 

contextual influences of the environment, particularly parental behaviors (Hostinar & 

Gunnar, 2013; Morris et al., 2017). Infants depend on their caregivers to assist in emotion 

regulation (Braungart-Rieker et al., 1998; Fox & Calkins, 2003). Caregivers must have 

the ability to respond quickly and accurately to their infant’s signals for regulatory help, 

in order to support regulatory behavior. Thus, maternal responsivity plays a key role in 

the development of intrinsic emotion regulation ability (Bernier et al., 2016; Thomas et 

al., 2017). Mothers with elevated depressive symptomatology tend to be less responsive 

to their infants cues (Feldman, 2003), which may impact infant emerging emotion 

regulation ability. In addition to maternal behavior, infant cognitive ability also likely 

plays a key role in emerging regulation capacity, as cognitive skills likely contribute to 
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emotion regulation tactics to reduce distress (Wolfe & Bell, 2007). While emotion 

regulation and cognitive ability are related, they represent distinct constructs that should 

be evaluated separately (Bell & Wolfe, 2004). 

 

3.1.5. Present Study 

In this longitudinal study, we examine amygdala resting state functional 

connectivity in the neonatal period in relation to emerging emotion regulation at 6-

months-of-age. Next, we test whether emotion regulation in infancy relates to future 

externalizing and internalizing symptomatology in toddlerhood. Lastly, we consider 

emotion regulation at 6-months-of-age as a potential mediator between newborn 

amygdala connectivity and problem behaviors in toddlerhood. In contrast to our prior 

work, methodological advances in infant neuroimaging data processing have allowed us 

to conduct our functional connectivity analyses in surface-space, rather than volume-

space. This has greatly improved the signal to noise ratio of our functional brain data, 

allowing for the improved spatial accuracy of our results. The current study also offers a 

nuanced view of emerging emotion regulation in infancy through the use of an 

observational indicator of emotion regulation.  

 

3.2. Methods and materials 

3.2.1. Participants 

Infants and mothers included in this study (N = 59 with neonatal rs-fcMRI data, 

N= 37 with behavioral data at 6-months-of-age, N = 29 with behavioral data at 24-

months-of-age) were part of an ongoing longitudinal study of mother-infant dyads 
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conducted at the University of California Irvine. Recruitment occurred during mother’s 

first trimester of pregnancy. Criteria for exclusion were: maternal use of psychotropic 

medications or systemic corticosteroids during pregnancy, infant birth before 34 weeks’ 

gestation, and infant genetic, congenital, or neurological disorder. Infant gestational age 

at birth (M = 39 weeks, SD = 1.5) fit well within our criteria for inclusion. Functional and 

structural MRI scans were conducted when infants were approximately 4-weeks-of-age 

(M = 27 days SD = 11.2). Behavioral and physiological follow-up data were collected 

when infants were 6-months-of-age (M = 5.5 months SD = 0.56) and 24-months-of-age 

(M = 23.5 months SD = 0.75). Demographic information is provided in Table 2.1. The 

Institutional Review Board at the University of California, Irvine approved all 

procedures.  
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3.2.2. MRI and fMRI data acquisition and surface-based processing 

3.2.2.1. Data acquisition 

Infants were scanned during natural sleep at UC-Irvine's Neuroscience Imaging 

Center using a TIM Trio, Siemens Medical System 3.0 T scanner and a 32-channel head 

coil. A structural T2-weighted image (TR = 3200 ms, echo time = 255 ms, resolution = 1 

x 1 x 1 mm, 4.18 min) and a structural T1-weighted image (MP-RAGE TR = 2400 ms, 

inversion time = 1200 ms, echo time = 3.16 ms, flip angle = 8°, resolution = 1 × 1 x 1 mm, 

6.18 min) were acquired for each subject. An echoplanar imaging (EPI) sequence 

sensitive to the blood oxygen level-dependent (BOLD) contrast (TR = 2000 ms; TE = 30 

 Variable Percentage

Infant Sex

Male 55.9

Female 44.1

Highest level of maternal formal education

High School or GED 15.3

Technical or Vocational School 13.6

Some College, but no degree 30.5

Associates Degree 5.1

Bachelors Degree 18.6

Graduate Degree 11.9

Certificate 5.1

White non-Hispanic 44.1

Black non-Hispanic 3.4

Asian non-Hispanic 6.8

Mult races non-Hispanic 8.5

White Hispanic 28.8

Asian Hispanic 1.7

Mult races Hispanic 6.8

Maternal race/ethnicity combined

Table 2.1. Demographics
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ms; FOV = 220 x 220 x 160 mm; flip angle = 77°) was used to obtain fMRI data. Full 

brain coverage was obtained using 32 ascending-interleaved 4 mm axial slices with a 1 

mm slip and steady-state magnetization was assumed after 4 frames (8 ∼ s). Functional 

data was obtained in a single scan consisting of 150 volumes for early participants (N = 

8), and increased to 195 volumes for the remaining participants (N = 54) in later stages of 

the study to increase the likelihood of acquiring a sufficient number of volumes for 

analysis. Only functional scans with at least 4 min of data (after volume removal for 

motion) were included in the present study. 

 

3.2.2.2. fMRI data processing 

All fMRI data was processed using a custom modification of the existing Human 

Connectome Project (HCP) imaging processing pipeline (Glasser et al., 2013) optimized 

for neonate functional data. This pipeline consists of five stages: 1) PreFreeSurfer: 

denoises and corrects for bias field distortions, extracts brain from structural T1 and T2-

weighted images, aligns structural images to atlas (NIH Pediatric Template; Sanchez 

2012), and delineates grey matter from white matter based on tissue classes in the T2w 

image, 2)FreeSurfer: refines grey and white matter delineation based on 10 manually 

delineated brain atlases, 3)PostFreeSurfer: generates individualized grey, white matter, 

subcortical segmentations for each subject, 4)DCANBOLDProc: denoises fMRI data and 

filters out frames with high motion (FD > 0.3 mm), aligns fMRI data to structural images, 

constructs parcellated timeseries based on HCP’s 360 ROI atlas template (Glasser et al., 

2016), 5)Executive Summary: used for quality assessment for each subject, generates 
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images of: delineated surfaces, atlas-structural registration, structural-fMRI registration, 

and a greyplot representing the fMRI signal across all greyordinates after processing.  

 

3.2.3. Amygdalae regions of interest 

3.2.3.1. Segmentation of Amygdalae 

Individual right and left amygdalae were segmented using a multi-modality, 

multi-template based automatic method combining T1 and T2 weighted high-resolution 

images (Wang et al., 2014), followed by manual correction in ITK-Snap (Yushkevich et 

al., 2006). For details on this procedure see our prior work (Graham et al., 2016; Thomas 

et al., 2019). These individualized amygdalae ROIs were used as seed regions for rs-

fcMRI analyses. Specifically, the time course of the BOLD signal was averaged across 

the voxels within each amygdala ROI, and then correlated with the time course for all 

other surface greyordinates throughout the cortex. This resulted right and left cortical 

greyordinate connectivity maps for both the left and right amygdala, which were used as 

predictors of emotion regulation in regression models employing cluster-based detection 

to account for multiple comparisons (Eklund et al., 2016). 

 

3.2.3.2. A-priori amygdalae connections to anterior insula, vMPFC and MPFC 

Given the modest sample size for the present study, we chose to first analyze prior 

amygdala connections relevant for emerging infant negative emotionality and cognitive 

ability (Am-aI, Am-vMPFC, Am-MPFC; Graham et al., 2016). Because these a-priori 

ROIs were originally extracted from a volume-based processing pipeline, the 4dfp to 

Nifti tool was used to move the volumetric ROIs to surface space (Snyder et al., 2019). 
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Follow up analyses examined the right and left cortical greyordinate maps described 

above.  

 

3.2.4. Measurement of infant behaviors 

3.2.4.1. Still Face Paradigm  

The still-face episode of the still-face paradigm (Tronick et. al, 1978) offers a 

unique opportunity to examine infant emotion regulation in the absence of parental aide 

in regulation of emotions. Infants are strapped into a car seat while their mothers stare at 

them with a blank expression on their face. This still-face reliably increases infant 

distress, likely due to the infants’ violations of expectations about their mothers’ 

responsiveness (Braungart-Rieker et al., 1998; Mesman et al., 2009; Toda & Fogel, 1993; 

Weinberg & Tronick, 1994). In this scenario, infants have been found to perform variety 

of behaviors to regulate their negative emotions (Braungart-Rieker et al., 1998; Rothbart 

et al., 1992). The still-face paradigm was conducted when infants were approximately 6-

months-of-age. The paradigm included 5 2-minute episodes in the following order: play 

episode, still-face episode, play episode, still-face episode, and play episode. Though 

mothers were asked to maintain a neutral face and not touch their infant throughout the 

entire still-face episode, mothers often broke still-face for brief periods of time (N = 28, 

<5 second intervals) throughout the 2 minute episode. To examine the impact of mother’s 

breaking still-face on latency to distress, we conducted independent sample T-tests to 

examine mean differences in latency to distress between mothers’ who did and did not 

break still face. No significant differences between latency to distress were found 

between infant’s whose mothers did versus did not break still face. However, because 
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breaking still face is a violation of the still-face episode and may have impacted our 

measure of emotion regulation behavior in ways we failed to capture here, we chose to 

keep this as a covariate for our analyses. 

Behavioral coding of latency to distress, was coded as latency to the first 

expression of negative affect. Negative affect included anger, sadness, and frustration. 

Brows may have been sharply furrowed and eyes may have been tightly closed or the 

corners of the mouth were turned downward. This also included mixed negative/positive 

facial expressions includes elements of both negative and positive. For example, the 

infant may have had brows drawn together and corners of the mouth raised (Sullivan et 

al., 2015). Infant negative affect during the first still-face episode was coded by two 

independent coders (percent agreement > 85%, Kappa= 0.80) in 5-second intervals using 

a previously established coding scheme (Sullivan et al., 2015).  Latency to distress, the 

number of seconds before the infant expressed negative affect (M = 42.2 seconds, days 

SD = 42.1), was calculated as an indicator of infant negative emotional reactivity, here 

we conceptualize this as emotion regulation. Greater latency to distress has previously 

been associated with greater occurrence of regulatory behaviors (Frick et al., 2017; 

Mayes & Carter, 1990). Importantly, not all regulatory behaviors are associated with 

decreases in negative affect (Braungart-Rieker & Stifter, 1996; Buss & Goldsmith, 1998) 

which is why we chose to use the construct of latency to distress as our indicator of 

emotion regulation. 

 

3.2.4.2. Infant cognitive development  
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Infant cognitive development was assessed at 6-months-of-age using the 

Cognitive composite score from the Bayley Scales of Infant and Toddler Development, 

Third Edition (Bayley-III; Bayley, 2006).  This, commonly used, standardized measure of 

infant development includes an assessment of emerging attention, memory, and sensory 

motor skills. Bayley’s cognitive composite score was used as an indicator of how 

cognitively developed each infant was at the 6-month time point (M = 103.6 SD = 9.1). 

Examining overall infant cognitive development was important in order to distinguish 

emotion regulation from general cognitive development. 

 

3.2.4.3. Infant salivary cortisol as physiological indicator of emotion regulation  

Infant salivary cortisol was measured at 4 time points during the still-face 

paradigm to characterize changes in cortisol which occurred in response to the first still-

face episode. Infant saliva samples were taken immediately upon arrival to the lab (T0; M 

= 0.26 ug/dL SD = 0.3), prior to the start of the still-face paradigm (T1; M = 0.25 ug/dL 

SD = 0.29 ) and 10 minutes (T2; M = 0.22 ug/dL SD = 0.14 ) and 30 minutes (T3; M = 

0.25 ug/dL SD = 0.26 ) after the still-face episode. Outliers in each sample > 3 SD above 

the mean were windsorized 

 

3.2.4.4. Early childhood clinical symptomatology 

Early childhood internalizing and externalizing symptomatology were assessed at 

2-years-of-age using a maternal self-report measure known as the Child Behavior Check 

List (CBCL) (Achenbach & Ruffle, 2000). From the CBCL, internalizing (M = 5.1 SD = 

6.1) and externalizing (M = 7.2 SD = 7.2) symptomatology raw scores were used as 
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measures of early childhood symptomatology. Analyses employing this measure adjusted 

for caregiver mood at the time of reporting to account for this potential source of bias.  

 

3.2.4.5. Postnatal caregiving environment 

3.2.4.5.1. Observational measure of maternal responsivity 

The quality of the postnatal caregiving environment was assessed using the Home 

Observation for Measurement of the Environment (HOME) Inventory (Bradley et al., 

2003) when infants were 6-months-of-age. Assessments were completed by observers 

who achieved reliability with a certified administrator of the inventory (95% agreement 

on two consecutive videos) prior to the home visit. During the home visit, the infant’s 

activities and interactions in their caregiving environment were observed and a semi-

formal interview with the mother was conducted. The subscale HOME Responsivity 

scale (M = 8.6 SD = 1.5) was used in our analyses as a measure of maternal 

responsiveness to the infant. 

 

 3.2.4.5.2. Maternal self-report measure of depressive symptomatology 

The 20-item Center for Epidemiological Studies of Depression Scale (CESD; 

(Radloff, 1977)) was used to assess maternal depression. Mothers reported on symptoms 

of depression over the past week on a 4-point scale, ranging from 0 (rarely or none of the 

time) to 3 (most or all of the time). The mean score was used in analyses. Maternal 

depressive symptomatology was assessed when infants were 3 mo (N = 53, M = 0.57, SD 

= 0.52), 6mo (N = 51, M = 0.55, SD = 0.51), 9mo (N = 41, M = 0.43, SD = 0.37), 12mo 

(N = 37, M = 0.55, SD = 0.47) and 24-months-of-age (N = 38, M = 0.50, SD = 0.44). To 
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examine the impact of maternal depressive symptoms on infant outcomes at 2-years-of-

age, we created two averages to account for maternal depressive symptomatology from 1-

6 months of age (N = 55, M = 0.60, SD = 0.51), and 6-24 months of age (N= 51, M= 

0.54, SD= 0.44) for each mother with at least 2 time points of data. 

