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ABSTRACT
Developmental cognitive neuroscience is an interdisciplinary field seeking to elucidate

the neural basis of cognitive development. With the advent of functional magnetic resonance
imaging (fMRI), researchers have greatly informed our understanding of brain mechanisms
subserving complex neurocognitive processes, such as working memory. Extant neuroimaging
research has revealed core functional neuroanatomical underpinnings of working memory, a
fundamental executive function that underlies youth's cognitive and behavioral development.
Despite the knowledge gained on the links between working memory-associated neural and
behavioral response, current investigations of brain-behavior relations are often devoid of
environmental contexts, and thus leave out knowledge of individual differences. Specifically,
little research has examined how exposure to adverse rearing environments accounts for
variability in the brain-behavior relation. This variability in the brain-behavior relation is
conceptualized as neural efficiency. Psychosocial deprivation, characterized by an absence of
cognitive and positive social stimulation, has been shown to compromise children’s
neurocognitive development. Hence, informed by an ecological approach to developmental

neuroscience, the primary aim of the present study is to investigate if psychosocial deprivation



serves as a moderator in the association between neural response and behavior during a working
memory task (i.e., neural efficiency). To investigate this research aim, I utilized data from the
Adolescent Brain Cognitive Development study, which includes neuroimaging and self-report
survey data from children (N = 11, 878, Mage = 9.48, 47.8% female, 52.0% White) and their
primary caregivers. All study hypotheses were tested within a structural equation modeling
framework. Results showed that psychosocial deprivation significantly attenuated the positive
association between working memory-related neural activation within the frontoparietal network
and attendant behavioral performance. Additionally, psychosocial deprivation significantly
intensified the negative association between neural deactivation within the default mode network
and behavioral performance during working memory challenges. These results suggest that
psychosocial deprivation can compromise children’s working memory-related neural efficiency.
Prevention and intervention programs may promote neural efficiency among children in deprived
environments by creating a more cognitively and socially stimulating environment and providing

working memory training.

INDEX WORDS: Early life stress; Psychosocial deprivation; Working memory; Neural
efficiency; Neural compensation; Preadolescence; Frontoparietal network;

Default mode network
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CHAPTER 1
INTRODUCTION

Understanding the neurobiological bases of behaviors across the life span is among the
fundamental goals of developmental cognitive neuroscience (Munakata, Casey, & Diamond,
2004). The advent of neuroimaging methods, such as functional Magnetic Resonance Imaging
(FMRI), provides us with direct quantification and visualization of neural functions (D. B. Clark
et al., 2013). Using fMRI, neural activity can be regionally estimated and inferred through blood-
oxygen-level-dependent (BOLD) signal — a measure of localized changes in brain blood flow
and oxygenation during task engagement (Buxton, 2013; Ekstrom, 2010; Hillman, 2014).
Strength and patterns of BOLD signals are typically examined in associations with cognitive and
behavioral experimental manipulations (J. E. Chen & Glover, 2015; Glover, 2011). The
utilization of fMRI to measure brain function in vivo has greatly illuminated our understanding
of neural correlates of cognition and behavior.

Despite the knowledge that scientists have gained on links between brain function and
behavior using fMRI methods, a key challenge remains: to account for the heterogeneity in
associations between behavior and neural activity. Little research has examined how exposure to
adverse rearing environment accounts for variability in the association between brain responses
and behavior. The aim of the proposed dissertation is to evaluate whether environmental
psychosocial deprivation, a form of early life stress (ELS) moderates the link between neural
activity and behavioral performance during a working memory task. To that end, | will first

introduce psychosocial deprivation as a critical context that may modulate the link between



neural activity and behavior associated with working memory, a critical domain of executive
function. Next, | will present neural efficiency as a concept that could shed light on individual
differences in this brain-behavior relation. Lastly, | will propose a model in which brain-behavior
associations can be more accurately delineated in varying psychosocial contexts, and to explore
neural processes that support the preservation of cognitive functioning (e.g., manifested as the
maintenance of working memory performance) in a deprived psychosocial context.

Working Memory Related Brain-Behavior Relation

Working memory is broadly defined as a complex cognitive system responsible for the
temporary holding and manipulation of information (Baddeley, 1992; Chai, Abd Hamid, &
Abdullah, 2018). It is a fundamental executive function involved in information processing,
learning, reasoning, problem-solving, planning, and carrying out everyday behaviors (Chai et al.,
2018; Cowan, 2008). Extant research has linked deficits in working memory to a range of
developmental outcomes among youth, including impulsive decision making, substance use risk,
poor social competence, and low academic achievement (McQuade, Murray-Close, Shoulberg, &
Hoza, 2013; Oshri, Hallowell, et al., 2019; Rogers, Hwang, Toplak, Weiss, & Tannock, 2011;
Romer et al., 2009).

Extant fMRI studies have revealed core functional neuroanatomical underpinnings of
working memory, including the dorsolateral prefrontal cortex, inferior parietal lobule, and
supplementary motor area (Braver et al., 1997; B. Casey et al., 1995; B. J. Casey et al., 2018; J.
D. Cohen et al., 1997; Curtis & D'Esposito, 2003; Owen, McMillan, Laird, & Bullmore, 2005;
Owens, Duda, Sweet, & MacKillop, 2018). These bilateral regions comprise nodes of the
executive control network (ECN), which serves as a flexible hub supporting diverse cognitive

processes and other executive functions (Owens et al., 2018; Zanto & Gazzaley, 2013). In



addition to these activated brain areas during working memory tasks (i.e., task-positive regions),
a group of brain regions such as the bilateral medial prefrontal cortex, posterior cingulate cortex,
and inferior parietal lobe, collectively form the default mode network, which decreases levels of
activity during working memory tasks (i.e., task negative regions; Owens et al., 2018). Despite
these consistent patterns of neural responses linked to working memory, studies rarely
investigate the individual differences in the neural response and behavioral performance relation
as a function of exposure to ELS.
Psychosocial Deprivation as a Dimension of ELS

A recent dimensional conceptualization of ELS suggests that early life adversities are
classified into three main dimensions — threat, deprivation, and unpredictability (McLaughlin,
Sheridan, Humphreys, Belsky, & Ellis, 2021; McLaughlin, Sheridan, & Lambert, 2014). The
threat dimension includes stressful experiences that could pose harm or potential harm to a
child's physical integrity, such as physical, emotional, and sexual abuse, as well as domestic and
community violence exposure (Liu, Cui, Duprey, Kogan, & Oshri, 2020; Sheridan &
McLaughlin, 2014; L. Zhang, Cui, Sasser, Carvalho, & Oshri, 2022). Unpredictability
encompasses spatial and temporal variation in environmental harshness (e.g., family or
community violence; Ellis, Figueredo, Brumbach, & Schlomer, 2009; McLaughlin et al., 2021).
Deprivation, in particular, psychosocial deprivation refers to an absence of cognitive and social
stimulation in the rearing environment that is essential to healthy neurocognitive development
(e.g., institutional rearing, physical and emotional neglect; Bick, Fox, Zeanah, & Nelson, 2017;
McLaughlin, Sheridan, & Lambert, 2014). Children growing up in a psychosocially deprived
environment may lack consistent and responsive caregiving, opportunities for adult and peer

interaction, as well as enriching cognitive and social experiences in the home and school



environment. The lack of environmental stimulation and complexity in psychosocial inputs that
characterize deprivation is hypothesized to negatively affect brain regions that support the
development of higher-level cognitive processes (McLaughlin, Sheridan, & Lambert, 2014).
Therefore, the present study focuses on experience of psychosocial deprivation, as it is expected
to be more strongly associated with worse executive function among children than other types of
adverse experiences (e.g., threat).

Psychosocial Deprivation as a Context for Altered Brain-Behavior Relations during
Working Memory

The negative impact of psychosocial deprivation may be severe as it is documented to
exert persistent harmful effects on children’s neurocognitive development (Humphreys et al.,
2020). Developmental research has greatly improved our knowledge of how ELS, such as
psychosocial deprivation, gets "beneath the skin" and casts a lasting influence on one's
physiological and neurobiological systems (Berens, Jensen, & Nelson, 2017; Nelson |11, Zeanah,
& Fox, 2019). A rapidly growing number of studies have elucidated mechanisms, such as altered
brain development, through which adversity becomes "biologically embedded" (Aristizabal et
al., 2020; Berens et al., 2017; Ehrlich, Ross, Chen, & Miller, 2016; Miller, Chen, & Parker,
2011).