 

3.3. Preliminary Analyses 

3.3.1. Examining trajectories of infant salivary cortisol release 

Infant saliva samples were taken immediately upon arrival to the lab (T0; M = 

0.26 ug/dL SD = 0.3), prior to the start of the still-face paradigm (T1; M = 0.25 ug/dL 

SD = 0.29 ) and 10 minutes (T2; M = 0.22 ug/dL SD = 0.14 ) and 30 minutes (T3; M = 

0.25 ug/dL SD = 0.26 ) later. The central tendency and variability of cortisol at each time 

point indicated highly variable data across time, as seen in other studies evaluating infant 

cortisol change over time (O’Connor et al., 2017; Ursache et al., 2014). Due to this 

variability, we chose to employ a unique machine learning algorithm created in our 

laboratory to examine trajectories of cortisol release across infants.  

Specifically, we used a functional random forest algorithm to classify 3 distinct 

trajectories of infant salivary cortisol release over time during the still-face-paradigm (N= 

53). Changing in cortisol between T0 and T1 likely characterized the infant’s response to 

the novel environment. Cortisol levels typically peak in infants 20-25 minutes after the 

initiation of a stressor (Ramsay & Lewis, 2003), so we anticipated seeing an increase in 

cortisol 20-25 minutes after our still-face episode, between the T2 and T3 time point for 

each subgroup. Interestingly, this was not the case for all of our subgroups. In the 

diagram below (Figure 1), the still-face stressor, which occurred between T0 and T1, is 
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indicated by a yellow highlighted line, time values presented on the x-axis indicate 

minutes after the still face episode. Infants in subgroup 1 had a sharp increase in cortisol 

between T0 and T1, presumably caused by the novel environment, this increase in 

cortisol continued between T1 and T2, in response to the still face stressor, this was 

followed by a decrease in between T2 and T3, an expected response for infants who are 

able to successfully regulate in the face of a stressor. Infants in subgroup 2, showed a 

similar increase in cortisol between T0 and T1, potentially due to the novel environment, 

followed by a decrease in cortisol release in response to the still-face stressor. The 

negative quadratic slope between T2 and T3 suggests underdeveloped HPA functioning 

in subgroup 2, which we would expect to be associated with poor regulatory ability. 

Lastly, subgroup 3 was characterized by a sharp decrease in cortisol between T0 and T1 

in response to the novel environment, followed by an increase in cortisol, between T1 and 

T2 in response to the still-face stressor, and a slight decrease prior to T3. Subgroup 3 

showed an unanticipated decrease in response to the novel environment and the 

anticipated decrease in cortisol activity after the still face episode, which we would 

expect to be associated with greater regulatory ability. 
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Figure 1 Graph represents change in cortisol over time. Y axis indicates magnitude of 

salivary cortisol. X axis indicates time. Groups 1, 2 and 3 represent subgroups 1 (N=18), 

2 (N=17) and 3 (N=18) respectively.   

 

3.3.2. Analytic approach  

We first examine associations between a-priori neonatal amygdala functional 

connections (Am-aI, Am-vMPFC and Am-MPFC) and a behavioral indicator of emotion 

regulation at 6-months-of-age. We decided on this focused approach supported by 

previous studies given the modest sample size for this study. We follow up with whole 

brain analyses to identify additional potential connections relevant for emerging emotion 

regulation that may serve as a basis for future studies in this area. Next, we examine how 

our behavioral indicator of emotion regulation in infancy relates to subsequent 

internalizing and externalizing symptomatology in toddlerhood. Lastly, we consider 
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emotion regulation in infancy as a potential mediator for associations between newborn 

amygdala connectivity and internalizing and externalizing behaviors in toddlerhood.  

All analyses examining associations between the neonatal brain and emotion regulation 

included covariates for infant gestational age at birth, postnatal age at scan, sex, and mom 

breaking still-face during the still-face episode. Because literature has suggested 

differences in right and left amygdala connectivity- we chose to look at right and left a-

priori amygdala connections separately in relation to emerging emotion regulatory ability 

(Jung et al., 2018). 

 

3.4. Results 

3.4.1. Right amygdala a priori connections to vMPFC and MPFC at birth linked to 

behavioral indicator of emotion regulation in infancy 

We conducted multiple regression analyses to examine the a priori neonatal right 

amygdala connections (Am-MPFC and right- Am-vMPFC connectivity) as the 

independent variables, covariates for gestational age at birth, infant sex, and breaking 

still-face, and latency to distress as the dependent variable.  Results indicated stronger 

right amygdala-MPFC connectivity (Ram-MPFC; β = 0.29, p < 0.05) and weaker right 

amygdala-vMPFC connectivity (Ram-vMPFC; β = -0.27, p < 0.05) at birth were 

associated with greater emotion regulation at 6-months of age (See Fig. 2a and 2b 

below).  Interestingly, greater amygdala connectivity to our more dorsal MPFC region 

predicted more emotion regulation, while greater amygdala connectivity to our ventral 

MPFC region predicted less. Results remained the same after adjusting for infant 
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cognitive ability, maternal responsivity, and average maternal depressive 

symptomatology from 1-6 months.   

 

Figure 2a Amygdala- medial prefrontal cortex (Am-MPFC) region of interest indicated 

on left, Am-MPFC connectivity indicated on y axis, latency to distress residuals (after 

controlling for age at scan, gestational age at birth, infant sex and maternal breaking still 

face) on x axis. Figure 2b Amygdala-ventromedial prefrontal cortex (Am-vMPFC) 

region of interest indicated on left, Am-vMPFC connectivity indicated on y axis, latency 

to distress residuals (after controlling for age at scan, gestational age at birth, infant sex 

and maternal breaking still face) on x axis.  
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3.4.2. Left Amygdala a-priori connections previously associated with cognitive 

ability and emerging negative emotionality are unassociated with behavioral 

indicator of emotion regulation 

We next conducted multiple regression analyses to examine the a priori neonatal 

left amygdala connections (left Am-MPFC, left Am-vMPFC, left Am- left insula, left 

Am-right insula) as the independent variables, with covariates for gestational age at birth, 

infant sex, and breaking still-face, and latency to distress as the dependent variable. 

Results indicated left amygdala connectivity to a-priori ROIs at birth was not associated 

with future emotion regulation. Results remained unchanged after adjusting for infant 

cognitive ability, maternal depressive symptomatology and average maternal depressive 

symptomatology from 1-6 months.  

 

3.4.3. Identifying additional amygdala connections at birth which support emerging 

emotion regulation  

Next, we employed multiple regression analyses using an in-house modified 

version of Mplus to examine whole brain neonatal amygdala connectivity in relation to 

latency to distress. We included gestational age at birth, postnatal age at scan, and 

breaking still face as covariates and examined right and left amygdala separately. 

Estimates of right and left amygdala connectivity were standardized and run through a 

cluster-detection algorithm, based on previously defined guidelines (Eklund et al., 2016). 

To correct for multiple comparisons, clusters were ordered by size, permutated, and 

clusters above/below a z-score of 3.1, p of 0.001, and with a cluster size great than 50 
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were retained (see Table 2). Results remained the same after adjusting for infant sex, 

cognitive ability, maternal responsivity, and average maternal depressive 

symptomatology from 1-6 months.   

Results for the right amygdala indicated stronger connectivity to the fusiform 

gyrus, middle temporal gyrus, posterior cingulate cortex and anterior orbital frontal 

cortex was associated with increased emotion regulation. Additionally, weaker right 

amygdala connectivity to the primary visual cortex (V1), mid-insular region, and 

posterior insular region was associated with increased emotion regulation. The 

association between weaker amygdala to visual cortex connectivity and emotion 

regulation was the strongest finding (cluster size = 623, z-value < -3.1), indicating a 

potentially important role for amygdala integration into the visual system for emerging 

emotion regulation. See Figure 3a.  

We next examined left amygdala connections relevant for emerging emotion 

regulation. For the left amygdala, stronger connectivity to the extrastriate visual cortex 

and weaker connectivity to primary motor cortex was associated with greater emotion 

regulation at 6-months-of-age. See Figure 3b. 

 

Table 2.2 

Right Amygdala Hem x y z Z  Cluster size 

Mid-insular region R 38 12 -2 - 50 

Posterior Insula L -39 -23 2 - 64 

Posterior Cingulate Cortex R 8 -60 16 + 100 

Orbital frontal cortex L -28 60 -6 + 102 
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Middle temporal Gyrus R 55 -38 -23 + 131 

Fusiform gyrus L -65 -42 0 + 146 

Primary Visual Cortex (V1) R 11 -77 10 - 623 

Left Amygdala Hem x y z Z Cluster size 

Primary Motor Cortex (PMC) L -10 -4 44 - 76 

Extrastriatal Visual Cortex (EVC) R 17 -79 -10 + 88 
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Figure 3a Right amygdala connections soon after birth associated with emotion 

regulation at 6-months-of-age.  

 

Figure 3b Left amygdala connections soon after birth associated with emotion regulation 

at 6-months-of-age.  

 

3.4.4. Emotion regulation in infancy associated with future internalizing 

symptomatology 

To examine future implications of poor emotion regulation at 6-months of age we 

next examined the relationship between emotion regulatory ability at 6-months of age and 
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internalizing and externalizing symptomatology at 2 years of age.  We adjusted both 

models for maternal breaking still-face, and average maternal depressive 

symptomatology from 6-24 months-of-age. Results indicated greater emotion regulation 

at 6-months of age was associated with less internalizing symptomatology at 2-years of 

age (β = -0.29, p < 0.05). No association was found between our measure of emotion 

regulation and future externalizing symptomatology (β = -0.22, p = 0.15). Given the 

relationship between emotion regulation and future internalizing symptomatology, we 

next sought to examine if emotion regulation mediated a relationship between amygdala 

connectivity at birth and future internalizing symptoms.  

 

3.4.5. Emotion regulation as a mediator for the association between amygdala 

connectivity at birth and future internalizing symptomatology 

To evaluate emotion regulatory ability as a potential mediator for the association 

between newborn amygdala phenotypes and future internalizing symptomatology, we 

decided to focus on our a-priori results and most robust exploratory result. Specifically, 

we examined if emotion regulatory ability at 6-months-of-age mediated a relationship 

between right amygdala- vMPFC, MPFC or V1 connectivity at birth and internalizing 

symptomatology at 2-years-of-age.                       

 

3.4.6. Previously identified right amygdala connections mediate association between 

emotion regulation and future internalizing symptomatology 

We first examined the indirect effect of RAm- vMPFC, and RAm-MPFC 

connectivity at birth on future internalizing symptomatology. Specifically, we regressed 
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gestational age at birth, infant age at scan, infant sex, maternal breaking still face and 

Ram-vMPFC and Ram-MPFC connectivity on our behavioral indicator of emotion 

regulation, latency to distress. In the same model, we also regressed latency to distress, 

Ram-MPFC, Ram-vMPFC, and average maternal depressive symptomatology from 6-24 

months on to internalizing symptomatology at 24-months-of-age. Results indicated 

emotion regulation mediated the association between stronger RAm- vMPFC 

connectivity at birth and increased internalizing symptomatology (indirect effect = 0.08; 

95% CI: 0.00, 0.24; based on 5,000 bootstrap samples.) Additionally, emotion regulation 

mediated the association between stronger RAm-MPFC connectivity at birth and 

decreased internalizing symptomatology at 24-months-of-age (indirect effect = -0.09; 

95% CI: -0.26, -0.01; based on 5,000 bootstrap samples.)  

Next we examined the indirect effect of right amygdala-V1 (RAm-V1) 

connectivity at birth on internalizing symptomatology in a separate model. Specifically 

we regressed RAm-V1 connectivity on to latency to distress, and latency to distress, 

Ram-V1 connectivity and average maternal depressive symptomatology on to 

internalizing symptomatology. The extracted RAm-V1 connection from our whole brain-

analysis had already been adjusted for infant gestational age at birth, age at scan and 

maternal breaking still face, thus we did not adjust for these factors again in this model.  

Emotion regulation at 6-months-of-age mediated an association between stronger Ram-

V1 connectivity at birth and increased internalizing symptomatology in toddlerhood 

(indirect effect = -0.17; 95% CI: -0.41, -0.04; based on 5,000 bootstrap samples.)   
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3.4.7. Neonatal amygdala connections supporting emotion regulation unrelated to 

physiological measure of emotion regulation in infancy  

We next evaluated if amygdala connections at birth which supported our 

behavioral indicator of emotion regulation, latency to distress, also related to our 

physiological indicator of emotion regulation, cortisol release over time. Specifically, we 

ran an ANCOVA for each a priori amygdala connection linked to latency to distress to 

see if amygdala connections which supported emotion regulation varied significantly in 

mean strength across our identified cortisol groupings. Each analysis was adjusted for 

infant gestational age at birth, age at scan, and breaking still face. Due to a lack of infants 

with both cortisol trajectory measures and brain data at birth, the number of subjects in 

each subgroup decreased for the following analyses (N=29). 

We first examined the effect of RAm-vMPFC and RAm-MPFC connectivity on 

cortisol grouping. Right amygdala- vMPFC and MPFC connectivity at birth had no 

impact on cortisol grouping. Next, we examined the effect of our most robust whole brain 

analysis result, RAm-V1 connectivity on cortisol trajectory subgrouping. Because this 

connection was already adjusted for gestational age at birth, age at scan and breaking still 

face in our whole brain analysis- we did not make any additional adjustments to our 

model, thus we ran an ANOVA to examine this effect. Results showed no significant 

effect of RAm-V1 connectivity on cortisol trajectory grouping. 

 

3.4.8. Cortisol trajectory subgrouping relates to future internalizing 

symptomatology  
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We next examined if internalizing symptomatology or externalizing 

symptomatology at 2-years-of-age, related to our physiological indicator of emotion 

regulation, cortisol release over time. Specifically, we ran an ANCOVA for internalizing 

and externalizing symptomatology to see if mean differences existed between cortisol 

subgroups. A trend level effect of cortisol trajectory subgrouping on internalizing 

symptomatology at 2-years of age was found after adjusting for breaking still face (F(2, 

25) = 3.0, p < 0.1). Post-hoc testing showed a trend level difference in internalizing 

symptomatology between subgroups 2 and 3 (p < 0.1). Overall conceptual model of 

results depicted below (Figure 4). 

 

Figure 4. Increased connectivity between right amygdala and medial prefrontal cortex 

(RAm-vMPFC) and decreased connectivity between right amygdala and ventral medial 

prefrontal cortex (RAm-vMPFC) and right amygdala and visual cortex (RAm-V1) 
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associated with greater emotion regulation at 6-months-of-age, as indicated by increased 

latency to distress. Greater emotion regulation at 6-months-of-age associated with 

decreased risk for psychopathology, as indicated by internalizing symptomatology at 24-

months-of-age. Physiology at 6-months-of-age, as indicated by cortisol trajectory 

subgroups, associated with internalizing symptomatology at 24-months-of-age. 

Specifically, cortisol trajectory subgroup 2 associated with decreased future internalizing 

symptomatology and cortisol subgroup 3 associated with increased future internalizing 

symptomatology.  

 

3.5 Discussion 

3.5.1. Amygdala connectivity at birth is associated with emerging emotion 

regulation  

Though critical for every day coping with distress, the neural correlates of 

emotion regulation in infancy have yet to be thoroughly investigated. To this end, this 

study adds several key findings to the literature. Our results indicate that distinct right 

and left amygdala connections at birth support our measure of emerging emotion 

regulation at 6-months-of-age. Interestingly, the results mimic findings in the literature 

with adults in terms of implicating distinct roles for more dorsal versus ventral regions of 

the MPFC in emotion regulation. The results also provide some indication for an early 

role of what has been termed “top down” versus “bottom up” processing, such that 

stronger amygdala connectivity to primary sensory and motor regions demonstrate 

associations with poorer emotion regulation, whereas stronger amygdala connectivity to 

higher order processing regions are associated with greater emotion regulation. We also 

discovered a relationship between emotion regulation and future internalizing 

symptomatology, such that, greater emotion regulation in infancy was associated with 

decreased internalizing symptomatology in toddlerhood. Lastly, we found that emotion 

regulation mediates a relationship between specific amygdala connections soon after birth 
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and future internalizing symptomatology at 2-years-of-age. Overall, our findings indicate 

that already soon after birth, amygdala connectivity supports emerging emotion 

regulation in infancy, which appears to be a pathway for the emergence of internalizing 

symptoms in toddlerhood.  

 

3.5.1.1 A priori- results indicate distinct roles for dorsal versus ventral regions of the 

MPFC in emotion regulation 

Interestingly, the distinction between ventral versus more dorsal MPFC 

connectivity emerges earlier than previously understood. Our a-priori analyses indicate 

stronger RAm-MPFC connectivity and weaker RAm-vMPFC connectivity at birth are 

associated with greater emotion regulation. The findings for the RAm-vMPFC 

connection are in line with findings in adults implicating a role for this connection in the 

production of negative affect (Barrash et al., 2000; Hiser & Koenigs, 2018). Moreover, 

prior findings from Chapter 1 indicate stronger amygdala-vMPFC connectivity soon after 

birth predicts greater negative emotionality; it is likely that our current findings fit into 

this framework, such that stronger amygdala-vMPFC connectivity soon after birth is 

associated with greater unregulated negative affect. Alternatively, stronger connectivity 

between the amygdala and more dorsal MPFC has been associated with greater emotion 

regulation in adult populations (Banks et al., 2007; Ochsner et al., 2002). Already soon 

after birth, this connection appears to be associated with a high fear, high cognition 

phenotype (Graham et al., 2016), therefore it is likely this region is more involved with 

emotion regulation soon after birth. Overall, stronger amygdala-vMPFC coupling seems 

to be associated with increased generation of negative emotion (Hiser & Koenigs, 2018), 
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while amygdala-MPFC coupling shows the opposite pattern, with increased coupling 

associated with increased emotion regulation  (Banks et al., 2007). Thus a dichotomy 

between dorsal and ventral MPFC connectivity to the amygdala exists already soon after 

birth. 

Interestingly, neonatal amygdala- anterior insula connectivity was unrelated to 

emerging emotion regulation in infancy. It is possible that given this connection’s 

previous association with fear in infancy (Graham et al., 2016, Thomas et al., 2019) this 

connection is more involved in the production rather than regulation of negative affect. It 

is also worth noting that only right amygdala a-priori connections appeared to be relevant 

for emerging emotion regulation. While this may have been a result of differential 

connectivity between amygdalae (Jung et al., 2018) it is likely due to the nature of the a-

priori ROIs that were tested themselves. I.e. there were more right amygdala than left 

amygdala connections.  

 

3.5.1.2 Whole brain, exploratory analyses suggest an early pattern of top down 

versus bottom up processing contributing to emerging infant emotion regulation    

Our exploratory, whole brain analyses shows that the integration of additional 

regions into the amygdala at birth supports early emerging emotion regulation. Distinct 

results were found for the right versus left amygdala. However, an overall pattern 

emerged indicating that stronger amygdala connectivity to regions involved in sensory 

integration, emotion regulation, and large scale brain systems supporting cognitive 

functioning, are associated with better emotion regulation. In contrast, greater neonatal 

amygdala connectivity to primary sensory and motor regions, are associated with weaker 
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emotion regulation in infancy. These results suggest an early pattern of top down versus 

bottom up processing soon after birth contributing to emerging emotion regulation in 

infancy.  

 Interestingly, there are similarities in the specific functional connections 

observed to predict emotion regulation at 6-months-of-age, and those associated with 

emotion regulation in adults. Firstly, stronger amygdala integration into default mode 

network regions, posterior cingulate and middle temporal gyrus soon after birth emerged 

as a significant predictor of emotion regulation at 6-months-of-age. Research with adults 

documents stronger amygdala integration into default mode network regions, posterior 

cingulate and middle temporal gyrus to be linked to the increased negative emotional 

valence of stimuli (Dutta et al., 2019). It is not known whether this connection serves a 

similar purpose during infancy, but perception of the negatively valenced still-face 

stressor is a logical precursor to emotion regulation. Increased neonatal coordinated 

functioning of the amygdala and orbital frontal cortex also predicted higher levels of 

emotion regulation at 6 months-of-age. This finding was in line with research in adults 

indicating a role for amygdala-orbital frontal connectivity in emotion regulation (Ochsner 

et al., 2004). It appears that already soon after birth this functional connection is relevant 

for emotion regulation.  

Additional neonatal amygdala connections relevant for emotion regulation in 

infancy may have impacted the infants’ ability to engage in regulatory behaviors. In 

particular, less visual sensory integration into the right amygdala soon after birth was 

associated with greater emotion regulation 6-months-of-age. Stronger integration into the 

visual cortex may be associated with weaker emotion regulation partially due to the 
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biased competition model of attention. This model suggests that there is competition for 

processing resources in the visual cortex. Salient stimuli have an advantage in terms of 

competition for neural representation (Desimone & Duncan, 1995). Amygdala 

projections to the visual cortex influence visual processing according to the valence of 

the stimulus. Negatively valenced stimuli, in particular, evoke stronger responses in the 

visual cortex and use more processing resources (Pessoa & Ungerleider, 2004). Given the 

negative valence of the paradigm employed in our study, the still-face paradigm,(J. 

Braungart-Rieker et al., 1998; Mesman et al., 2009; Toda & Fogel, 1993) it is possible 

that increased Am-V1 connectivity consumes more processing resources, making it 

difficult for the infant to utilize the regulatory strategy of attention shifting, thus resulting 

in decreased emotion regulatory behavior. Similarly, stronger amygdala integration into 

the motor cortex soon after birth was associated with decreased emotion regulation in 

infancy. Increased amygdala integration into the motor cortex has previously been shown 

to result in freezing behavior or “braking” in the face of a negative emotional stimuli 

(Sagaspe et al., 2011; Xu et al., 2019). It is possible that increased amygdala coordinated 

functioning with primary motor cortex in the neonatal period confers a greater tendency 

for such freezing behavior, versus beginning to engage in and develop more effective 

strategies for regulating emotions.  

 

3.5.2. Emotion regulation in infancy appears to be a pathway through which early 

patterns of amygdala connectivity may influence subsequent internalizing behavior 

In addition to elucidating neonatal amygdala connections which support emotion 

regulation behavior in infancy, our results also indicate that already in infancy emotion 
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regulation is associated with future internalizing symptomatology, such that, greater 

emotion regulation in infancy predicts less internalizing symptomatology in toddlerhood. 

This result fit well with previous literature indicating greater emotion regulation at 6-

months-of-age predicts less future internalizing symptomatology at 18-months-of-age 

(Moore et al., 2001) and literature in children (Kim-Spoon et al., 2013; Raver et al., 

2017) and adolescents (Hatzenbuehler et al., 2008) linking poor emotion regulation to 

increased internalizing symptomatology.  

Our findings also indicate that already in the newborn period amygdala 

connectivity relates to internalizing symptomatology in toddlerhood via emotion 

regulation. Specifically, stronger RAm-MPFC and weaker RAm-vMPFC connectivity 

moderated an association between greater emotion regulatory ability and lower 

internalizing symptomatology at 2 years of age. Interestingly, these connections appear to 

support the same constructs in children and adults based on prior studies (Kim et al., 

2011b; Qin et al., 2014; Wang et al., 2013). In children, Am-MPFC and Am-vMPFC 

connectivity have been associated with anxiety (Kim et al., 2011b; Qin et al., 2014), 

while in adulthood, increased perfusion of the amygdala and reduced perfusion of the 

vMPFC has been linked to risk for future depression (L. Wang et al., 2013).  

In the current study, emotion regulation behavior also mediated an association 

between weaker right amygdala- V1 connectivity and lower internalizing 

symptomatology. Overall, our findings suggest that specific connections and overall 

patterns of connectivity, in line with findings in children, adolescents and adults, are 

already apparent in the neonatal period and relate to an early time point in infancy at 

which we can begin to see evidence of emotion regulation. These analyses suggest that 



87 

 

our measure of emotion regulation is relevant for subsequent internalizing behaviors, 

which supports the importance of early emerging emotion regulation. Further, the 

mediation models, while underpowered, provide preliminary evidence to indicate that 

early emerging emotion regulation may serve as pathways through which patterns of 

brain connectivity evident soon after birth, influence later behavior problems and 

symptoms. This highlights the potential importance of providing support for very early 

development of emotion regulation skills.   

 

3.5.3. Physiological response to stress may represent another pathway for the 

development of internalizing behaviors. 

Interestingly, our physiological measure of emotion regulation was unrelated to 

our behavioral indicator of emotion regulation. Moreover, amygdala connections at birth 

which support emerging emotion regulation, were unrelated to the physiological changes 

that occurred. This is surprising given that the amygdala and mPFC strongly innervate the 

lateral hypothalamus (Reppucci & Petrovich, 2016). However, infant’s physiological 

response to stress still significantly related to future internalizing symptomatology. 

Specifically, subgroup 2, characterized by an increase in cortisol after arrival to the lab 

and a decrease in cortisol 20 minutes after the still-face episode, had significantly lower 

internalizing symptomatology than subgroup 3, characterized by a decrease in cortisol 

after arriving in lab and an increase in cortisol 20 minutes after the still-face episode. This 

result was unexpected and does not fit into the literature. Over the first year of life, 

infants typically show increases in cortisol in response to stressors (Gunnar & Quevedo, 

2007), including the still-face (Provenzi et al., 2016). These increases can typically be 
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buffered or reduced by the input of a responsive caregiver (Stansbury & Gunnar, 1994; 

Wu & Feng, 2020). Given the nature of the still face paradigm, buffering of the stress-

response by the caregiver is not possible, potentially suggesting decreases in cortisol may 

be associated with intrinsic emotion regulation. However, given the lack of association 

between subgroup 2 and our measure of the emotional reactivity component of emotion 

regulation, the decrease in cortisol seen in subgroup 2 in response to the still-face episode 

may be associated with a regulatory aspect of emotion regulation captured by the 

presence of specific regulatory behaviors.   

While infant’s physiological response to the stressor was unrelated to our 

behavioral indicator of emotion regulation, it did relate to future internalizing, indicating 

that the physiological response may represent another pathway for the development of 

internalizing behaviors. This idea is further supported by our result indicating that the 

neural connections which support emotion regulation are unrelated to the physiological 

response, which again suggests a distinct pathway. 

 

3.6. Conclusions, Limitations and Future Directions 

Several limitations of the present study should be considered. First and foremost, 

our sample size was small so power was low and in particular, moderator effects may 

have been missed (Type II error) due to low power. Thus, replication in larger samples is 

needed to confirm the findings. However, findings are novel and should stimulate more 

work to evaluate the early development model. 