From the perspective of biological embedding of ELS, environmental psychosocial
deprivation may lead to perturbations in developmental processes by altering children's stress
physiology and, consequently, brain development (Berens et al., 2017; Hertzman, 2012).
Evidence from psychophysiological and neuroimaging research shows that deprivation can result
in dysregulations of children's stress response systems, culminating in disrupted neural

development in core brain regions that support children's executive functioning, and in particular



working memory (Hanson et al., 2013; Oshri, Hallowell, et al., 2019). In addition to excessive
stress, children raised in psychosocially deprived environments lack enriching and stimulating
experiences essential for healthy brain and cognitive development (Bick et al., 2017). The
absence of critical cognitive stimulation and positive social interactions have been linked to
enduring changes in children's neural development subserving executive function (Bick et al.,
2017; Eluvathingal et al., 2006; Mehta et al., 2009). Indeed, emerging evidence from both
behavioral and neuroimaging research has shown the impact of ELS on youth’s working memory
related behavioral performance and neural responses (D. Johnson et al., 2021; Sheridan, Peverill,
Finn, & McLaughlin, 2017). Therefore, psychosocial deprivation, a form of ELS, might
constitute a putative context to investigate the brain-behavior relation specific to executive
function (i.e., working memory).
Brain-Behavior Relations: Neural Efficiency

One core question that helps to advance our inquiry of the heterogeneity in the brain-
behavior associations is how efficiently neural activity is translated to behaviors and whether this
relative efficiency varies by individual. Neural efficiency describes the degree to which neural
responses are elicited to effectively perform a task (Barulli & Stern, 2013; Li & Smith, 2021,
Ramchandran, Zeien, & Andreasen, 2019). In the present study, neural efficiency is defined as
the strength of the relation between brain function and behavioral performance during a
cognitive (i.e., working memory) task. Hypothesis regarding individual differences in neural
efficiency have been investigated often with aging populations, but rarely among individuals
exposed to ELS (Cabeza et al., 2004; Grady, 2012; Philip et al., 2016; Poldrack, 2015). For
instance, multiple studies have shown that increased activation in task-relevant brain regions do

not relate to increases in performance among older adults, reflecting decreases in neural



efficiency (Colcombe, Kramer, Erickson, & Scalf, 2005; Morcom & Henson, 2018; Zarahn,
Rakitin, Abela, Flynn, & Stern, 2007). In a study on ELS and working memory, Philip et al.
(2016) found that participants exposed to childhood trauma (i.e., child maltreatment) exhibited
greater brain activation in the inferior parietal lobule and inferior frontal gyrus, but worse
behavioral performance than the control group.

Individual differences in neural efficiency have also been reported in studies that
investigate neural compensatory effects. Neural compensation refers to a process by which
greater task-related neural activation is elicited or greater task-unrelated baseline processing is
suppressed to support the same level of behavioral performance during cognitive tasks
potentially due to loss of neural efficiency (Cabeza et al., 2004; Mattay et al., 2006; Philip,
Sweet, Tyrka, Price, Carpenter, et al., 2013; Sweet, Rao, Primeau, Durgerian, & Cohen, 2006).
For example, Mattay et al. (2006) found that senior study participants had equivalent working
memory performance as younger participants, but exhibited greater prefrontal cortical activity.
Additionally, Duda, Owens, Hallowell, and Sweet (2019) revealed that older adults who
performed well on a working memory task elicited more deactivation relative to baseline in the
default mode network. In another neuroimaging study on ELS and working memory, Philip,
Sweet, Tyrka, Price, Carpenter, et al. (2013) showed that study participants who were exposed to
ELS demonstrated greater deactivation in the task-negative brain regions during a working
memory task compared to non-ELS controls. This body of research converges to suggest that the
link between neural response and behavior maybe modulated by factors such as aging or
exposure to life adversity (Philip et al., 2016; Philip, Sweet, Tyrka, Price, Carpenter, et al.,
2013). In addition, the research on neural compensation provides insights into neural

mechanisms that individuals invoke to preserve cognitive functioning despite losses of neural



efficiency.
The Present Study

A large body of literature has shown that brain-behavior relations can be modulated by
individual level differnces such as aging (Grady, 2012). Yet, research that investigates the effect
of ELS dimensions, and in particular psychosocial deprivation, on the link between working
memory related neural activity and behavioral performance remains scarce. Thus, the present
study aims to investigate how neural efficiency in a working memory task is modulated by the
context of psychosocial deprivation. Specifically, I will test whether psychosocial deprivation
moderates the association between neural responses to a working memory task (in both task-

positive and task-negative brain regions) and attendant behavioral performance (See Figure 1).
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Figure 1. Conceptual framework: Neural efficiency in Psychosocially Deprived Context.



Significance and Overview of Study

Decades of research have made it clear that adverse childhood experiences constitute a
critical public health issue as they interrupt normative development, leading to heightened risks
for impairment in executive function (Dodaj, Krajina, Sesar, & Simi¢, 2017; Lambert, King,
Monahan, & McLaughlin, 2017; Masten et al., 2012). These cognitive deficits may subsequently
lead to the development of psychopathology across the life span (Huang-Pollock, Shapiro,
Galloway-Long, & Weigard, 2017; McDermott et al., 2013; Zelazo, 2020). Studies using
nationally representative samples have suggested that adverse childhood experiences contribute
to up to 45% of child-onset and over 30% of adult-onset psychiatric disorders (Green et al.,
2010; Herzberg & Gunnar, 2020; McLaughlin et al., 2010). Given these grave consequences, it is
critical to continue investigating the neurobiological processes disrupted by ELS and identify
mechanisms that contribute to the development of resilience. This knowledge will inform
prevention and intervention efforts that aim to promote health and well-being among youth
growing up in adverse rearing contexts.

In spite of a growing body of research that focuses on psychosocial deprivation and
children's development of executive function, gaps in knowledge remain in the literature (Bos,
Fox, Zeanah, & Nelson lii, 2009; McDermott et al., 2013). First, scarce research exists on neural
and behavioral correlates of working memory in the context of psychosocial deprivation using
community samples of youth. Our understanding of child brain development and functioning
following psychosocial deprivation comes primarily from studies on children raised in
institutions (McDermott et al., 2013). Nevertheless, psychosocial deprivation constitutes a core
dimension of a wide range of experiences that cut across multiple ecological contexts and affects

children of diverse backgrounds. Therefore, more research is needed to understand how



psychosocial deprivation impacts working memory related neural functioning and behavioral
performance utilizing diverse samples of children and youth.

Second, to date, there are few studies incorporating both fMRI and behavioral correlates
to investigate brain-behavior relation specific to working memory in the context of psychosocial
deprivation among youth (Oshri, Hallowell, et al., 2019; Philip et al., 2016; Philip, Sweet, Tyrka,
Price, Carpenter, et al., 2013). Although behavioral research contributes significantly to our
knowledge of the impact of psychosocial deprivation on children's executive function,
developmental cognitive neuroscience research may further shed light on the underlying neural
processes. Furthermore, emerging neuroimaging studies have revealed variations in patterns of
neural responses and behaviors during cognitive tasks that assess executive function among
youth exposed to ELS (Fava et al., 2019; Lim et al., 2015). These findings highlight the
importance of further investigating neural and behavioral correlates simultaneously as well as the
role of ELS in modulating brain-behavior relations.

In order to address these gaps in extant literature and provide informative empirical
evidence to better support the development of effective prevention and intervention efforts, the
present study utilizes data from the Adolescent Brain Cognitive Development Study, which is
composed of preadolescent children aged 9-10 (N = 11,878). The specific aim of the study is to
investigate individual differences in neural efficiency as a result of exposure to psychosocial
deprivation. Specifically, | aim to examine how exposures to environmental psychosocial
deprivation affect the linkages between neural responses and behavioral output during a working
memory task. The current study seeks to augment the literature by further elucidating neural
mechanisms that underlie the link between psychosocial deprivation and youth's working

memory.
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CHAPTER 2
THEORETICAL PERSPECTIVES AND LITERATURE REVIEW

In the current chapter, | will review theoretical and empirical literature that will be used
to generate my central thesis: environmental psychosocial deprivation, a form of contextual ELS
that moderates the link between neural responses and behavioral performance during a working
memory task. To that end, I will present a) an introduction to developmental cognitive
neuroscience as an interdisciplinary field that advances our understanding of neurobiological
bases of cognition and behavior as well as neural development in context; b) the neural basis of
cognition and behavior: the role of working memory in youth’s development and the functional
neural substrates underlying working memory; ¢) on individual differences in brain-behavior
relations: the concept of neural efficiency; d) on considering development in environmental
contexts; e) on theoretical perspectives and models informing research on ELS: rationale for the
focus on psychosocial deprivation as a salient context for altered brain-behavior relation during
working memory; and f) on current findings of behavioral and neuroimaging research on
psychosocial deprivation and working memory.

Developmental Cognitive Neuroscience

In this section, | review developmental cognitive neuroscience as a framework for
studying the neural bases of cognition and behavior and neural development in the
environmental context.
Developmental Cognitive Neuroscience: Understanding Neurocognitive Processes

Developmental cognitive neuroscience is an evolving interdisciplinary field that is
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dedicated to studying the relation between neural and cognitive development across the life span
(Munakata et al., 2004). It draws upon knowledge and methods from disciplines within
psychology, human development, other social sciences, and neuroscience, with the goal of
illuminating the neurobiological bases of cognition and behavior across development (Munakata
et al., 2004). One of the central questions that developmental cognitive neuroscience attempts to
address is how cognitive development is supported by underlying development of brain
structures and functions (M. H. Johnson & De Haan, 2015). With the increased accessibility and
quality of neuroimaging tools for measuring brain structure and function, as well as, carefully
designed behavioral challenges, researchers have made substantial progress in understanding the
neural basis of the development of cognitive functions (Wade et al., 2018).