In regards to our measure of emotion regulation, additional variables not recorded 

in the current study are surely important. For example, infant mobility may impact on 
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interactions between caregiver and infant (Franchak et al., 2018), which could have 

potentially impacted our measure of infant emotion regulation. Additionally, while 

laboratory assessments offer a unique opportunity to examine infant behavior in a 

controlled setting, the setting itself can often impact behavior. It is possible that our 

measure of emotion regulation was impacted by the laboratory setting. While it was 

beyond the scope of this study to examine other measures, it will be interesting to see 

whether they converge in future studies. In regards to our amygdala connectivity, it is 

likely that subregions of the amygdala have distinct functional connectivity patterns 

(Jiang et al., 2019). The present studies did not offer the spatial resolution to evaluate 

differences in functional connectivity between these subregions. Future work should be 

done to elucidate how distinct amygdala subregions support emerging emotion 

regulation. Moreover, while it has been shown that caregivers may play a protective role 

in dampening HPA activity from infancy through early childhood (Gunnar & Quevedo, 

2007; Gunnar et al., 2009) in the current study we did not have the power to evaluate the 

impact of the caregiving environment on cortisol reactivity during the still-face paradigm. 

Future work should consider this important covariate. Furthermore, while our study 

examined the emotional reactivity component of emotion regulation, future work should 

consider how the newborn brain relates to the regulatory aspect of emotion regulation.  

Overall, these studies provides evidence that emerging emotion regulation in 

infancy ties together an association between the brain at birth and future internalizing 

symptomatology, highlighting the importance of providing support for the development 

of emotion regulation skills in infancy.  
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Chapter 4: Emotion regulation and reactivity support emerging executive functions. 

 

4.1. Introduction   

4.1.1. The importance of executive function 

Executive function (EF) is defined as a set of cognitive abilities involved in 

flexible, purposeful, goal-directed behavior (Miyake et al., 2000). One dominant model 

of EF is composed of three distinct, but also closely related factors: inhibitory control 

(the ability to refrain from preponent responses), working memory (the capacity to retain 

and manipulate information relevant to the task at hand), and shifting (the ability to 

disengage from an irrelevant task set, and reengage with a relevant task set) (Diamond, 

2013; Miyake et al., 2000). These frequently measured factors appear to be related, but 

show sufficient distinction to warrant examining them separately (Miyake et al., 2000). 

Early emerging EF skills are associated with school readiness (Fitzpatrick & Pagani, 

2012), academic performance (Mischel et al., 1988; Prager et al., 2016) and are strongly 

linked to mental health outcomes throughout the lifespan (Bettis et al., 2017; Pennington 

& Ozonoff, 1996; Zelazo, 2020). The developmental course of early EF also relates to 

subsequent development across domains. Early EF skills are associated with EF in late 

adolescence (Eigsti et al., 2006) and future internalizing and externalizing 

symptomatology in childhood (Murray & Kochanska, 2002). EF skills in early life also 

provide a foundation for healthy development, with implications for academic (Blair & 

Razza, 2007; Mulder et al., 2017) and social functioning (Carlson et al., 2004; Hughes & 

Ensor, 2005). 
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4.1.2. Development of executive function 

EF is generally assumed to develop in early life in a hierarchical manner; complex 

forms of  EF stem from the integration and development of related, but more basic 

cognitive skills (Garon et al., 2008).  For example, strategies to redirect attentional focus 

in toddlerhood have been shown to predict EF performance in childhood (Eigsti et al., 

2006). Specifically, early skills like redirecting attention and effortful control in 

toddlerhood are the precursors of emerging EF (Diamond, 2013). Moreover, more 

general cognitive ability in toddlerhood, supports greater EF abilities in childhood (Wu et 

al., 2017). Additionally, the developing ability to control and plan motor actions  has 

been correlated with simple inhibition and working memory at 18-months-of-age 

(Gottwald et al., 2016). In addition to attentional orienting, more general cognitive 

abilities, and sensorimotor skills (Gottwald et al., 2016; Wu et al., 2017), specific 

neurobiological supports for early EF development have been hypothesized. The 

prefrontal cortex, which develops rapidly over the first two years of life (Hodel, 2018), is 

hypothesized to be foundational for subsequent emerging EF (Diamond, 2002; Garon et 

al., 2008), in particular the dorsolateral and ventrolateral prefrontal cortex (Diamond, 

2013).  

 

4.1.3. Aspects of the postnatal environment that contribute to the development of 

executive function 

In terms of the broader environment, socioeconomic status (SES) has been shown 

to influence the development of EF abilities, although mechanisms are not well 

understood. Living in poverty, relative to not living in poverty is related to lower EFs in 
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children (Lipina & Evers, 2017).  Specifically, 6-14 month-old infants from lower SES 

environments (as defined by parents’ educational background, parents’ occupational 

background, dwelling, and overcrowding conditions) have been found to perform fewer 

consecutive correct responses, and make more perseverative and non-perseverative 

errors, on the A-not-B task, a task assessing rudimentary skills relevant for subsequent 

EF (Lipina et al., 2005). Moreover, higher income-to-needs ratios have been associated 

with better performance on working memory tasks in 54-month-old toddlers (Hackman et 

al., 2015). SES may influence development of EF through availability of learning 

resources, opportunities in the home environment, as well as the time and guidance 

provided by caregivers (Hackman et al., 2015). For example, variation in access to 

computers and home literacy activities has been shown to mediate a relationship between 

low SES and EF (Lipina et al., 2013). Moreover, SES likely influences development 

through the quality, sensitivity, and responsivity of caregiving (Hackman et al., 2015). 

The caregiving environment, particularly maternal responsivity, may exert a strong 

impact on emerging EF (Fay-Stammbach et al., 2014). Specifically, sensitive caregiving 

can promote the infants internalization of regulatory strategies (Bernier et al., 2012). As 

such, sensitive, engaging interactions with caregivers may be associated with increased 

EF competence (Rhoades et al., 2011). 

 

4.1.4. How negative emotionality and emotion regulation relate to executive function 

Emotion regulation (ER) occurs through the use of attention and other regulatory 

strategies employed to modify emotional reactivity. ER thus stems from an interaction 

between emotional reactivity, and a control aspect that regulates reactivity. This is 
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particularly important in the regulation of negative emotionality, as dysregulation of 

negative emotionality leads to increased distress (Riediger et al., 2011) and subsequent 

poor mental health outcomes (Buehler et al., 2007; Kring & Caponigro, 2010; Svaldi et 

al., 2012; Weiss et al., 2015). As a result, ER can be conceptualized and measured both as 

regulatory behaviors and as latency to negative emotional output in the context of 

situation which commonly elicits distress (Frick et al., 2017).  

ER and EF represent distinct, but related constructs. Both ER and EF involve 

cognitive control. However, EF represents a broader measure of cognitive control, while 

ER is focused on the cognitive control involved in modulating affect (Galvagno et al., 

2019). The construct of ER describes behaviors specifically used to regulate emotions to 

handle internal or external stressors and emotional input; whereas the construct of EF is 

focused on the maintenance of goal-directed cognitive processes beyond the regulation of 

emotion.  The distinction between ER and EF becomes slightly more complex when 

considering  “hot” EF, which is defined as emotionally-motivated goal directed behavior 

as opposed to “cold” EF, defined as motivationally-neutral goal directed behavior (Zelazo 

et al., 2007; Rueda et al., 2013). Hot EF is EF that operates in emotionally and 

motivationally significant contexts,(Zelazo & Carlson, 2012) and involves some of the 

same brain regions as ER. Specifically, research implicates the orbital frontal cortex in 

both hot EF and ER in the form of emotion suppression (Garon et al., 2008; Ohira et al., 

2006) Like, hot EF, ER often occurs in emotion laden contexts, however, ER specifically 

focuses on the regulation of emotion versus achieving another goal in this context 

(Zelazo et al., 2007). 
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Developmental associations between EF and ER are bidirectional, which implies 

that breakdowns or perturbations  in one area may lead to disruption in the consolidation 

of the other (Sudikoff et al., 2015). For example, poorly regulated emotions interfere with 

performance on tasks with high EF demands (Zelazo & Cunningham, 2007). Moreover, 

poorly regulated negative emotionality has been associated with worse EF in 

preschoolers (Ferrier et al., 2014).  

 

4.1.5. Early negative emotionality and emotion regulation may lay the foundation 

for subsequent emerging executive function skills  

Negative emotionality emerges rapidly over the first year of life. Increasing 

negative emotionality during this period has been reliably documented and is considered 

to be part of a normative developmental trajectory (Gartstein et al., 2010; Partridge et al., 

2007). Not surprisingly it is also possible to observe emerging ER skills during this early 

developmental period (Garstein & Rothbart, 2003; Esther M. Leerkes & Wong, 2012). 

These include visual attentional orienting, an early form of top down ER and also part of 

the precursive abilities that become EF, which allows infants to consciously disengage 

from stressful stimuli and reorient to more neutral or positive stimuli, (Crockenberg & 

Leerkes, 2004; Reynolds & Romano, 2016), and self-soothing behaviors such as hand 

and foot clasping, self-manipulation and non-nutritive-sucking (Derryberry & Rothbart, 

1981; Thomas et al., 2017). The early development of negative emotionality and ER, and 

the known relevance of negative emotionality and ER to EF, has led to interest in how 

early negative emotionality and ER may relate to subsequently emerging EF skills. One 

specific component of early emerging ER that may subsequently serve as a critical 
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component of EF is the modulation of attention (Conway & Stifter, 2012; Eigsti et al., 

2006; Stifter & Braungart, 1995). For example, strategies to redirect attentional focus in 

toddlerhood have been shown to predict EF performance in childhood (Eigsti et al., 

2006). 

Prior research provides support for the conceptualization of early ER as providing 

a foundation for subsequently emerging EF (Blankson et al., 2013; Feldman, 2009; 

Ursache et al., 2012). Greater ER in the neonatal period has been associated with greater 

EF at 5-years-of-age (Feldman, 2009). Moreover, ER at age 3 predicts growth in working 

memory and impulse control skills from age 3 to 4 (Blankson et al., 2013). However, 

work also indicates that a specific match between levels of negative emotionality and ER 

may be particularly relevant for EF. Specifically, the interaction between ER and 

negative emotional reactivity at 15 months-of-age has been shown to predict EF at 48 

months-of-age (Feldman, 2009; Ursache et al., 2012). These findings indicate that high 

negative emotional reactivity paired with high regulation is associated with greater EF, 

while high reactivity paired with low regulation predicts worse EF. This indicates that the 

relationship between negative emotional reactivity and future outcomes is moderated by 

the regulation of this reactivity. Thus it appears important to assess both levels of ER and 

negative emotionality in relation to EF. While this interaction has already been examined 

in relation to a general composite of EF in early life, how ER and emotional reactivity, 

before the age of one, relate to specific EFs, such as working memory, shifting ability and 

impulse control, in toddlerhood remains unknown.  

 

4.1.6. Present Study  
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In the present study we examine how infant negative emotional reactivity 

interacts with early regulatory behaviors to lay a foundation for subsequent emerging EF 

skills in toddlerhood. We utilize the construct of latency to distress as the negative 

emotional reactivity component of ER, and focus on regulatory behaviors including 

control of visual attention as our primary measures of the regulatory aspect of early ER. 

We further examine the potential for infant negative emotional reactivity to interact with 

environmental factors known to influence early EF skills with a focus on the caregiving 

environment and SES. This work aims to advance understanding of how early negative 

emotional reactivity relates to subsequent emerging EF skills and the role of internal 

factors, specifically early ER skills, and external factors, caregiving behaviors and SES, 

in determining these associations.  

 

4.2 Methods 

4.2.1. Participants 

 Infants included in this study are subsamples from a larger longitudinal study in 

which mothers were recruited during the first trimester of pregnancy. Mothers were 

excluded if they used psychotropic medication, corticosteroids, alcohol, or drugs during 

the pregnancy. Additionally they were excluded if there was a known congenital, genetic 

or neurologic disorder of the fetus (e.g. fragile X, Down syndrome). Demographic 

variables are provided in Supplementary Material Table 1. Assessment of emotionality 

and ER was completed (N=106) when infants were 6-months-of-age (months M= 5.86, 

SD= 0.49; days M= 11.79, SD= 8.97), and an assessment of EF abilities were completed 

at 24-months-of-age (M= 23.88, SD= 0.82; days M= 12.89, SD= 9.91) with three tasks. 
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Infants who completed both the 6-month and 24-month assessments were included in 

analyses, resulting in slightly different sample sizes due to variation in the total number 

completing each EF task (shifting ability, N= 62; impulse control, N= 71; working 

memory, N = 69) at 24-months-of-age). To examine potential differences between our 

subsamples and the larger sample we conducted independent sample T-tests to examine 

mean differences in key constructs relevant to EF between the subsamples and larger 

sample of all infants with data at 6 months. No significant differences were found for 

average maternal depressive symptomatology, regulatory behavior, emotional reactivity, 

attentional orienting, our SES measure, or maternal responsivity between infants in our 

subsamples versus the larger sample.  

 

4.2.2. Infant emotionality and ER 

4.2.2.1. Still Face  

Protocol  

 The still-face episode of the still-face paradigm (Tronick et al., 1978) allows for 

the unique opportunity to assess infant ER and emotionality in the absence of parental 

aide in regulation of emotions. Mothers stare at their infants with a blank expression on 

their face as infants are strapped into a car seat. This, known as the still-face, has been 

shown to reliably increase infant distress, likely due to the violation of the infant’s 

expectation of their mother’s responsiveness (J. Braungart-Rieker et al., 1998; Mesman et 

al., 2009; Toda & Fogel, 1993; Weinberg & Tronick, 1994). During the still-face episode, 

infants perform a variety of behaviors in an attempt to regulate their negative emotional 

response (J. Braungart-Rieker et al., 1998; Rothbart, M.K., Ziaie, H., O’Boyle, 1992). 
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When infants were approximately 6-months-of-age the still face paradigm was 

conducted. It included 5 2-minute episodes in the following order: play episode, still-face 

episode, play episode, still-face episode, and play episode.  