One of the most used brain imaging technologies that shaped the progress of
developmental cognitive neuroscience is functional magnetic resonance imaging (fMRI; Matejko
& Ansari, 2012). fMRI provides scientists with a noninvasive way to directly quantify and map
neural functions in vivo. When a brain region becomes actively engaged in external cognitive
stimuli, more oxygen is transported through blood vessels as oxygenated hemoglobin to support
these neurons (Matejko & Ansari, 2012). Hence, localized changes in brain blood flow and
oxygenation ratio, namely, the blood-oxygen-level-dependent (BOLD) signal detected by fMRI,
can then be used to infer changes in brain function. The utilization of fMRI has greatly informed
our understanding of brain mechanisms subserving cognitive processes such as language,
attention, and memory. For example, in fMRI studies of working memory, participants are often
asked to perform a memory challenge with alternating task conditions (e.g., block design with
low, high, and no working memory demands). These carefully designed paradigms allow

researchers to link brain activity patterns, neurocognitive processes, to behavioral output (Fair,
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Dosenbach, Moore, Satterthwaite, & Milham, 2021).

In addition to understanding normative neurocognitive development, developmental
cognitive neuroscience also investigates how social and environmental factors such as adverse
childhood experiences influence neurodevelopmental processes and cognitive functioning
(Sheridan & McLaughlin, 2022). A rapidly growing body of literature describes how behavioral
performance and variations in patterns of neural activity during neurocognitive tasks (e.g., of
executive functions) differ as a result of exposure to environmental adversity (D'angiulli, Lipina,
& Olesinska, 2012; Oshri, Hallowell, et al., 2019). One exciting line of inquiry examines the
heterogeneity in neurobehavioral functioning despite similar performance on cognitive tasks
(Philip, Sweet, Tyrka, Price, Carpenter, et al., 2013). These emerging findings highlight the need
to continue to investigate the complex interplay of rearing environment and neural processes in
shaping youth’s cognitive and behavioral development.

Working Memory: Roles in Development and Neural Underpinnings

In the paragraphs below, | review the role of working memory in development, as well as
its neural underpinnings.

The Role of Working Memory in Development

Working memory refers to cognitive processes responsible for the temporary storage and
manipulation of small amounts of information used to perform complex cognitive tasks
(Baddeley, 1992; Chai et al., 2018; Cowan, 2014; Rosenberg et al., 2020). Working memory
plays a central role in youths’ cognitive development, as many aspects of cognitive processes
depend on one’s ability to retain and manipulate information for a relatively short period of time
(Cowan, 2014). For example, to make informed decisions, individuals hold multiple pieces of

information simultaneously, evaluate them, and generate options (Del Missier et al., 2013). To
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solve a word problem in math, children need to retain the problem and available numerical
information in mind, while figuring out what mathematical operations to use. Therefore, working
memory has been regarded as a foundational executive function involved in information
processing, problem-solving, learning, reasoning, decision-making, and goal-directed behaviors
(Baddeley, 1992; Chai et al., 2018). Extant research shows that there are significant individual
differences in working memory, and these differences are predictive of various developmental
outcomes, including internalizing and externalizing behaviors, substance use risks, social
competence, and academic achievement (Huang-Pollock et al., 2017; Tulsky et al., 2014; Xu,
Adam, Fang, & Vogel, 2018).

Indeed, multiple investigations have reported links between working memory and youth’s
academic and mental health outcomes (Andersson, 2008; Aronen, Vuontela, Steenari, Salmi, &
Carlson, 2005; Flouri, Ruddy, & Midouhas, 2017; Gerst, Cirino, Fletcher, & Yoshida, 2017). For
example, using a sample of 6-13-year-old school children, Aronen et al. (2005) investigated the
association between working memory and children’s academic achievement and psychiatric
symptoms. Children’s working memory was measured through a 0-, 1-, and 2-back audiospatial
and visuospatial working memory task. In the visuospatial 0-back task, children were asked to
press “match” (i.e., the left button of a mouse) if the visual stimuli (i.e., light gray squares)
appeared in a pre-determined location, and to press “no match” (i.e., the right button of a mouse)
if any other location. In the visuospatial 1-back and 2-back task condition, children were
instructed to respond with “match” and “no match” to the stimulus one trial back (i.e., 1-back)
and two trials back (i.e., 2-back), respectively. The audiospatial working memory task followed
the same procedure as the visuospatial task, but with auditory stimuli (i.e., tones of 2250 Hz).

Children’s working memory behavioral performance (e.g., percentage of incorrect responses) at
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different memory load levels were averaged into one mean score. The authors found that more
incorrect responses in the auditory task were significantly linked to poorer academic
performance at school. Additionally, poor auditory or visual working memory performance was
significantly associated with increased attention problems and internalizing symptoms (e.g.,
anxiety, depression). This study provides empirical evidence showing that poor working memory
is associated with compromises in various youth’s outcomes.

Further, multiple studies have shown connections between working memory and
substance use risks (Bechara & Martin, 2004; Khurana et al., 2013; Khurana, Romer, Betancourt,
& Hurt, 2017). For example, Peeters, Monshouwer, Janssen, Wiers, and Vollebergh (2014)
identified poor working memory functioning as a risk factor for youth’s alcohol use. In this
study, the authors recruited a sample of 8" grade adolescents who exhibited externalizing
behavioral problems such as aggression, attention problems, and/or hyperactivity. Youth’s
working memory was assessed by the self-ordered pointing task (SOPT). In this task, youth were
shown pictures of everyday objects presented in a grid and asked to follow two sets of
instructions: 1) select a different picture each time and 2) do not select the same location of the
picture twice in a row. The mean of the percentages of error scores over all trials was taken as
the total SOPT score, such that a higher SOPT score indicated poorer working memory
functioning. The results showed that reduced working memory was predictive of adolescents’
alcohol use 6 months later.

Working memory has also been linked to children’s social functioning (Benavides-Nieto,
Romero-L6pez, Quesada-Conde, & Corredor, 2017; Caporaso, Boseovski, & Marcovitch, 2019;
McQuade et al., 2013). For instance, using a sample of typically developing elementary school

children, McQuade et al. (2013) examined the association between working memory and
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children’s social functioning. Children’s verbal and spatial working memory was measured
through the backward administration of Digit Span task and Finger Windows, respectively. In
the Digit Span backward task, children were asked to repeat a series of orally presented numbers
in reverse order. In the Finger Windows backward task, research assistants would touch a pencil
through a series of holes in a specific order on an 8-11-inch card and asked the children to
reproduce the sequence in reverse order by inserting their fingers through the holes. The results
revealed that working memory impairment was linked to increased peer rejection, physical and
relational aggression, poor conflict resolution skills, and worse overall social competence.

In addition to the direct association with youth’s adjustment, working memory may help
promote the development of resilience in situations of adversity such as socioeconomic hardship
and trauma exposures (Masten et al., 2012; Wingo, Fani, Bradley, & Ressler, 2010; L. Wu et al.,
2021). As a core component of executive function, working memory allows youth to integrate
verbal and/or nonverbal information to plan ahead, make informed decisions, solve problems,
and regulate emotions, thereby facilitating their positive adaptation to stressful environments
(Bemath, Cockcroft, & Theron, 2020; Sara M Levens, Armstrong, Orejuela-Davila, & Alverio,
2017; Sara M. Levens & Gotlib, 2010). Indeed, multiple investigations have reported the
resilience-promoting effect of increased working memory (Bemath et al., 2020; Wingo et al.,
2010). Avci et al. (2013) found that better working memory was associated with resilient
functioning (e.g., positive attitudes and knowledge about oneself; positive relationship with
caregivers) among a sample of youth exposed to poverty, family dysfunction, and traumas. In a
recent study, Zhou, Yu, Dong, and Zhang (2022) revealed that increased working memory
mitigated the effects of stressful life events (e.g., academic stress, bereavement, interpersonal

pressure) on children’s socioemotional difficulties. Given the vital role of working memory in
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promoting youth’s positive adjustment and resilience, there is a need for further understanding
individual differences that account for variability in the brain-behavior connections during
working memory tasks. This knowledge may help inform intervention programs designed to
promote youth development through enhancing their cognitive skills (e.g., working memory).
Neural Underpinnings of Working Memory

Working memory is an essential construct in cognitive neuroscience as it plays a central
role in supporting most higher-order complex cognitive functions, such as learning and problem-
solving (Moser et al., 2018). As such, multiple studies have investigated the neural substrates of
working memory (Owen et al., 2005; Owens et al., 2018; Rosenberg et al., 2020; Yaple, Stevens,
& Arsalidou, 2019). Converging evidence revealed a core network underlying working memory,
including the bilateral dorsolateral prefrontal cortex (superior [SFG], middle [MFG], and inferior
frontal [IFG] gyri), dorsomedial prefrontal cortex (supplementary motor area of the SFG),
inferior (IPL) and superior (SPL) parietal lobule, and insula (Braver et al., 1997; B. Casey et al.,
1995; B. J. Casey et al., 2018; J. D. Cohen et al., 1997; Curtis & D'Esposito, 2003; Owen et al.,
2005; Owens et al., 2018). In addition to these task-positive regions that evince increased activity
during working memory challenges, there is a network of brain regions that display task-induced
deactivations relative to baseline (i.e., task-negative regions; Anticevic, Repovs, Shulman, &
Barch, 2010; Sweet et al., 2008). These relative deactivations correspond closely to the more
widely known default mode network, which includes the bilateral medial prefrontal, posterior
cingulate, and inferior parietal cortices (Buckner, Andrews-Hanna, & Schacter, 2008). The
default mode network is most active at rest and least active when external cognitive demands are

present (Buckner, Andrews - Hanna, & Schacter, 2008).