Behavioral coding 

Two observers coded infant behaviors during the still-face paradigm using a 

modified version of a published coding scheme (original: (Moore et al., 2009); modified: 

(Sullivan et al., 2015)). Infant behavior was coded in increments of 5 seconds for three 

mutually exclusive behavioral categories: (a) affect, (b) gaze, (c) regulatory behavior. 

Infant behaviors were coded through three separate viewings of the video, one for each 

behavioral category. Reliability on the specific coding scheme was established by 

analyzing percentage agreement and Cohen’s kappa. First reliability was established 

between coders and the creators of the original coding scheme on 20 videos (>80% 

reliability for all behaviors). Next, observers achieved reliability with the creators of the 

modified version of the coding scheme, used in the present study on 5 videos (88% 

agreement, Kappa= 0.87). Lastly, reliability was established between coders on 20 videos 

for all behaviors coded.  

Coding of deviation from Still Face Protocol 

Though mothers were asked to maintain a neutral face and not touch their infant 

throughout the entire still-face episode, mothers often broke still face for brief periods of 

time (N=39) throughout the 2 minute episode. Because breaking still face may have 

impacted our measure of negative emotionality here and because it is a violation of the 

still-face episode, it was included as a covariate in analyses.  

Negative emotional reactivity 
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Latency to distress, the number of seconds before the infant expressed negative 

affect (M = 42.2 seconds, days SD = 42.1), was calculated as an indicator of infant 

emotional reactivity. Longer latency to distress was characterized as lower negative 

emotional reactivity. Our coding of negative affect included sadness, frustration and 

anger. Eyes may have been tightly closed, the corners of the mouth turned downward or 

brows sharply furrowed. This also included elements of both negative and positive facial 

expressions. For example, the infant may have had the corners of its mouth raised with its 

brows drawn together.  Reliability was high for coding of affect (88.8%, Kappa= 0.80): 

Gaze (90%, Kappa= 0.80), Affect (88.8%, Kappa= 0.80), and Regulatory behavior 

(84.1%, Kappa= 0.65). Because of the slightly lower kappa for regulatory behavior, all 

reliability for regulatory behavior was assessed every 20 videos. If percentage agreement 

for regulatory behaviors was <80% for any given video, coders would conference 

regarding the behavior until a consensus was reached. 

Attentional orienting 

Attentional orienting, the percentage of time the infant spent gazing away from its 

mother, was calculated as an indicator of infant attentional orienting. Infant attentional 

orienting was coded as present or absent by two independent coders in 5-second intervals. 

Our coding of attentional orienting included Gaze Away and Gaze Toward. Gaze Away 

included intervals in which the infant was facing the parent with eyes closed, and 

intervals in which the infant was looking at the parent’s hands or clothing. Gaze Toward 

was the default code, so if the direction of gaze was ambiguous this was coded, 

additionally this included looking in the direction of the parent’s hair or chin, not simply 

the eyes.  
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Other regulatory behaviors 

The percentage of time the infant spent engaged in other regulatory behaviors was 

calculated during the first still-face episode. Our coding of other regulatory behaviors 

included Escape, Attention Seeking, Exploratory and Regulatory behaviors. Regulatory 

behaviors included deliberate behavior by the infant such as sucking on a body part or 

object, auto-manipulation (e.g. lip smacking), manual manipulation (e.g. hand clasping, 

playing with foot), rhythmic rocking or kicking or movement of head, stroking of self, 

limbic motion (with gaze directed towards limbic motion), and pulling clothes. 

Exploratory behaviors included intervals in which the infant was touching an object while 

the gaze was directed towards the object. Escape behaviors included intervals in which 

the infant was attempting to get out of the chair. Attention-seeking behaviors included 

intervals in which the infant was trying to get the parent’s attention.  

 

4.2.3. Early environment 

4.2.3.1. Maternal Caregiving: Maternal Responsivity 

Quality of the postnatal caregiving environment was assessed when infants were 

6-months-of-age using the Home Observation for Measurement of the Environment 

(HOME) Inventory (Bradley et al., 2003). Trained observers made assessments after 

achieving reliability with a certified administrator of the inventory (95% agreement on 

two consecutive videos.) Visits to the home were done to observe the infant’s activity and 

interactions in their caregiving environment. We used the subscale HOME Responsivity 

to assess the extent of maternal responsiveness to the infant for our analyses (M= 8.32, 

SD= 1.68).  
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4.2.3.2. Maternal Depressive Symptomatology 

 The 20-item Center for Epidemiological Studies of Depression Scale (CESD; 

(Radloff, 1977)) was used to assess maternal depression. Mothers reported on symptoms 

of depression over the past week on a 4-point scale, ranging from 0 (rarely or none of the 

time) to 3 (most or all of the time) when infants were 6, 9, 12, and 24-months-of-age. The 

mean score was used in analyses. To account for the postnatal caregiving environment 

across a larger span of time, an average of maternal depressive symptomatology (M= 

0.51,SD= 0.41 ) was created from scores when infants were 6 (M= 0.53 , SD= 0.51 ), 9 

(M= 0.42 , SD= 0.35), 12 (M= 0.52 , SD= 0.46 ), and 24-months-of-age (M= 0.46, SD= 

0.40 ). Internal reliability across time points was high (α = 0.87).  

 

4.2.3.2. Socioeconomic status  

 Income-to-needs (ITN) was measured as the ratio between annual family income 

and the federal poverty threshold, accounting for the size of the household. Specifically, 

the annual family income was divided by the Federal Poverty Threshold for a family of 

that size, in the year the data were collected, 2011. This resulted in classifications of 

living within or near the poverty line (ITN<2) and living above the poverty line (ITN>2). 

Specifically 42.5% of the sample fell within the range designated as living with or near 

the poverty line and 57.5% were designated as living above the poverty line. This 

measure was used as an indicator of the broader environment.  

 

4.2.4 EF at 24-months-of-age 
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4.2.4.1. Working Memory Ability (WM)  

Working memory was assessed using the Spin the pots task (Hughes & Ensor, 

2005) at 24 months. The spin-the-pots task is a widely used search task designed to probe 

working memory in toddlers and young children. A spinning tray containing 8 opaque 

pots with distinct visual appearances has stickers placed inside 6 of the 8 pots. On each 

trial, the experimenter places a cloth over the tray and spins it. Participants must then try 

to remember which pots have stickers in them. The score is calculated by taking the total 

number of possible trials (16) minus the number of errors (number of turns taken to 

recover the stickers unsuccessfully) (M= 8.01, SD= 4.07, range= 3-16).  

 

4.2.4.2. Shifting Ability  

Shifting ability was assessed using the Minnesota Executive Function Scale for 

early childhood (Carlson & Shaefer 2012) at 24 months. In this task children sort cards 

by placing them in one of two plastic boxes. Cards are sorted based on the pictures on the 

boxes, and the picture on the card according to a rule supplied by the experimenter. Each 

level is comprised of 5 trials, after which children must sort according to a new rule. 

Children advance to the next level only if they correctly sort 4 of 5 cards (M= 10.00, SD= 

4.55, range= 0-19).  

 

4.2.4.3. Impulse control  

Impulse control was assessed using the Snack delay task (Kochanska et al., 1996, 

2000) at 24 months. Children were instructed to wait with a desired snack placed on the 

table in front of them until an experimenter rang a bell before eating the desired snack. 
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The task was composed of four trials, with each trial involving a longer wait time (10, 15, 

20 and 30 seconds). Scoring was consistent with the procedure established by Kochanska 

and colleagues (Kochanska et al., 1996, 2000), specifically the total score across all trials 

was calculated. Higher scores were indicative of waiting longer to reach for or eat the 

snack (M= 5.44, SD= 2.37, range= 1-9).  

 

4.2.5. Covariates 

4.2.5.1. General infant cognitive capacity  

At 6-months infant cognitive development at was assessed with the Cognitive 

Scale composite score from Bayley Scales of Infant and Toddler Development, Third 

Edition (Bayley-III; Bayley, 2006). This is a standardized, widely used, measure of infant 

development. The Cognitive Scale includes developmentally appropriate assessment of 

emerging interest in and understanding of the environment, as well as emerging 

sensorimotor, memory and attention skills (M= 104.43, SD= 10.70). 

 

4.3. Analyses 

4.3.1. Preliminary analyses 

We first examined associations between shifting ability, impulse control and 

working memory. Correlations between EF measures were strong enough to be related, 

but not strong enough to be the same (r = .54-.08) therefore we chose to examine these 

constructs separately. We also evaluated intercorrelations between all study variables, 

reported in Supplementary Materials Table 2.  
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4.3.2. Set-up for analyses 

Hierarchical linear regression models (one for each EF at 24-months-of-age) were 

then used to examine: (1) whether negative emotionality at 6-months-of-age interacted 

with attentional orienting at 6-months-of-age to predict EF, (2) whether negative 

emotionality interacted with regulatory ability to predict EF, (3) whether negative 

emotionality interacted with income-to-needs to predict EF.  All analyses were re-done 

with covariates for mother’s violation of still-face and infant cognitive ability to ensure 

results stayed the same. Three stage hierarchical multiple regressions were conducted 

with each measure of EF as the dependent variable. To evaluate the impact of attentional 

orienting and regulatory ability on emerging EF, we controlled for the potential impact of 

the external environment (maternal responsivity and SES Status). Therefore, maternal 

responsivity and SES status were entered at stage one of the regression. Negative 

emotional reactivity and attentional orienting were entered at stage two, and the 

interaction between negative emotional reactivity or attentional orienting and regulatory 

ability entered at stage three. When evaluating the impact of the external environment, 

we controlled for regulatory ability (attentional orienting and regulatory ability). 

Therefore, attentional orienting and negative emotional reactivity were entered at stage 

one of the regression. Maternal responsivity and SES status were entered at stage two, 

and the interaction between maternal responsivity/SES status and negative emotional 

reactivity were entered at stage three. Significant interactions were probed by conducting 

a set of simple slope analyses controlling for the same covariates as in the main models.  

 

4.4. Results 
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4.4.1. Primary Analyses  

4.4.1.1. The association between negative emotional reactivity and shifting ability 

was moderated by attentional orienting 

We examined attentional orienting as a potential moderator of an association 

between negative emotional reactivity and shifting ability. The interaction between 

latency to distress and gaze away was associated future shifting ability (β = -0.48, p < 

0.01).   Additionally, there was a significant main effect of SES status on shifting ability, 

such infants not living in poverty had greater shifting ability than infants living in poverty 

(β= 0.41, p<0.01).  See Table 1 below. This association persisted after adjusting for 

mom’s violation of still face and infant cognitive ability. Thus it appears the association 

between negative emotional reactivity and shifting ability is moderated by attentional 

orienting. To probe the interaction further we conducted a simple slopes analysis, 

controlling for the same covariates as in the main model. 

 

4.4.1.1.2. Probing the interaction between negative emotional reactivity and shifting 

ability suggested distinct effects for high and low attentional orienting  

Associations between negative emotional reactivity and shifting ability were 

examined at high versus low attentional orienting, specifically at ± 1 SD from the mean 

employing a simple slopes analysis. Results indicated negative emotional reactivity was 

positively associated with shifting ability at a trend level when attentional orienting was 

high (β= -0.26, p< 0.1), and negatively associated with shifting ability when attentional 

orienting was low (β= 0.90, p<0.01). Thus negative emotional reactivity was associated 

with shifting ability, such that for infants with higher attentional orienting  greater 
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negative emotional reactivity was associated with greater shifting ability, and for infants 

with lower attentional orienting greater negative emotional reactivity was associated with 

less shifting ability.  

 

Figure 1: Shifting ability and negative emotional reactivity by high attentional orienting 

and low attentional orienting. (Based on a median split) 

 

4.4.1.2. The association between negative emotional reactivity and working memory 

was moderated by attentional orienting 

In a separate model, we examined attentional orienting as a potential moderator of 

an association between negative emotional reactivity and working memory. The 

interaction between latency to distress and gaze away was associated with future working 

memory at a trend level (β= -0.26, p< 0.1). Additionally, a trend level main effect of SES 

status on working memory was found (β= 0.21, p< 0.1) indicating infants not living in 

poverty had greater working memory than infants living in poverty. See Table 2 below. 



107 

 

These associations persisted after adjusting for mom’s violation of still face and infant 

cognitive ability. Although the interaction between negative emotional reactivity and 

attentional orienting was not significantly associated with working memory, we probed 

the interaction as a post-hoc analyses to explore whether a similar patterns of results 

would emerge as for shifting.   

 

4.4.1.2.1. Probing the interaction between negative emotional reactivity and working 

memory suggested distinct effects for high and low attentional orienting  

Although the interaction was not significant, we probed the interaction to examine 

whether the overall pattern would be consistent with the finding for shifting. We 

examined simple slopes to indicate associations between negative emotional reactivity 

and working memory at high versus low levels of attentional orienting (± 1 SD from the 

mean). Results indicated latency to distress was not significantly associated with working 

memory when attentional orienting was high or low, but the direction of effects was 

opposite such that the slope was negative for latency to distress and working memory 

when attentional orienting was high (β= -0.17, p= 0.29), but positive when attentional 

orienting was low (β= 0.40, p= 0.17). Thus the overall pattern was consistent with the 

finding for shifting although care should be taken in interpreting these results due to the 

small effect sizes and lack of statistical significance.  
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Figure 2: Working memory and negative emotional reactivity by high attentional 

orienting and low attentional orienting. (Based on a median split.)  

 

4.4.1.3. Moderation by attentional orienting of the association between negative 

emotional reactivity and future impulse control did not reach significance threshold 

In another model, we examined attentional orienting as a potential moderator of 

an association between negative emotional reactivity and impulse control. The interaction 

between latency to distress and gaze away at 6-months-of-age was not significantly 

unassociated with impulse control at 24-months-of-age. See Table 3 below. Results 

remained consistent after adjusting for mom’s violation of still face and infant cognitive 

ability. Thus attentional orienting did not reach our threshold for moderating an 
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association between negative emotional reactivity and future impulse control.