Task-positive Regions associated with Working Memory.
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Superior Frontal Gyrus. The superior frontal gyrus (SFG) is a large region situated in
the prefrontal cortex. It covers about 1/3 of the human frontal lobe (Nissim et al., 2017). The
SFG is thought to contribute to higher cognitive functions, such as proactive control of impulsive
response, and in particular, working memory (Boisgueheneuc et al., 2006; S. Hu, Ide, Zhang, &
Li, 2016). In a study of patients with a left SFG lesion, Boisgueheneuc et al. (2006) found that
those patients exhibited significant deficits in working memory compared to the control groups,
and these deficits were magnified with the increases in task complexity. Alagapan, Lustenberger,
Hadar, Shin, and Frohlich (2019) also demonstrated that low-frequency direct cortical
stimulation of the superior frontal gyrus enhanced study working memory performance.

Supplementary Motor Area. The supplementary motor area (SMA), located in the medial
and superior part of the SFG, has been consistently implicated in cognitive processes, including
working memory (Cafas, Juncadella, Lau, Gabarrds, & Hernandez, 2018). For instance, Cafias et
al. (2018) found that patients with lesions involving the SMA exhibited worse working memory
performance than healthy controls. Neurons in the SMA respond to external stimuli and mediate
planning and initiation of motor movements (Kaas & Stepniewska, 2002). During fMRI
visuospatial working memory tasks, study participants are usually asked to make button presses
corresponding to “match” or “no match”. As such, the neural activity observed in the SMA
might reflect their preparation and execution of purposeful movements in response to cognitive
stimuli (B. Casey et al., 1998).

Dorsolateral Prefrontal Cortex. The prefrontal cortex, which lies anterior to the
precentral gyrus, has been implicated in subserving complex cognitive behaviors (Friedman &
Robbins, 2022). The dorsal lateral prefrontal cortex (dIPFC) centered on the middle frontal gyrus

of the human prefrontal cortex is specifically linked to executive functions such as working
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memory, selective attention, maintaining abstract rules, and inhibiting inappropriate responses
(Curtis & D'Esposito, 2003; Kobayashi, 2009). The role of the dIPFC in manipulating and
maintaining information in memory (i.e., working memory) has been particularly well-
documented (B. J. Casey et al., 2018; G. Zhang, Yao, Zhang, Long, & Zhao, 2013). In a study
conducted among a group of brain-injured and neurologically healthy veterans, Barbey, Koenigs,
and Grafman (2013) found that damage observed in the dIPFC was associated with deficits in
manipulating information in working memory. Tsuchida and Fellows (2009) also found that
lesions within the dIPFC were related to poor working memory task performance.

Inferior Frontal Gyrus (IFG). The pars opercularis, a sub-region of the inferior frontal
gyrus (IFG), is also often found to be actively engaged during working memory tasks (Owens et
al., 2018). The IFG is suggested to play a significant role in inhibitory control, defined as the
ability to respond appropriately while suppressing inappropriate responses (Aron, Robbins, &
Poldrack, 2004). In a meta-analysis using functional neuroimaging data, Neumann, Lohmann,
Derrfuss, and Von Cramon (2005) found consistent involvement of IFG during inhibitory
control. This is essential during working memory, as it is needed to inhibit the retrieval of, and
responses to irrelevant stimuli that would otherwise decrease performance (Nissim et al., 2017).

Inferior and Superior Parietal Lobule. The inferior parietal lobule (IPL) is a core neural
substrate that underpins diverse cognitive processes (Caspers et al., 2013). Situated at the
convergence zone of visual, auditory, and somatosensory cortices, the IPL is implicated in
visuospatial attention and sensorimotor integration (Caspers et al., 2013; Johns, 2014). The IPL
is also found to be involved in motor planning and preparation, which is a subordinate cognitive
and behavioral function essential to working memory tasks (Caspers et al., 2013; Caspers, Zilles,

Laird, & Eickhoff, 2010). In a recent meta-analysis investigating the executive processes of
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working memory, Nee et al. (2013) also suggested the prominent role of the IPL in shifting and
giving elaborative details about the focus of attention in working memory. This process is
important when individuals need to keep mental representations of multiple items active. The
superior parietal lobule (SPL), another subdivision situated at the top of the parietal lobule, is
also found to be extensively involved in visuospatial perception and attention, processes that are
integral to performing working memory tasks (Johns, 2014).

Insula. In addition to the frontal-parietal regions that support working memory, neural
activity in the insula has been linked to working memory (Owens et al., 2018). The insula is a
part of the cerebral cortex located deeply within the lateral fissure separating the frontal and
parietal lobes from the temporal lobe (Cechetto & Topolovec, 2002; Uddin, Nomi, Hébert-
Seropian, Ghaziri, & Boucher, 2017). The insula is thought to be involved in diverse functions
such as interoception (i.e., perception of body’s inner sensations), self-awareness, salience
detection, emotion, and cognition (Uddin, Kinnison, Pessoa, & Anderson, 2014). The insula is
also a key node of a salience brain network, which supports complex cognitive functions through
connections with other networks to integrate relevant sensory, emotional, and cognitive
information (Menon, 2015; Menon & Uddin, 2010). Yaple et al. (2019) suggested that the insula
plays a role during working memory tasks as it enables individuals to filter various incoming
sensory stimuli and stay focused on task-relevant stimuli.

Task-negative Regions associated with Working Memory.

Default Mode Network. Besides brain regions that are typically activated during working
memory tasks, a group of brain regions such as the bilateral medial prefrontal cortex, posterior
cingulate cortex, and inferior parietal lobe near the temporoparietal junction have been shown to

decrease levels of baseline activity during working memory tasks (Owens et al., 2018). These
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task-negative brain regions overlap substantially with the Default Mode Network (DMN), which
is more active when the brain is at rest and less active when there are external cognitive demands
(Buckner et al., 2008). DMN activity has been specifically linked to internally directed or self-
generated thoughts, such as mind-wandering, remembering the past, imaging the future, and
thinking about oneself (Andrews-Hanna, Smallwood, & Spreng, 2014). The suppression of
DMN during working memory tasks might reflect individuals’ ability to reduce goal-irrelevant
cognitive processes (e.g., mind-wandering) in support of goal-directed cognition and behaviors
(Anticevic et al., 2012).

Individual Differences in the Brain-Behavior Relations: Neural Efficiency

Extant functional neuroimaging studies have revealed a consistent pattern of neural

activity that supports working memory (Braver et al., 1997; J. D. Cohen et al., 1997; Owens et
al., 2018; Rosenberg et al., 2020). Greater neural activity in task-positive regions has been
generally associated with enhanced working memory performance (Chein, Moore, & Conway,
2011; Nyberg, Dahlin, Stigsdotter Neely, & Backman, 2009; Osaka et al., 2003; Ullman,
Almeida, & Klingberg, 2014). Similarly, greater deactivation relative to baseline in task-negative
regions have been linked to better working memory performance (Anticevic et al., 2010; Sweet
et al., 2008). Despite the established links between working memory related neural response and
behavioral performance, less is known on the environmental conditions that generate individual
differences in the strength of this link. Given that adverse rearing environments has been
associated with compromised neurocognitive development, ELS might be a context from which
substantial individual differences in brain-behavior relation emerge. Such heterogeneity in the
brain-behavior relation might be explained by individual disparities in neural efficiency as a

result of exposure to ELS (Karlsgodt, 2015).
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In general, neural efficiency is defined as the degree to which neural responses are
elicited to effectively perform a task (Barulli & Stern, 2013). In the present study, neural
efficiency describes the strength of relation between brain function and behavioral performance
during a cognitive (i.e., working memory) task. In this regard, higher neural efficiency suggests a
stronger relation between neural response and behavioral performance. On the other hand,
functional over-recruitment of neural resources in task-positive regions or excessive relative
deactivation in task-negative regions are regarded as markers of lower neural efficiency (Barulli
& Stern, 2013; Qiu et al., 2019). In other words, lower neural efficiency is characterized by a
weaker association (e.g., more disassociation) between brain response and behavioral
performance. Hence, increases in neural response among people with low neural efficiency do
not result in as much improvement in behavioral performance as individuals with high neural
efficiency.

The concept of neural efficiency has been extensively applied to study and explain
individual or group differences in the link between neural response and behavioral output among
older adults (Grady, 2012; Poldrack, 2015). However, scarce research has investigated whether
ELS affects neural efficiency among youth. In the aging literature, neural efficiency has been
used to characterize individual differences in brain-behavior relations attributable to advancing
age (Grady, 2012). Extant research shows that the aging brain undergoes a series of structural
and functional changes (Farokhian, Yang, Beheshti, Matsuda, & Wu, 2017; Persson et al., 2005).
Scholars have proposed that these neural changes accompanying aging might induce a loss of
neural efficiency and make the brain work harder to meet external cognitive demands (Grady,
2012; Reuter-Lorenz & Cappell, 2008). These changes may include reductions in gray and white

matter structures, loss of synaptic connections, loss of white matter integrity, and weaker neural
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network structural and functional connectivity (Carp, Gmeindl, & Reuter-Lorenz, 2010;
Geerligs, Renken, Saliasi, Maurits, & Lorist, 2014; Kaup, Mirzakhanian, Jeste, & Eyler, 2011;
Stern, 2009; Varangis, Habeck, Razlighi, & Stern, 2019).

For example, some studies have revealed that increased activity in task-relevant brain
regions among older study participants does not always result in better behavioral performance,
which reflects age-related declines in neural efficiency (Colcombe et al., 2005; Morcom &
Henson, 2018). In a neuroimaging study conducted by Colcombe, Kramer, Erickson, & Scalf
(2005), the authors found that a subgroup of older adults exhibited increased cortical activation
during an inhibitory control task but did not show increases in task performance. Similarly, in an
fMRI study using a large sample of adults on a wide age spectrum, Morcom and Henson (2018)
showed that older adults showed increased prefrontal activity during a memory task, but this
additional neural recruitment did not result in significantly better task performance. These results
suggest that neural resources were not used efficiently among older adults; greater neural
responses did not translate into increases in behavioral performance (i.e., low neural efficiency).

Individual variations in the link between neural responses and behavioral output have
also been reflected in aging literature, in which researchers investigated neurocompensatory
effects in task-positive and task-negative brain regions (Duda et al., 2019; Grady, 2012). Neural
compensatory activation is defined as the recruitment of greater neural resources in task-relevant
brain regions or in additional brain regions that are typically not activated to maintain cognitive
functioning (Cabeza, 2002; Cabeza, Anderson, Locantore, & Mclntosh, 2002). Similarly, neural
compensatory deactivation refers to greater suppression of task-unrelated activity to support
cognitive performance (Duda et al., 2019). Within this body of literature, investigators typically

examine age-related differences in neural responses when older adults demonstrated comparable
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behavioral performance as younger adults (Cabeza et al., 2004; Duda et al., 2019; Mattay et al.,
2006). For example, Mattay et al. (2006) found that senior study participants had equivalent
working memory performance as younger participants, but exhibited greater prefrontal cortical
activity. Likewise, Cabeza et al. (2004) showed that older and younger adults in the study had
similar behavioral accuracy during a working memory task, but older adults displayed greater
activation responses in the prefrontal cortex. In addition, Duda et al. (2019) revealed that older
adults who performed well on a working memory task elicited more deactivation relative to
baseline in the default mode network. Such over-recruitment of task-positive neural resources or
greater deactivation of task-negative regions to support successful cognitive performance have
often been referred to as (successful) neural compensation (Duda et al., 2019; Grady, 2012).
These neural compensatory processes appear to subserve the maintenance of cognitive
functioning among older adults, but also may reflect their declining efficiency in performing
cognitive tasks.

It is well established in the literature that ELS, including psychosocial deprivation, can
negatively affect neurocognitive development (Ansell, Rando, Tuit, Guarnaccia, & Sinha, 2012;
De Bellis et al., 2002; Hanson et al., 2013; Hanson et al., 2012; Tomoda et al., 2009). Despite the
existing empirical evidence supporting individual differences in neural efficiency, scarce
research has investigated if exposure to ELS can contribute to this effect. It is hypothesized that
children in more deprived environment may not be able to use neural resources as efficiently as
children in more enriching and stimulating environment. For example, as neural activation
increases, children from deprived environments might not be able to exhibit the same level of
increase in behavioral performance as those in less deprived environment. The current study

proposes that ELS, in particular, psychosocial deprivation, influences youth’s neural efficiency
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during a working memory task.
Considering Development in Environmental Context

Contemporary research on human development across the life span suggests that
individuals’ development and functioning cannot be isolated from their embedding
environmental contexts (Bronfenbrenner & Morris, 2007; Magnusson & Stattin, 2006). In
particular, developmental ecological frameworks suggest that a holistic insight of developmental
phenomena would necessitate consideration of the complex interplay of individual and
contextual factors. For example, the bioecological theory of human development from
Bronfenbrenner and Morris (2007) centered on the role of environment in shaping development.
This theory highlights the powerful influence of people (e.g., caregivers, peers, teachers) and
interpersonal relationships (e.g., family relationships) within a child’s rearing environment on
development. Similarly, the person-context interaction theory from Magnusson and Stattin
(2006) views that an individual is part of an integrated and dynamic person-environment system.
As such, the individual’s ongoing functioning cannot be fully understood without knowledge of
their surrounding environment. The ecological models on human development have guided
decades of research in delineating how proximal, and distal ecological contexts shape
developmental trajectories (F. R. Chen & Raine, 2018; Cummings & Schatz, 2012; Luengo
Kanacri et al., 2017).

With neuroscience being increasingly integrated into research on child development,
researchers have advocated for an ecological approach to examine the developing brain (Hyde et
al., 2020). This ecological neuroscience approach places the developing brain within multiple
ecological contexts and seeks to elucidate how environmental inputs impact brain structures and

functions (Hyde et al., 2020). Accordingly, integrating the ecological approach with
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developmental cognitive neuroscience is vital to having a fuller understanding of children’s
neurocognitive development and functioning. Hence, the study of individual differences in the
brain-behavior relations needs to account for a child’s early rearing environment.

Theoretical Perspectives and Models Informing Research on Early Life Stress

Developmental cognitive neuroscience has contributed significantly to our understanding
of the impact of ELS, including psychosocial deprivation on neurocognitive development
(Goodman, Freeman, & Chalmers, 2019). A substantial amount of work from animal and human
research shows that a deprived rearing environment can lead to a number of changes in neural
architectures and function, such as decreases in brain volume, synaptic connections, and cortical
thickness, as well as functional connectivity (McLaughlin, Weissman, & Bitran, 2019). These
structural and functional alterations may subsequently lead to a loss of neural efficiency,
meaning that it is possible that neural activity may not be as efficient in producing behavioral
outcomes among children raised in adverse rearing contexts. In the following section, I will
introduce psychosocial deprivation as a dimension of ELS, by briefly reviewing the three
prevailing approaches in conceptualizing ELS: cumulative risk, specificity, and dimensional
approaches to ELS. In addition, I will provide rationale for the potential role of psychosocial
deprivation in moderating the brain-behavior relation specific to working memory.
Cumulative Risk

Studies that adopt a cumulative risk approach measure the number of various types of
adversities experienced as a composite score and use this score to predict developmental
outcomes (Oshri, Hallowell, et al., 2019; Treat, Sheffield Morris, Williamson, Hays-Grudo, &
Laurin, 2019). This approach considers that adversities do not happen in isolation, and has

provided a wealth of empirical evidence on the negative association between ELS and youths’
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adjustment (Lima, Caughy, Nettles, & O’Campo, 2010). For instance, exposure to multiple
adverse experiences are more robustly linked to children’s adjustment than are single exposures
(Appleyard, Egeland, van Dulmen, & Alan Sroufe, 2005; Jaffee, Caspi, Moffitt, Polo-Tomas, &
Taylor, 2007). Models of cumulative adversity, however, fail to identify distinct forms of ELS
and their disparate developmental and neurobiological consequences (McLaughlin, Sheridan, &
Lambert, 2014).
Specificity Approach to Risk

Research predicated on the specificity approach focuses on specific types of adverse life
experiences, such as socioeconomic hardship (Ming, Zhang, Jiang, Ren, & Huang, 2021) and
child maltreatment types (Mezzacappa, Kindlon, & Earls, 2001). This approach has also
contributed significant knowledge to the link between ELS and youths’ adjustment (D. J. Jones
et al., 2013). For example, prospective studies have documented a consistent association between
poverty and impaired working memory among children and adults (Evans & Schamberg, 2009;
Kokosi, Flouri, & Midouhas, 2021). Similarly, experiences of child maltreatment have been
linked to poor executive function (Fay-Stammbach, Hawes, & Meredith, 2017; Mothes et al.,
2015; Nikulina & Widom, 2013). However, this approach has major limitations (McLaughlin,
Sheridan, & Lambert, 2014). First, this approach fails to account for the co-occurrence among
different forms of ELS. Second, the discrete stressor model assumes that distinct mechanisms are
underlying the associations between different types of adversity and adjustment outcomes. This
assumption has been challenged by a dimensional approach to ELS (Sheridan & McLaughlin,
2014).
Dimensional Approach — Threat/Deprivation, and Harshness/Unpredictability