 

 

4.4.2. Secondary Analyses  

4.4.2.1. Other moderating effects of regulatory behaviors on an association between 

negative emotional reactivity and future EFs also did not reach our significance 

threshold 

Table 1. Hierarchical Regression Analysis of Predictors of Categorization Ability 

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status 0.39** 1.08 0.39** 1.09 0.41** 1

Maternal Responsivity -0.14 0.36 -0.15 0.36 -0.18 0.33

Latency to Distress 0.09 0.01 0.34* 0.02

Percentage Gaze Away 0.14 2.59 -0.09 2.74

Latency to Distress X Gaze Away -0.48** 0.76

R 2 0.17 0.21 0.35

∆R 2 0.17 0.03 0.14

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 2. Hierarchical Regression Analysis of Predictors of Working Memory

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status 0.21† 0.98 0.19 1 0.21† 0.99

Maternal Responsivity -0.15 0.33 -0.14 0.33 -0.16 0.33

Latency to Distress 0 0.01 0.13 0.01

Percentage Gaze Away 0.15 2.38 0.03 2.74

Latency to Distress X Gaze Away -0.26† 0.76

R 2 0.06 0.09 0.13

∆R 2 0.06 0.02 0.04

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 3. Hierarchical Regression Analysis of Predictors of Impulse Control

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status -0.12 0.57 -0.12 0.58 -0.12 0.58

Maternal Responsivity -0.11 0.18 -0.1 0.19 -0.1 0.19

Latency to Distress -0.02 0.01 0.03 0.01

Percentage Gaze Away 0.12 1.41 0.07 1.63

Latency to Distress X Gaze Away -0.1 0.45

R 2 0.03 0.04 0.04

∆R 2 0.03 0.01 0.01

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001
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In 3 additional separate models, we examined regulatory behavior and a potential 

moderator of an association between negative emotionality and future EFs. The 

interaction between latency to distress and other regulatory behaviors at 6-months-of-age 

was not significantly unassociated with future task switching, impulse control or working 

memory at 24-months-of-age. However, there was a significant main effect of SES status 

on shifting ability, such infants not living in poverty had greater shifting ability than 

infants living in poverty (β= 0.40, p<0.01). Additionally, a trend level main effect of SES 

status on working memory was found (β= 0.24, p< 0.1) indicating infants not living in 

poverty had greater working memory than infants living in poverty.  See Tables 4-6. 

Results remained consistent after adjusting for mom’s violation of still face and infant 

cognitive ability. Thus it appears other regulatory behaviors did not moderate an 

association between negative emotional reactivity and future executive functions.  
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4.4.2.2. Moderating effects of the caregiving environment on the association between 

negative emotional reactivity and future EFs did not reach our significance 

threshold 

Table 4. Hierarchical Regression Analysis of Predictors of Impulse Control

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status -0.12 0.57 -0.13 0.59 -0.12 0.59

Maternal Responsivity -0.11 0.18 -0.1 0.19 -0.1 0.19

Latency to Distress -0.01 0.01 -0.03 0.01

Regulatory Behavior 0.07 1.54 0.1 1.75

Latency to Distress X Regulatory Behavior 0.08 0.41

R 2 0.03 0.03 0.03

∆R 2 0.03 0 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 5. Hierarchical Regression Analysis of Predictors of Working Memory

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status 0.21† 0.98 0.24† 1.01 0.24† 1.02

Maternal Responsivity -0.15 0.33 -0.17 0.33 -0.17 0.33

Latency to Distress 0.08 0.01 0.08 0.01

Regulatory Behavior -0.17 2.5 -0.18 2.9

Latency to Distress X Regulatory Behavior -0.02 0.69

R 2 0.06 0.09 0.09

∆R 2 0.06 0.02 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 6. Hierarchical Regression Analysis of Predictors of Categorization Ability 

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

SES Status .39** 1.08 .40** 1.12 0.40** 1.13

Maternal Responsivity -0.14 0.36 -0.15 0.37 -0.15 0.37

Latency to Distress 0.13 0.01 0.13 0.02

Regulatory Behavior 0.03 3 0.01 3.35

Latency to Distress X Regulatory Behavior -0.04 0.75

R 2 0.17 0.19 0.19

∆R 2 0.17 0.02 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001
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In 3 additional separate models, we examined the caregiving environment as a 

potential moderator of an association between negative emotional reactivity and future 

EFs. The interaction between maternal responsivity and negative emotional reactivity 

was not significantly associated with future task switching, impulse control and working 

memory at 24-months-of-age.  See Tables 7-9. Results remained consistent after 

adjusting for mom’s violation of still face and infant cognitive ability. As a follow-up 

analysis, we additionally examined the potential for maternal depressive 

symptomatology, known to impact maternal responsivity, as a moderating factor. The 

interaction between average maternal depressive symptomatology from 3-24 months and 

negative emotional reactivity at 6-months remained unassociated with future task 

switching, impulse control, and working memory at 24-months. See Tables 10-12.  
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Table 7. Hierarchical Regression Analysis of Predictors of Impulse Control

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.12 1.36 0.11 1.42 0.12 1.44

Regulatory Behavior 0.05 1.47 0.06 1.53 0.06 1.54

Latency to Distress -0.02 0.01 -0.02 0.01

Maternal Responsivity -0.1 0.19 -0.1 0.19

Latency to Distress X Maternal Responsivity -0.02 0.38

R 2 0.02 0.03 0.03

∆R 2 0.02 0.01 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 8. Hierarchical Regression Analysis of Predictors of Working Memory

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.33 0.16 2.42 0.16 2.44

Regulatory Behavior -0.09 2.41 -0.1 2.54 -0.1 2.56

Latency to Distress 0 0.01 0 0.01

Maternal Responsivity -0.13 0.34 -0.13 0.34

Latency to Distress X Maternal Responsivity -0.04 0.67

R 2 0.04 0.06 0.06

∆R 2 0.04 0.02 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 9. Hierarchical Regression Analysis of Predictors of Categorization Ability 

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.67 0.18 2.8 0.18 2.81

Regulatory Behavior 0.12 3.03 0.12 3.14 0.1 3.16

Latency to Distress 0 0.02 -0.02 0.02

Maternal Responsivity -0.13 0.39 -0.13 0.4

Latency to Distress X Maternal Responsivity 0.09 0.78

R 2 0.05 0.07 0.07

∆R 2 0.05 0.02 0.01

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001
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4.4.2.3. The moderating influence of SES status on the association between negative 

emotionality and future EFs did not reach our significance threshold  

In a separate model, we examined SES status as a potential moderator of an 

association between negative emotionality and future EFs. The interaction between 

income-to-needs and negative emotional reactivity was unassociated with future 

Table 10. Hierarchical Regression Analysis of Predictors of Impulse Control

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.12 1.36 0.12 1.42 0.12 1.43

Regulatory Behavior 0.06 1.47 0.07 1.54 0.05 1.59

Latency to Distress -0.04 0.01 -0.05 0.01

Maternal Depression 0.05 0.73 0.03 0.75

Latency to Distress X Maternal Depression 0.08 0.27

R 2 0.02 0.02 0.03

∆R 2 0.02 0 0.01

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 11. Hierarchical Regression Analysis of Predictors of Working Memory

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.33 0.18 2.44 0.18 2.46

Regulatory Behavior -0.09 2.41 -0.09 2.56 -0.1 2.64

Latency to Distress -0.01 0.01 -0.02 0.01

Maternal Depression -0.03 1.26 -0.04 1.3

Latency to Distress X Maternal Depression 0.05 0.47

R 2 0.04 0.04 0.05

∆R 2 0.04 0 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 12. Hierarchical Regression Analysis of Predictors of Categorization Ability

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.67 0.18 2.81 0.17 2.84

Regulatory Behavior 0.12 3.03 0.13 3.11 0.12 3.18

Latency to Distress -0.05 0.02 -0.05 0.02

Maternal Depression 0.11 1.53 0.09 1.59

Latency to Distress X Maternal Depression 0.07 0.56

R 2 0.05 0.06 0.06

∆R 2 0.05 0.01 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001
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measures of task switching, impulse control, or working memory at 24-months-of-age. 

See Tables 13-15. However, there was a significant main effect of SES status on shifting 

ability, such infants not living in poverty had greater shifting ability than infants living in 

poverty (β= 0.39, p<0.01). Additionally, a trend level main effect of SES status on 

working memory was found (β= 0.23, p< 0.1) indicating infants not living in poverty had 

greater working memory than infants living in poverty. Thus it appears that SES did not 

moderate an association between negative emotional reactivity and future EFs in this 

sample.  
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4.5. Discussion 

4.5.1. Summary of Results 

The current study evaluates associations between early regulatory strategies, 

emotional reactivity in infancy and subsequently emerging EF during toddlerhood. Visual 

attentional orienting, an early emerging regulatory strategy, moderated associations 

Table 13. Hierarchical Regression Analysis of Predictors of Impulse Control

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.12 1.36 0.14 1.41 0.14 1.39

Regulatory Behavior 0.06 1.47 0.09 1.54 0.12 1.54

Latency to Distress -0.06 0.01 -0.07 0.01

SES Status -0.14 0.59 -0.17 0.58

Latency to Distress X SES 0.2 0.29

R 2 0.02 0.04 0.08

∆R 2 0.02 0.02 0.04

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 14. Hierarchical Regression Analysis of Predictors of Categorization Ability

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.67 0.14 2.63 0.14 2.66

Regulatory Behavior 0.12 3.03 0.05 3 0.05 3.02

Latency to Distress 0.06 0.02 0.07 0.02

SES Status .38** 1.13 .39** 1.14

Latency to Distress X SES -0.02 0.57

R 2 0.05 0.19 0.19

∆R 2 0.05 0.14 0

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001

Table 15. Hierarchical Regression Analysis of Predictors of Working Memory

Predictor Variables Regression 1 Regression 2 Regression 3

β S.E. β S.E. β S.E.

Percentage Gaze Away 0.18 2.32 0.15 2.41 0.14 2.4

Regulatory Behavior -0.09 2.41 -0.12 2.54 -0.16 2.57

Latency to Distress 0.02 0.01 0.04 0.01

SES Status 0.21 1.02 0.23† 1.02

Latency to Distress X SES -0.16 0.51

R 2 0.04 0.08 0.12

∆R 2 0.04 0.04 0.02

†p<0.1,*p<0.05 , **p<0.01, ***p<0.001
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between emotional reactivity during infancy and emerging EF skills in toddlerhood. In 

particular, two potential phenotypes in infancy emerged as associated with greater EF 

skills in toddlerhood, a high regulatory ability- high emotional reactivity phenotype, and 

a low regulatory ability- low emotional reactivity phenotype.  

 

4.5.2. Attentional orienting moderates a relationship between negative emotional 

reactivity and future EF  

Researchers have proposed several models in which attentional control is 

considered to be a core component of working memory  (Baddeley, 1996; Cowan & 

Morey, 2006; Kane & Engle, 2002; Klingberg et al., 2002). Moreover, both attentional 

control and working memory have been shown to have some of the same neural supports, 

including the superior frontal and intraparietal cortex (Klingberg et al., 2002; Reynolds & 

Romano, 2016). In adulthood, greater attentional control has been associated with greater 

working memory (Conway et al., 2001). Specifically, adults who are able to retain longer 

digit spans are able to maintain attention in the face of distracting stimuli. In infancy, the 

development of attentional orienting systems have been hypothesized to support early 

emerging working memory (Reynolds & Romano, 2016). Moreover, greater attentional 

orienting in infants has been associated with greater EF in toddlerhood (Kraybill et al., 

2019). Interestingly, we did not find main effects for attentional orienting or negative 

emotional reactivity on future EF, though our results fit well into this framework, and add 

a regulatory component, as attentional orienting is often a regulatory strategy employed 

by infants to reduce negative affect (Stifter & Braungart, 1995). Additional work in 

adults suggests improvements in working memory result in subsequent improvements in 
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attentional orienting and reductions in trait anxiety (Sari et al., 2016). Our work suggests 

associations between attentional orienting, working memory and negative emotionality 

may exist already in early life.  Given the relationship between attentional orienting, 

working memory, and negative emotionality, it is unsurprising that attentional orienting 

and negative emotional reactivity in infancy interact to predict future working memory in 

toddlerhood. 

 

4.5.3. Emerging emotion regulatory skills in infancy appear to be relevant for 

emerging EF skills in toddlerhood 

While prior work has considered the caregiving environment as a key factor 

interacting with negative emotionality to influence subsequent outcomes (Belsky et al., 

1998; Poehlmann et al., 2011), this current study considers the infants own emerging ER 

skills as a key factor as well. Specifically, prior results indicate children with higher 

negative emotionality are more vulnerable to negative parenting, but also benefit more 

from positive parenting supporting the differential susceptibility model (Slagt et al., 

2016).  In line with this model, it appears that infants with greater negative emotional 

reactivity require more regulatory ability and infants with lower negative emotional 

reactivity require less regulatory ability to develop EF skills over time.  

 

4.5.4. The moderating influence of SES, maternal responsivity and maternal 

depressive symptomatology on the association between negative emotionality and 

future EF did not reach our significance threshold 



119 

 

The present study did not find a reliable moderating effect of SES or the caregiving 

measures on the association between negative emotionality and future EF. While this 

hypothesis was not supported, power for moderating effects was limited.  