More recent theoretical frameworks suggest that ELS is a multidimensional construct
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(McLaughlin et al., 2021; McLaughlin, Sheridan, & Lambert, 2014). Accordingly, scholars have
proposed two dimensional models. The first dimensional model proposed by McLaughlin,
Sheridan, and Lambert (2014) distinguishes between experiences of threat and deprivation.
Threat refers to those adverse experiences that pose harm or potential harm to a child’s physical
integrity (e.g., child abuse). On the other hand, deprivation refers to an absence of expected
intellectual, cognitive, and social stimulation essential to healthy development (e.g., institutional
rearing, child neglect). Guided by life history theory from an evolutionary developmental
perspective, the second dimensional model posits harshness and unpredictability as two core
dimensions of environmental adversity (Belsky, Schlomer, & Ellis, 2012; Ellis et al., 2009).
Harshness refers to external causes of morbidity and mortality (e.g., exposure to family and
community violence), while unpredictability encompasses spatial and temporal variation in
environmental harshness (Ellis et al., 2009; McLaughlin et al., 2021). The dimensional approach
to conceptualizing ELS accounts for the fact that different types of adversity are likely to co-
occur. Additionally, it acknowledges core features underlying various adverse experiences with
the goal of advancing research that tries to uncover unique and distinct neural pathways linking
ELS to later developmental outcomes.
The threat-deprivation model

Drawing evidence from animal models and emerging human studies, the threat and
deprivation model of ELS hypothesizes that threat- and deprivation-based adversities exert
adverse effects on youths’ adjustment through at least partially distinct neural pathways
(McLaughlin, Sheridan, & Lambert, 2014). Studies suggest that early threat exposure is
associated with changes in neural circuits that subserve emotion learning, in particular, fear

learning. These neural circuits include brain regions such as the hippocampus, amygdala, and the
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ventral prefrontal cortex (vmPFC) (McLaughlin, Sheridan, & Lambert, 2014). Emerging
evidence shows that experiences of threat were associated with blunted stress reactivity, poor
emotion regulation, and atypical patterns of fear learning reflected in children’s reduced ability
to distinguish threat and safety cues (Lambert et al., 2017; McLaughlin et al., 2016).

On the other hand, experiences of deprivation are hypothesized to be linked to structural
changes (e.g., reductions in cortical thickness) in brain regions that support complex processing
of social and cognitive information, including the prefrontal cortex (PFC), superior and inferior
parietal cortex, and superior temporal cortex (McLaughlin, Sheridan, & Lambert, 2014). This
hypothesis is supported by evidence emerging from research on institutionalized children, who
showed overall decreases in gray matter volume and thickness in brain regions subserving the
development of higher-level cognitive processes, compared to never-institutionalized children
(McLaughlin, Sheridan, Winter, et al., 2014; Sheridan, Fox, Zeanah, McLaughlin, & Nelson,
2012). Moreover, recent studies have shown that compared to threat, experiences of deprivation
have a stronger relation with youths’ performances on tasks requiring executive functioning (D.
Johnson et al., 2021; Lambert et al., 2017; Machlin, Miller, Snyder, McLaughlin, & Sheridan,
2019; Vogel, Perry, Brandes-Aitken, Braren, & Blair, 2021). Informed by this dimensional
approach and its supporting empirical evidence, the present study focuses on experience of
deprivation, particularly psychosocial deprivation, as it is expected to be strongly associated with
the development of executive function among youth. In other words, psychosocial deprivation
would be the most salient context to investigate executive function-specific brain-behavior
relation.

The harshness-unpredictability model

The harshness-unpredictability model is guided by the life history (LH) theory (Ellis et
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al., 2009). LH theory is a theoretical framework for investigating and understanding diversity
and variations in the ways in which organisms (e.g., humans) allocate resources to different life
goals to optimize their evolutionary fitness (e.g., chances of survival and reproduction; Belsky et
al., 2012; Ellis et al., 2009; Griskevicius, Tybur, Delton, & Robertson, 2011; Kim & Hillard,
1999; Stearns, 1992). This theory proposes that individuals’ LH traits, such as timing of puberty,
parental investment, and reproduction timing and rates, lies on a continuum from slow to fast
(Del Giudice, 2020; Nettle, 2010). Variations in the LH traits depend on individuals’ adaptive
trade-offs in allocating limited energy and resources between different life tasks, such as the
trade-offs between survival and reproduction, maintenance and growth, and offspring quality and
quantity (Belsky et al., 2012; Brumbach, Figueredo, & Ellis, 2009; Roff, Mostowy, & Fairbairn,
2002). These trade-offs reply on environmental cues to promote behavioral strategies that can
maximize evolutionary fitness and optimize survival and reproduction chances (Belsky et al.,
2012; Brumbach et al., 2009). When children grow up in a safe and predictable environment,
they are more likely to develop slower life history strategies such as prolonged maturation and
later reproduction (Hawkes, 2006). However, if the early rearing environment is harsh and
unpredictable, individuals are more likely to adopt faster life strategies, including prioritizing
immediate rewards, quicker maturation, and earlier reproduction (Brumbach et al., 2009).
Informed by Ellis et al. (2009), investigators have focused empirical attention on
evaluating unpredictability as a core dimension underlying various adverse experiences (Liu &
Fisher, 2022; McLaughlin et al., 2021). Behavioral research has documented the negative impact
of environmental unpredictability on various child outcomes (Evans, Gonnella, Marcynyszyn,
Gentile, & Salpekar, 2005; Glynn et al., 2018; Howland et al., 2021). For example, a chaotic

family environment (e.g., lack of routine and structure) is linked to increased socioemotional
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maladjustment among children (Evans et al., 2005; Raver, Blair, Garrett-Peters, & Investigators,
2015). Studies have also found a link between economic instability and food insecurity with poor
health and education outcomes among children (Elliott, 2013; Wolf & Morrissey, 2017).

In addition to the negative effects of unpredictability on children’s socioemotional and
behavioral adjustment, emerging evidence shows that unpredictability might also affect
children’s neural development (Liu & Fisher, 2022). In particular, the corticolimbic circuitry has
been proposed as an underlying neural mechanism through which unpredictability confers risk
on development (Gee, 2021; Gee & Cohodes, 2021). In studies of rodents, exposure to
unpredictable maternal signals has been linked to greater amygdalar activity as well as resting-
state functional connectivity between the amygdala and medial prefrontal cortex (M. M. Cohen
et al., 2013; Guadagno et al., 2018). In humans, a recent longitudinal study by Granger et al.
(2021) showed that greater unpredictability of maternal sensory signals during infancy was
associated with greater structural integrity of the uncinate fasciculus, but not hippocampal
cingulum in children 9-11 years old. This resulting imbalance in maturation of corticolimbic
circuits was linked to poor episodic memory. Despite the increasing scholarly interests, research
on unpredictability as a dimension of ELS remains scarce (Liu & Fisher, 2022). Further research
is needed to understand its neurobiological consequences.

Biological Embedding of Early Life Stress in Executive Functions

The biological embedding of ELS describes processes by which adverse early life
experiences get “beneath the skin” and affect various neurobiological systems, leading to adverse
developmental outcomes (e.g., cognitive functioning; Berens et al., 2017). Exposure to
psychosocial deprivation, in particular, is posited to affect youth’s neural development essential

to executive functioning through global stress mechanisms and experience-driven brain
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development (Goetschius, 2021; McLaughlin et al., 2021). In the paragraphs below, | will
present theoretical and empirical support for how psychosocial deprivation may alter neural
structures and functions that subserve youth’s development of executive functioning, and thus
constitutes a critical context that affects youth’s neural efficiency.
Psychosocial deprivation, Dysregulated Stress Response, and Executive Function

One theory that depicts how stress “gets under the skin” is the allostatic load model
introduced by McEwen and Stellar (1993). The allostatic load refers to the “wear and tear” on
the body’s multiple biological systems, resulting from exposure to repeated and chronic
challenges in the environment (Guidi, Lucente, Sonino, & Fava, 2021). The hypothalamic-
pituitary-adrenal (HPA) axis and the sympathetic-adrenomedullary (SAM) system are the body’s
two primary interrelated biological systems responsible for responding to and coping with
environmental stress (Gunnar & Quevedo, 2007). When confronted by stress that threatens or
undermines their socioemotional or physical well-being, the body triggers a series of
physiological and psychological responses in order to adequately cope with the stressors, aiming
to regain homeostasis (Kloet, Joel, & Holsboer, 2005). The hormonal cascades set off by the
activations of the HPA axis (e.g., production of cortisol) and SAM mobilize the body’s resources
to cope with external stress, which allows for healthy day-to-day functioning (Hostinar 2014;
Godoy, et al., 2018). However, repeated and/or extended activations of the body’s stress
response system can lead to allostatic overload, which in turn, leads to dysregulated
physiological responses to future stress (Juster, McEwn, and Lupien, 2010). Dysregulated stress
responses (i.e., hyper- or hypo-response) or allostatic load resulted from repeated exposure to
stress have been shown to induce neurocognitive vulnerabilities (Booth et al., 2015).

Altered stress physiology, such as hyper-responsivity in the HPA axis, has been
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purported as a primary embedding mechanism that relates ELS to deficits in executive function.
Specifically, heightened stress reactivity from exposure to ELS can confer cognitive risks
through altering neural structures and functions in key brain regions supporting neurocognitive
development (Evans & Schamberg, 2009; Hostinar, Stellern, Schaefer, Carlson, & Gunnar, 2012;
Metz et al., 2018). For example, the prefrontal cortex (PFC), which plays a prominent role in
development of complex executive functions, has dense concentrations of glucocorticoid
receptors that are main actors of the stress-response systems (Lupien, McEwen, Gunnar, &
Heim, 2009). Therefore, increased secretion of cortisol resulted from a hyper-responsive stress
response might be detrimental to the PFC, and undermine cognitive development (Blair & Raver,
2012; Raymond, Marin, Majeur, & Lupien, 2018).

In addition to a hyperactive HPA axis, blunted stress response has also been associated
with deficits in cognitive functioning (Wesarg, Van Den Akker, Oei, Hoeve, & Wiers, 2020).
Suor, Sturge-Apple, Davies, Cicchetti, and Manning (2015) indicated that children who
exhibited low cortisol patterns in response to environmental stress might not be able to
efficiently mobilize metabolic resources necessary for learning and memory consolidation. In
addition, low levels of cortisol secretion may hamper synaptic potentiation in the prefrontal
cortex and hippocampus, thus leading to a negative impact on the development of executive
function (Lupien, Maheu, Tu, Fiocco, & Schramek, 2007).
Psychosocial Deprivation, Experience-driven Brain Development, and Executive Function

In addition to exposure to chronic stress in rearing environments that leads to enduring
alterations of neurodevelopmental trajectories, a deprived environment characterized by an
absence of cognitive and positive social stimulation can also compromise neurocognitive

development (Nelson I11 et al., 2019). The anatomical changes crucial to brain maturation, such
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as synaptic pruning and myelination, form the fundamental processes that subserve the
development of higher cognitive functioning (e.g., working memory; Arain et al., 2013; Tierney
& Nelson, 2009). These processes are largely modulated by experiences that continue through
adolescence and into young adulthood (Luna & Sweeney, 2001; Paus, 2005; Spear, 2013;
Tierney & Nelson, 2009). Children reared in deprived environments are often subject to a lack of
intellectual and psychosocial stimulation essential for this experience-driven brain development,
and therefore vulnerable to poor cognitive development (McLaughlin, Sheridan, & Lambert,
2014).

Indeed, extant research shows that experiences of deprivation are linked to changes in
brain morphology, such as widespread decreases in cortical thickness, and reductions in both
gray and white matter volumes, a possible mediating mechanism leading to compromises in
neurocognitive development (Eluvathingal et al., 2006; Humphreys & Zeanah, 2015;
McLaughlin, Sheridan, Winter, et al., 2014; Mehta et al., 2009; Sheridan et al., 2012). For
instance, Edmiston et al. (2011) found that emotional neglect was associated with decreased gray
matter volume in the dorsolateral prefrontal cortex among adolescents without psychiatric
diagnoses. Among youth adopted internationally, Herzberg and Gunnar (2020) showed that post-
institutionalized youth had smaller prefrontal volume and anterior cingulate surface area
compared to youth in a control group. Similarly, among a sample of 110 post institutionalized
children, structural neuroimaging detected significant reductions in prefrontal cortex volume
(Hodel et al., 2015). This body of literature suggests that exposure to psychosocial deprivation
may exert harmful impacts on brain regions essential to executive functioning.

Psychosocial Deprivation and Working Memory

In the section below, I review current literature on psychosocial deprivation and working
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memory. Both behavioral and neuroimaging research will be reviewed. Because there is scant
literature investigating the effects of psychosocial deprivation on working memory utilizing
fMRI methods, I will also review fMRI literature that studies different types of ELS and types of
executive function in addition to working memory.

Behavioral Research on Psychosocial Deprivation and Working Memory

Extant literature has consistently documented a link between psychosocial deprivation
and children’s poor executive function (Bos et al., 2009; Loman et al., 2013; Emily C. Merz &
McCall, 2011). Research on children raised in institutions has provided empirical support for the
negative association between psychosocial deprivation and working memory (Bos et al., 2009;
Pollak et al., 2010; Tibu et al., 2016). For example, Bos et al. (2009) found that early institutional
care was significantly associated with poor visuospatial working memory. Tibu and colleagues
(2016) showed that disruptions of working memory performance significantly mediated the
association between exposure to institutionalization and symptoms of attention deficit
hyperactivity disorder (i.e., ADHD). Similarly, Pollak et al. (2010) revealed that children
adopted from institutions exhibited greater visuospatial working memory deficits than those who
were adopted from foster care.

Beyond institutional rearing, child neglect, a form of psychosocial deprivation, has been
significantly linked to deficits in working memory (Demeusy, Handley, Rogosch, Cicchetti, &
Toth, 2018; Tran, Van Berkel, van ljzendoorn, & Alink, 2017). For instance, using a longitudinal
study of 89 infants, Demeusy et al. (2018) showed that early neglect, assessed by review of Child
Protective Service records, was predictive of poorer visuospatial working memory performance,
which in turn led to higher rates of aggression. Tran et al. (2017) found that lifetime experience

of neglect was linked to poorer working memory performance among a sample of Vietnamese
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adolescents. Similar findings have also been reported in longitudinal studies that incorporated a
dimensional model to ELS. Vogel et al. (2021) found that deprivation as indicated by learning
materials available in the home, sensitive parenting, and consistent caregiver partnerships , was
significantly and inversely related to working memory performance two years later.
Additionally, Schéfer et al. (2022) reported that exposure to deprivation (e.g., measured using
indicators such as neglect and parental absence, etc.), but not threat, was associated with worse
performance on tasks that assessed executive function, including working memory, cross-
sectionally and longitudinally.

Despite the above evidence, research that examines psychosocial deprivation as an
environmental correlate of working memory among community samples of children and
adolescents remains scarce. In addition, children exposed to psychosocial deprivation live in an
environment characterized by more than a lack of consistent and responsive caregiving. They are
also likely to suffer from a lack of opportunities for positive interactions with peers and other
adults in the family and school contexts, as well as varying and enriching daily activities and
experiences (McLaughlin, Sheridan, & Lambert, 2014). Nevertheless, few studies to date
conceptualize psychosocial deprivation as a multilayered construct that spans multiple ecological
contexts that extend beyond the immediate caregiving environment. Furthermore, research that
investigates both behavioral and neural correlates of working memory following exposure to
psychosocial deprivation is limited.

Functional Neuroimaging Research on Psychosocial Deprivation and Working Memory

To date, there is scant research that focuses on examining psychosocial deprivation and
working memory-related functional neural correlates using fMRI. Therefore, in the review

below, I will also include research literature on different types of ELS and studies that have
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examined other types of executive functions in addition to working memory. The study by
Sheridan and colleagues (2017) and Oshri, Hallowell, et al. (2019) are two of the few studies that
examined associations between deprivation and fMRI correlates of working memory. In the
Sheridan et al. (2017) study, the researchers found that parent education level (as a measure of
deprivation) was positively associated with children’s performance on a working memory task.
In addition, the authors found parental education level was negatively associated with neural
activations in MFG, and SPL during the task. Therefore, investigators concluded that children
whose parents had less education exhibited a less efficient neural recruitment pattern in support
of high working memory loads. More specifically, the authors stated that children who had
parents with low education levels showed greater intensity of activation responses in the task-
relevant regions, but performed worse on the task, which suggests weaker neural efficiency.

However, the Sheridan et al. (2017) study has noteworthy limitations. First, investigators
used one indicator, parental education, as an implicit measure of deprivation. Second, there is a
possibility that among children who had parents with low education levels, increased neural
recruitment could result in comparable behavioral performance to those who had parents with
higher education levels. Probing this hypothesis would necessitate testing how the relation
between working memory related neural activity and actual performance changes at different
levels of parental education.

In the Oshri, Hallowell, et al. (2019) study, the researchers measured deprivation through
chronic socioeconomic hardship (measured over three years). The findings revealed that
socioeconomic hardship severity was linked to reduced responses in the middle frontal gyrus and
inferior parietal lobule during a working memory task, which was, in turn, associated with

reduced working memory performance. Although this result provided valuable insights into
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neural mechanisms underlying the effect of ELS (i.e., deprivation) on working memory, it has
some limitations as well. First, socioeconomic hardship, typically indexed by factors such as
level of parental education or poverty status, is used by many investigators as an implicit
measure of deprivation (Lambert et al., 2017; Machlin et al., 2019). However, it does not directly
assess the level of social and cognitive stimulation in the rearing environment (Vogel et al.,
2021). In addition, the study tested working memory-related neural activity as an intermediary
between socioeconomic hardship and behavioral performance. This statistical test assumes a
monotonic relation between working memory-related neural activity and behavioral
performance, which might mask more nuanced individual variability in the brain-behavior
relation.

In another fMRI study of young adults, Raine et al. (2001) found that non-violent
participants with a history of child physical abuse showed lower left, but higher right hemisphere
activation of the superior temporal gyrus during a visuospatial-verbal working memory
challenge. Additionally, they exhibited a strong deficit in task behavioral performance. In a study
of 27 adults, Philip et al. (2016) revealed that compared to controls, participants with a history of
child maltreatment demonstrated greater activation in the expected working memory-related
brain regions (e.g., inferior parietal lobule), but showed worse working memory task
performance. In an earlier study by the same group, greater relative deactivation in the default
mode network appeared to reflect compensatory effects (i.e., greater deactivation to support
working memory performance), as participants had maintained expected working memory
performance levels (Philip, Sweet, Tyrka, Price, Carpenter, et al., 2013). This body of literature
suggests variations in neural efficiency as a result of exposure to ELS. However, these studies

have mostly relied on small sample sizes and were conducted retrospectively with adult
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populations.