However main effects were found between working memory and SES, and 

shifting and SES, such that infants from environments above the poverty line had greater 

EF than infants from environments below the poverty line. Our results are  surprising in 

light of previous work which showed infants high in negative emotionality were more 

susceptible to the effects of both positive and negative parenting, which subsequently 

lead to positive and negative child adjustment respectively (Slagt et al., 2016).  

These findings do not indicate a moderating effect of caregiving on the 

association between infant negative emotionality and subsequent EF. There are several 

possible reasons for this. First, our low sample size resulted in low power which likely 

impacted our results. Next, prior studies have frequently not accounted for variability in 

the infants’ own regulatory capacity. Additionally, in this relatively high functioning 

sample, limited occurrence of high levels of maternal depressive symptomatology or 

severely compromised caregiving, i.e., limited range on these measures, may have further 

compromised power contributing to the lack of observed moderation. Furthermore, we 

may need to consider the full interaction between negative emotionality, infant regulatory 

ability and the maternal caregiving environment, which we were underpowered to do in 

the current study. Overall, findings suggest the match between an infant’s own ER skills 

and their level of emotionality was more important than the match between their 

emotionality and SES.  
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4.6. Limitations and Future Directions 

 While this study adds a significant contribution to the existing literature, a variety 

of limitations exist. Firstly, there was likely an impact of the laboratory environment on 

our measures of negative emotional reactivity and regulation. While being able to control 

for random factors may allow for greater accuracy, it also likely misses key aspects of the 

home environment which influence these measures in typical day to day life. Future work 

should include parental self-report measures to allow for observation of infant behavior 

over a longer period of time across different contexts (Pelham, 1993; Stifter et al., 2006). 

Measures in the home environment likely provide a more holistic view on EF ability, 

attentional orienting and regulatory behaviors. Secondly, the lack of quantifying specific 

regulatory behaviors, due to inability to achieve reliability, may have prevented us from 

seeing a relationship between more general regulatory behaviors and future EF. Specific 

regulatory behaviors may moderate an association between negative emotionality and EF. 

For example, given that greater sensorimotor ability is associated with greater  EF 

(Gottwald et al., 2016), it is possible that motor ER behaviors may moderate an 

association between negative emotionality and future EF. Thirdly, because our measure 

of maternal responsivity was only assessed when infants were 6-months-of-age, and due 

to our reduced power, we have a limited capacity to consider how changes in maternal 

responsivity over this postpartum period may relate to EFs in toddlerhood. Lastly, all of 

our EF tasks required a degree of social engagement, thus infants with more social 

affiliative behaviors may perform better on these tasks outside of their EF abilities.  

 

4.7. Conclusion 
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Overall our findings indicate that regulatory ability in the form of attentional 

orienting moderates an association between negative emotionality and future EF. It 

appears that a match between levels of negative emotional reactivity and regulation skills 

during infancy helps lay a foundation for improved EF skills in toddlerhood. When 

considering the different pathways to better EF skills in toddlerhood, certain factors may 

increase risk for specific psychopathologies in adulthood. While greater negative 

emotional reactivity paired with greater regulation may be associated with better EF in 

toddlerhood, there could be a cost for this in adulthood, depending on the emotion 

regulatory strategy employed. For example, individuals with anxiety disorders experience 

increased negative emotional reactivity (Tan et al., 2012), actively engage in a harmful 

ER strategy known as suppression (Amstadter, 2008) and tend to have greater EF abilities 

(White et al., 2017). Thus it is possible that while these phenotypes lead to better EF in 

toddlerhood, they may be associated with future psychopathology or future positive 

development.   
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Supplementary Material  

 

 
 

 Variable Percentage

Infant Sex

Male 53.8

Female 46.2

Highest level of maternal formal education

Primary, Elementary, or Middle School 2.8

High School or GED 13.2

Technical or Vocational School 9.4

Some College, but no degree 31.1

Associates Degree 6.6

Bachelors Degree 22.6

Graduate Degree 11.3

Certificate 2.8

Mom's race/ethnicity

White non-Hisp 42.5

Black non-Hisp 1.9

Asian non-Hisp 6.6

Other non-Hisp 0.9

Mult races non-Hisp 7.5

White Hisp 34

Asian Hisp 1.9

Other Hisp 1.9

Mult races Hisp 2.8

Total Income

Below $15,000 10.4

$15,000 - $29,999 17.9

$30,000 - $49,999 22.6

$50,000 - $100,000 36.8

Over $100,000 12.3

Table 1. Demographics



123 

 

 Ta
b

le
 2

. I
n

te
rc

o
rr

e
la

ti
o

n
s V

ar
ia

b
le

s
(1

)
(2

)
(3

)
(4

)
(5

)
(6

)
(7

)
(8

)
(9

)
(1

0)

(1
)M

at
e

rn
al

 R
e

sp
o

n
si

vi
ty

1.
00

(2
)C

o
gn

it
iv

e
 A

b
il

it
y

.2
01

*
1.

00

(3
)R

e
gu

la
to

ry
 B

e
h

av
io

r 
P

re
se

n
t

0.
01

0.
06

1.
00

(4
)A

w
ay

-0
.0

9
-0

.1
5

-0
.0

2
1.

00

(5
)W

o
rk

in
g 

M
e

m
o

ry
-0

.1
4

-0
.0

1
-0

.1
1

0.
19

1.
00

(6
)I

m
p

u
ls

e
 C

o
n

tr
o

l
-0

.1
1

-0
.0

6
0.

06
0.

12
0.

08
1.

00

(7
)I

n
co

m
e

-t
o

-n
e

e
d

s 
ra

ti
o

0.
17

0.
12

0.
15

0.
11

0.
20

-0
.1

2
1.

00

(8
)A

ve
ra

ge
 M

at
e

rn
al

 D
e

p
re

ss
iv

e
 S

ym
p

to
m

at
o

lo
gy

-.
20

7*
-0

.0
4

-0
.0

8
0.

06
0.

00
0.

05
-0

.1
8

1.
00

(9
)N

e
ga

ti
ve

 e
m

o
ti

o
n

al
it

y
0.

01
-0

.1
8

0.
17

0.
08

0.
00

0.
01

-0
.0

9
0.

08
1.

00

(1
0)

C
at

e
go

ri
za

ti
o

n
 a

b
il

it
y

-0
.1

5
0.

08
0.

14
0.

20
0.

24
0.

25
.3

90
**

0.
12

0.
05

1.
00

(1
1)

M
o

m
's

 v
io

la
ti

o
n

 o
f 

st
il

l-
fa

ce
-0

.0
1

0.
13

.3
21

**
-.

28
7*

*
-0

.0
6

0.
12

-0
.0

6
-0

.1
7

-0
.0

8
0.

02

†p
<0

.1
,*

p
<0

.0
5 

, *
*p

<0
.0

1,
 *

**
p

<0
.0

01



124 

 

Chapter 5: Discussion 

5.1. Overview of findings from Study 1 and 2 

This dissertation presents work from three research studies which investigate the 

extent to which infants early brain functioning and emerging emotion regulation relate to 

subsequent behavior problems and executive functioning in toddlerhood. Results from 

the first study revealed that already by the time of birth, individual differences in 

amygdala connectivity are relevant for the expression of fear and sadness over the first 

two-years-of-life. On average, developmental patterns of change in fear and sadness 

involved an increase over the first year of life followed by a decline through the second 

year of life. This indicated, as prior work has (Bridgett et al., 2009; Partridge, 2007) that 

changes in negative affect in early life, including an increase during the first 12-months, 

are a normative part of development. Interestingly, examination of the rs-fcMRI of the 

neonatal amygdala revealed that components of negative emotionality had distinct neural 

supports evident already soon after birth.  Specifically, coordinated functioning between 

the amygdala and anterior insula supported fear development, while coordinated function 

between the amygdala and ventromedial prefrontal cortex supported sadness 

development. These connections appear to be associated with individual variability in the 

early developmental trajectory of negative emotionality.  

While our first study discovered that the early development of distinct aspects of 

negative emotionality had distinct neural supports, to further this work, our second study 

examined associations between the brain at birth, emotion regulation in infancy, and risk 

for internalizing symptomatology in toddlerhood. Importantly, emotion regulation was 

characterized through behavioral observation of negative emotional reactivity, as opposed 
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to parent report, in this study. Overall results revealed that distinct amygdala connections 

soon after birth supported emerging emotion regulation and future internalizing 

symptomatology. Specifically, neonatal Am-MPFC connectivity was associated with 

emotion regulation, while Am-aI connectivity was not. This suggests coordinated 

functioning between the amygdala and the insula relates more closely to the 

developmental trajectory of negative emotionality. Moreover, regional specificity was 

observed for the MPFC, such that stronger right amygdala-MPFC and weaker right 

amygdala-vMPFC connectivity at birth were associated with greater emotion regulation 

behavior at 6-months-of-age. Already very early in life a distinction appears to exist 

between more dorsal versus ventral MPFC in enhancing versus regulating or dampening 

the expression of negative emotionality.  

After evaluating a-priori connections, we broadened our analysis to examine how 

amygdala connections across the neonatal brain supported emerging emotion regulation.  

Follow-up whole brain analyses demonstrated a pattern of weaker neonatal amygdala 

integration into primary sensory and motor regions and stronger amygdala integration 

into higher order processing regions associated with greater emotion regulation in 

infancy. Next, we examined future implications of emotion regulation in infancy and 

discovered greater emotion regulation in infancy was associated with less internalizing 

symptomatology in toddlerhood. Furthermore, we discovered emotion regulation 

mediated a relationship between amygdala connectivity at birth and future internalizing 

symptomatology. Specifically, emotion regulation mediated relationships between: 

stronger amygdala-vMPFC connectivity and increased internalizing symptomatology, 

stronger amygdala-MPFC connectivity and decreased internalizing symptomatology, and 
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stronger amygdala-V1 connectivity and increased internalizing symptomatology. This 

provides evidence that emerging emotion regulation represents a path through which 

patterns of amygdala coordinated functioning at birth relate to subsequent internalizing 

symptomatology.  

Together results from the first two studies indicate that already soon after birth, 

brain connectivity is associated with behavioral outcomes from 6-24 months of age, 

including negative emotionality and emotion regulation. Study 1 utilizes parental self-

report measures to evaluate how a-priori amygdala connections support emerging 

negative emotionality. Study 2 considers the negative response to a specific stressor as an 

indicator of emotion regulation by adding a behavioral observation. Furthermore, in 

addition to evaluating a-priori connections, study 2 examines whole-brain greyordinate-

wise connectivity of the amygdala, which reveals the potential importance of amygdala 

connections to primary and secondary sensory-motor regions for early emerging emotion 

regulation in infancy. Both studies indicate that the relevance of Am-vMPFC and Am-aI 

for both healthy and maladaptive expressions of negative emotionality, observed across 

the lifespan in prior studies, emerges very early in development. Moreover, both studies 

indicate early specificity in terms of connections related to different aspects of negative 

emotionality (Am-vMPFC versus Am-aI) and connections related to higher or lower 

emotional reactivity (amygdala connectivity to more dorsal versus ventral MPFC). 

 

5.1.1. Conclusions from Study 1 and 2 

5.1.1.1. Neural circuitry from infancy to adulthood relevant for negative 

emotionality and emotion regulation appears to be preserved. 



127 

 

Interestingly, amygdala connections supporting emerging negative emotionality 

and emotion regulation in infancy, appear to support the same constructs in older children 

and adults based on prior studies. In adults, coordinated functioning between the 

amygdala and aI  may be associated with variability in state anxiety, such that stronger 

Am-aI connectivity is associated with greater state anxiety (Baur et al., 2013). Moreover, 

coordinated functioning between the amygdala and vMPFC appears to be associated with 

negative emotionality as indicated by normative and pathological variation in 

internalizing symptomatology in adolescents, and depression, anxiety,  (Burghy et al., 

2012; Connolly et al., 2017; Kim, Gee, et al., 2011b; Roy et al., 2013a; L. Wang et al., 

2013) and emotion regulation (Casey & Lee, 2015; Silvers et al., 2017) in adults. 

Furthermore, amygdala integration into the more dorsal medial prefrontal cortex may be 

associated with emotion regulation in adults, such that stronger Am-MPFC connectivity 

is linked to effective negative affect reduction during reappraisal (Banks et al., 2007; 

Ochsner et al., 2002). Importantly these results suggest that already in early infancy a 

distinction exists between dorsal and ventral MPFC in terms of how the connectivity of 

these regions to the amygdala relates to emotion regulation. Such a distinction has also 

frequently been identified in studies with adults (Etkin et al., 2011; Gee, et al., 2011a) 

and in animal models (Caballero et al., 2019; Peters et al., 2009). Thus amygdala 

connections relevant for negative emotionality and emotion regulation in infancy appear 

to be preserved throughout the lifespan based on comparison of our results with prior 

studies. Longitudinal studies will be needed in the future for direct comparisons to be 

made. Our results have implications for how we understand the development of 
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normative and pathological negative emotionality across the lifespan, and implications 

for interventions aimed at the first year of life.  

Differences in how dorsal and ventral MPFC connections to the amygdala impact 

NE and ER in infants versus older populations may be partially due to age-related 

changes in coupling between these regions. Prior research suggests how activity in the 

amygdala and MPFC is correlated changes from childhood to adulthood. Specifically, 

activity in the MPFC and amygdala may be positively correlated in early in life, which is 

associated with increased emotional reactivity, while activity in the MPFC and amygdala 

may be negatively correlated later in adolescence, which is associated with decreased 

emotional reactivity (Gee et al., 2013). Our results suggest regional differences between 

ventral and dorsal regions exist within the MPFC already soon after birth. Moreover, 

activity in the vMPFC and activity in the amygdala may be positively correlated, such 

that stronger connectivity between these regions results in increased negative 

emotionality and decreased regulatory ability, while activity in the more dorsal MPFC 

and amygdala activity may be negatively correlated, such that stronger connectivity 

results in increased emotion regulation behavior. This raises questions about how 

regional connectivity within the MPFC to the amygdala changes across the lifespan.  

Overall, our findings provide support for potential consistency in terms of patterns 

of amygdala functional connectivity relevant for negative emotionality and emotion 

regulation during infancy and adulthood. Moreover, this indicates some potential 

consistency in the neural mechanisms underlying rudimentary and more developed 

aspects of negative emotionality and emotion regulation.  

 



129 

 

5.1.1.2. Sensory processing and integration regions play a key role in emotion 

regulation in infancy 

Despite the consistency with research in adults, the findings presented in this 

dissertation also indicate a potentially important role for primary sensory and motor 

systems, in emotion regulation in infancy. Specifically, our findings indicate that 

increased amygdala integration into the motor cortex soon after birth may be associated 

with less effective emotion regulation in infancy. Moreover, stronger amygdala 

integration into the visual cortex may be associated with poorer emotion regulation and 

less control of visual attention.  

Why stronger integration into the visual cortex may be associated with weaker 

emotion regulation may be partially explained by the biased competition model of 

attention. This model suggests that there is competition for processing resources in the 

visual cortex. Salient stimuli have an advantage in terms of competition for neural 

representation (Desimone & Duncan, 1995). Amygdala projections to the visual cortex 

influence visual processing according to the valence of the stimulus. Negatively valenced 

stimuli, in particular, evoke stronger responses in the visual cortex and use more 

processing resources (Pessoa & Ungerleider, 2004). Given the negative valence of the 

paradigm employed in our study, the still-face paradigm,(Braungart-Rieker et al., 1998; 

Mesman et al., 2009; Toda & Fogel, 1993) it is possible that increased amygdala 

integration into the visual cortex consumes more processing resources, making it difficult 

for the infant to utilize the regulatory strategy of attention shifting, thus resulting in 

decreased emotion regulation.  
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Increased amygdala integration into the motor cortex soon after birth, is also 

associated with weaker emotion regulation in infancy. Infants engage in a variety of 

emotion regulatory strategies which require motor activity to reduce their negative affect 

(Stifter & Braungart, 1995). In particular self-soothing behaviors such as hand and foot 

clasping, self-manipulation and non-nutritive-sucking are commonly used regulatory 

behaviors (Derryberry & Rothbart, 1981; Thomas et al., 2017). Increased coordinated 

functioning between the amygdala and motor cortex may confer a greater tendency for 

freezing behavior in the face of a negative emotional stimuli (Sagaspe et al., 2011; Xu et 

al., 2019), which potentially impacts the infants ability to engage in these more effective 

strategies for regulating emotions, thus reducing their capacity for emotion regulation.  

Given the association between amygdala integration into motor and visual 

cortices and emotion regulation, and given that emotion regulatory behavior in infancy 

involves rudimentary processes like shifting visual attention and thumb sucking 

(Braungart-Rieker & Stifter, 1996), it is appears that sensory processing and integration 

play a key role in emotion regulation in infancy. Overall, it appears that visual attention 

in infancy is foundational for emerging emotion regulation and therefore our strong 

finding implicating associations between amygdala-visual cortex connectivity and 

emotion regulation is not surprising.  

 

5.2. Overview of findings from Study 3 

The third study showed how the emotional reactivity component of emotion 

regulation, is balanced by a regulatory component to predict subsequent executive 

functioning in toddlerhood. Specifically results indicated attentional orienting ability 
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moderated a relationship between negative emotionality and future shifting and working 

memory ability. Furthermore, results showed that a high emotional reactivity paired with 

high-regulation and low-reactivity paired with low-regulation phenotype at 6-months-of-

age predicted greater executive function skills at 24-months-of-age. This suggests infants 

with lower emotional reactivity may require less regulatory behavior to develop EF skills, 

while infants with greater emotional reactivity may require greater levels of emotion 

regulation to perform better on executive function tasks. Importantly, these results point 

to the potential impact of negative emotionality on executive function, in that greater 

negative emotionality may be associated with reduced executive function if unregulated 

(Feldman, 2009; Ferrier et al., 2014; Sudikoff et al., 2015; Ursache et al., 2012).  

Interestingly, no potential influences in the external environment, previously found to be 

important for supporting development of EF, moderated the association between infant 

emotional reactivity and subsequent EF skills. Intrinsic emotion regulation skills already 

in the first 6-months thus appear to be particularly important for future executive 

functioning.  

 

5.2.1. Study 3 Conclusions 

5.2.1.1. Attentional orienting ability plays a key role in associations between 

negative emotional reactivity in infancy and executive function in toddlerhood 

This study represents an important step in linking attentional orienting ability, 

negative emotionality and executive function. Results indicate attentional orienting 

ability moderates associations between negative emotional reactivity infancy and future 

executive function. This is unsurprising given the role of attentional orienting in 
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emerging emotion regulation and executive function. Specifically, greater attentional 

orienting has been associated with greater executive function in toddlerhood and 

adulthood (Conway et al., 2001; Kraybill et al., 2019). In terms of emotion regulation, 

attentional orienting is commonly employed by infants to reduce negative emotional 

reactivity (Stifter & Braungart, 1995). Thus it is possible that attentional orienting is used 

to decrease negative emotional reactivity in infancy and toddlerhood allowing for 

improved executive functioning. Overall, emotion regulation in infancy already appears 

to be relevant for variability in executive function in toddlerhood. Together our three 

studies improve understanding of how the brain at birth contributes to emerging emotion 

regulation, and how emotion regulation in infancy is associated with future outcomes in 

toddlerhood. 

 

5.3.0. General conclusions across studies 

5.3.1. Already soon after birth the newborn brain confers susceptibility to risk for 

future psychopathology  

Already soon after birth amygdala connectivity relates to emerging risk for future 

psychopathology through its associations with the reactivity and regulation of negative 

affect. The regulation of negative affect is particularly important because it is tied to the 

ability to cope with everyday distress (Riediger et al., 2011). Moreover, difficulties 

regulating negative emotionality comprise a central feature  across many mental health 

disorders (Berking & Wupperman, 2012; Buehler et al., 2007; Cisler et al., 2010; Kring 

& Caponigro, 2010; Svaldi et al., 2012; Weiss et al., 2015). Furthermore, our results 

indicate emotion regulation mediates an association between the brain at birth and 
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internalizing symptomatology in toddlerhood. Given associations between amygdala 

connectivity soon after birth and emotion regulation and negative emotionality in infancy, 

it appears that the newborn brain reflects susceptibility to risk for future 

psychopathology.  

 

5.3.2. Attentional orienting in infancy moderates associations between negative 

emotional reactivity in infancy and emerging executive function 

Already in infancy attentional orienting ability moderates associations between 

negative emotional reactivity in infancy and future executive function. This finding, 

though underpowered due to our low sample size, was in line with prior findings which 

link greater attentional orienting in infants to greater EF in toddlerhood (Kraybill et al., 

2019). Interestingly, we did not find main effects for attentional orienting or negative 

emotional reactivity on future EF, though our results fit well into this framework, and add 

a regulatory component, as attentional orienting is often a regulatory strategy employed 

by infants to reduce negative affect (Stifter & Braungart, 1995). Our results are also in 

line with prior findings linking improvements in executive function to subsequent 

improvements in attentional orienting and reductions in trait anxiety (Sari et al., 2016). 

Our work suggests associations between attentional orienting, executive function and 

negative emotionality may exist already very early in life.   

 

5.3.3. Moderating influence of caregiving environment on associations between the 

newborn brain, emerging emotion regulation and executive function did not reach 

our threshold for significance  
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The moderating influence of the caregiving environment on associations between 

the newborn brain, emerging emotion regulation and executive function did not reach our 

threshold for non-zero effect. Prior studies confirm the importance of the caregiving 

environment for development in these areas (Crockenberg & Leerkes, 2004; Fay-

Stammbach et al., 2014; Esther M. Leerkes & Crockenberg, 2003; Morris et al., 2017). 

Most pertinent to the moderating role of the caregiving environment tested in these 

studies, there is evidence to suggest that implications of neurobiological phenotypes 

during infancy and early emerging ER skills for subsequent development of EF may 

differ depending on the caregiving environment (Frick et al., 2017; Haley & Stansbury, 

2003; Esther M. Leerkes & Crockenberg, 2003; Rhoades et al., 2012). However, studying 

these associations likely requires larger sample sizes and greater power than was 

available here (Marek et al., 2020). It is likely that power here was simply insufficient to 

detect the effect reliably. Moreover, some prior findings have relied upon distressed 

samples to detect moderating effects of the caregiving environment (Grant et al., 2010; 

Miller et al., 2019) whereas this was a normative sample. Inadequate representation of 

low end variation in caregiving may have reduced capacity to detect effects in the present 

studies.  

 

5.4.0. Limitations and Future Directions 

While these studies add a significant contribution to the existing literature, a 

variety of limitations exist. First, we must consider the impact of the laboratory 

environment on our measure of regulatory behavior. While the laboratory environment 

allows for greater control over potential additional causes of variance over a short period 
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of time, it also likely misses key influences, such as context over time, on this measure 

outside of the lab which may be captured through parental self-report measures.  

Alternatively, we must consider the impact of self-report on maternal depressive 

symptomatology. While parental self-report allows for the observation of behavior over a 

longer period of time across different contexts (Pelham 1993, Stifter et al., 2006), there 

are many potential confounding factors that may impact the parental perception. Multi-

method assessment of these constructs including both self-report and observational 

measures will be important for future research. Furthermore, additional factors not 

captured in the current studies may have impacted our measures of both the emotional 

reactivity and the regulatory component of emotion regulation. For example, infant 

mobility has been shown to have an impact on interactions between caregiver and infant 

(Franchak et al., 2018), which may have impacted infant emotion regulation. Future work 

should measure and covary for infant mobility.  

Next, our measure of maternal responsivity was only assessed when infants were 

6-months-of-age, thus we have a limited capacity to consider how changes in maternal 

responsivity over the postpartum period relate to negative emotionality, emotion 

regulation and executive function. The examination of maternal responsivity across 

multiple time points would offer a greater window into how the caregiving environment 

over the first two years of life supports these constructs. Similarly, our measure of 

emotion regulation was only assessed at the 6-month time point, also allowing for a 

limited capacity to consider how changes in emotion regulation in infancy relate to the 

brain soon after birth and executive function. The quantification of emotion regulation 

across multiple time points over the first two years of life could allow for a better picture 
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of how the newborn brain relates to emotion regulation development, which could be 

much more informative.  

Additionally, our sample size was not very large for any of our analyses. Future 

work should attempt to duplicate our findings in a larger cohort, as brain behavioral 

phenotype associations become more reproducible with sample sizes ≥ 2,000 (Marek et 

al., 2020). Moreover, a greater sample size would allow for additional analyses, such as 

the examination of a three-way interaction between components in the external 

environment, such as maternal responsivity, infant negative emotional reactivity and 

infant regulatory behavior in relation to future executive function skills.  

Furthermore, future work should consider how amygdala connectivity at birth 

relates to future attentional control and other regulatory behaviors, to elucidate how the 

brain at birth supports the regulatory component of emotion regulation. Moreover, the 

quantification of specific regulatory behaviors will be needed, to examine how the brain 

soon after birth supports distinct aspects of regulatory behavior.  

In regards to amygdala connectivity, it is likely that subregions of the amygdala 

have distinct connectivity patterns. While our study did not have the resolution to 

evaluate differences in functional connectivity among these subregions, future research 

will be need to test appropriate methods for identifying and segmenting these subregions 

to understand their potentially distinct roles in supporting emerging emotion regulation. 

Furthermore, building on the results of these studies will necessitate taking a systems 

level approach to characterizing brain functional organization. Here we use a-priori and 

seed-based analyses with individualized amygdala regions of interest as a first step in 

understanding the neural foundations of emotion regulation in infancy. However, 
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research in adult populations (Dutta et al., 2019; van der Horn et al., 2016) demonstrates 

that examining brain network organization allows for a more thorough characterization of 

functional brain organization relevant for emotion regulation.  

Lastly, these studies were conducted in a healthy normative population, limiting 

our ability to make conclusions about the impact of psychopathologies on emerging 

emotion regulation. A greater range of maternal responsivity and depressive 

symptomatology may impact associations between the brain at birth, emotion regulation 

in infancy, and emerging behaviors in toddlerhood. For example, for infants high in 

negative emotionality, low maternal responsivity has been associated with less attentional 

orienting-based emotion regulation strategies (Thomas et al., 2017). Our results suggest 

this may have implications for future executive function in toddlerhood. Moreover, 

greater prenatal maternal depressive symptomatology has been associated with increased 

amygdala-insula and amygdala-vMPFC functional connectivity at 6-months-of-age (Qiu 

et al., 2015). Thus it is possible that greater maternal depressive symptomatology may be 

associated with increased infant fear and decreased emotion regulation skills.  

 

5.5. Summary and Conclusions 

 The findings presented in this dissertation help characterize associations between 

the newborn brain, emotion regulation in infancy and executive function in toddlerhood. 

Specifically, they highlight how distinct amygdala connections support emerging emotion 

regulation with consideration of the caregiving environment. Moreover they examine 

how the regulatory component of emotion regulation moderates associations between 

emotional reactivity and executive function at 2-years-of-age. Furthermore, they 
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showcase the importance of investigating brain-behavior relationships on a longitudinal 

scale, as complex developmental trajectories can significantly alter the interpretation of 

findings, depending on the time point. From this work, it can be hypothesized that 

specific amygdala functional connectivity patterns may confer risk for future 

psychopathology already soon after birth. Together our three studies showcase the extent 

to which infants brain functioning soon after birth and early emerging emotion regulation 

interact with hypothesized environmental influences in predicting subsequent behavior 

and executive functioning.  
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