Neuroimaging studies on brain response and behavioral performance patterns during
other executive function tasks (e.g., response inhibition) following ELS have revealed varying
patterns of the brain-behavior relation. For example, among a sample of young adults, Lim et al.
(2015) found that greater recruitment of dIPFC during a stop-signal task was linked to
unsuccessful inhibition among abused participants. Another study by Mueller et al. (2010)
investigated the association between ELS and cognitive control assessed through a stop signal
task among a sample of adolescents using fMRI. Adolescents recruited in the ELS group had a
history of child maltreatment or had multiple foster care placements before getting adopted. The
behavioral analysis showed that youth in the ELS group had the same level of behavioral
performance accuracy as youth in the control group during correct inhibition trials. However,
youth in the ELS group exhibited greater recruitment of the inferior prefrontal cortex.

These varying findings may be explained by different types of ELS exposure,
characteristics of study samples, or the different task paradigms used. However, they may also
suggest significant heterogeneity in brain-behavior relations, and that neural responses need to be
investigated along with behaviors to fully understand the influence of adversity on
neurocognitive development. For example, greater activation might suggest successful
compensation in the aftermath of adversity if it is associated with uncompromised behavioral
performance during cognitive tasks. Furthermore, these findings converge to highlight the
importance of providing developmental context to the executive function specific brain-behavior
relation (e.g., children exposed to ELS elicit more neural activity during cognitive tasks). Given
that a cognitively and socially stimulating environment is essential to youth’s development of

executive function, more research is needed to elucidate how psychosocial deprivation affects
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neural efficiency.
Aims and Hypotheses

The primary aim of the present study is to investigate whether psychosocial deprivation is
a source of individual difference that affects the linkages between neural responses and
behavioral performance (i.e., neural efficiency) during an fMRI paradigm that challenges
working memory. Specifically, I aim to test the moderating role of psychosocial deprivation on
the association between working memory-related neural responses and behavioral performance
accuracy. | hypothesize that 1) psychosocial deprivation will attenuate the relation between brain
activation (i.e., BOLD signal) in task-positive regions and behavioral performance accuracy
during a working memory task; 2) psychosocial deprivation will also weaken the relation

between relative deactivation in task-negative regions and behavioral performance accuracy.
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CHAPTER 3
METHODS

In the present study, | used data from the Adolescent Brain Cognitive Development
(ABCD) Study, which were collected from 21 sites across the United States with diverse
socioeconomic, racial-ethnic, and biobehavioral health backgrounds.

Participants and Procedures
Sample

All study hypotheses were tested with data from the ABCD study. The ABCD study is an
ongoing, multi-site longitudinal study that was designed to facilitate investigations of socio-
emotional, behavioral, cognitive, and neurobiological development from pre-adolescent to young
adulthood (Garavan et al., 2018). A baseline cohort of children aged nine and ten years old (N =
11, 878) and their primary caregivers/guardians were recruited from 21 data acquisition sites
across the United States between 2016 and 2018 and will be followed for ten years (Garavan et
al., 2018).

Participants were recruited utilizing multi-stage probability sampling to ensure that they
were representative, as closely as possible, of the sociodemographic characteristics (e.g., age,
gender, race-ethnicity, socioeconomic status, urbanicity) in the US population (Garavan et al.,
2018; Heeringa, West, & Berglund, 2017). The sociodemographic factors under consideration
included age, gender, race and ethnicity, socio-economic status (SES), and urbanicity.
Participants were excluded from being recruited into the ABCD study if a) the child was not

fluent in English, or the child had a parent not fluent in English or Spanish, b) the child had
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major medical or neurological conditions, including a history of traumatic brain injury, and
current diagnoses of schizophrenia, autism spectrum disorder, intellectual disability, or substance
use disorder, c) the child was born prematurely (i.e., gestational age under 28 weeks) or had a
birthweight under 1200g, or d) the child had MRI contradictions, such as having metal implants
(Karcher, O’Brien, Kandala, & Barch, 2019; Thompson et al., 2019). Data were accessed from
the National Institute of Mental Health (NIMH) Data Archive, which included baseline data
(Wave 1; Nw1 =11, 878, 47.8% female, Mage = 9.48). The sample’s racial-ethnic composition
was as follows: 52.3% White, 15.0% Black, 20.3% Hispanic/Latino(a), 2.1% Asian, 10.5%

Other. Detailed sample demographic characteristics are listed in Figure 2.

Child Race-Ethnicity & Child Sex
52%
52% 48% N =6196
(N = 6182) (N = 5682) ( )
20%
15%
] (N=2411) 11%
(N =1784) 2%  (N=1247)  *
(N=252) [ |
White Black Hispénic/ Asian Other o | |
Latnio(a) Female Male
Parental Sex ® Parents Married or Living Together
0 74%
%0- (Ng?ué:ag) 75- (N =8679)
26%
) (N =3103)
30- nn 25
(N=1278)

Male Female No Yes

Figure 2. Demographic characteristics of the ABCD study sample (N = 11,878).
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Figure 2. (continued)

Procedures

All ABCD’s study protocols were approved by the Institutional Review Board of the
University of California, San Diego (#160091). In addition, the Institutional Review Boards
across the 21 data collection sites approved the study (Duncan B Clark et al., 2018; Owens et al.,
2021). Primary caregivers provided consent after the study procedures had been fully explained
and children provided assent to participate in the study (Duncan B Clark et al., 2018). In-person
lab-based assessments, which include self-report survey data collection are conducted annually
(Karcher et al., 2019). The self-report surveys assess aspects of a child’s rearing contexts
including parenting behaviors, family, and school environment. Magnetic Resonance Imaging
(MRI) is conducted every two years (Garavan et al., 2018). Data presented in this study include
baseline (Wave 1) task-based functional MR1 (fMRI) and questionnaire self-report data.

Neuroimaging Acquisition, Processing, and Quality Control



MRI Acquisition

43

The ABCD study used three 3T scanner platforms, including Siemens Prisma, General

Electric (GE) 750, and Philips. The neuroimaging protocol was harmonized across all 21 sites

(See Table 1 for harmonized imaging parameters). Standard adult-size and multi-channel head

coils capable of multiband echo planar imaging (EPI) acquisitions were used. All ABCD fMRI

tasks are programmed in E-Prime Professional 2.0 version 2.0.10.356 or later (Psychology
Software Tools, Pittsburgh, PA) that works reliably for PC Windows 8.1 or earlier. Children

viewed the tasks through rear projection or goggles and responded to tasks using a Current

Design 2-button box placed at their dominant hand. The response collection box is harmonized

across all tasks and all sites, however, the equipment used for visual display and auditory

delivery varies by sites to accommodate variations in scanner and control room set-up among

sites. Structural images are obtained for anatomical reference using 3D T1-weighted

magnetization-prepared rapid acquisition gradient echo scan. Functional scans are acquired using

high spatial and temporal resolution simultaneous multi-slice (SMS)/multiband EPI with fast

integrated distortion correction. Real-time motion detection and correction for structural scans

are implemented using prospective motion correction (PROMO) on the GE, Volumetric

Navigators (vNav) for prospective motion correction and selective reacquisition on the Siemens

and Philips platform (when available).

Table 1. ABCD Harmonized Imaging Scanning Parameters

Scanner Siemens Philips GE

T1 T2 fMRI T1 T2 fMRI T1 T2 fMRI
Matrix 256 x 256 256 x 256 90 x 90 256 x 256 256 x 256 90 x 89 256 x 256 256 x 256 90 x 89
Slices 176 176 60 225 256 60 208 208 60
FOV 256 x256 256 x256 216 x 216 256 x 240 256 x256 216 x 216 256 x240 256 x256 216 x 216
%FOV phase 100% 100% 100% 93.75% 100% 100% 100% 100% 100%
Resolution (mm) 1.073 1.013 2413 1.073 1.073 2473 1.073 1.073 2413
TR (ms) 2500 3200 800 6.31 2500 800 2500 3200 800
TE (ms) 2.88 565 30 2.9 251.6 30 2 60 30
TI (ms) 1060 N/A N/A 1060 N/A N/A 1060 N/A N/A
Flip Angle (deg) 8 Variable 52 8 90 52 8 Variable 52
Parallel Imaging 2X 2x Off 15x2.2 15x20 Off 2X 2X Off
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MultiBand Acceleration Off Off 6 Off Off 6 Off Off
Phase partial Fourier Off Off Off N/A N/A N/A Off Off
Half Scan Factor N/A N/A N/A Off Off 0.9 N/A N/A
Acquisition Time 7:12 6:35 -- 5:38 2:53 - 6:09 5:50

off
N/A

Notes. This information was obtained from Hagler Jr et al. (2019) and B. J. Casey et al. (2018).
FOV = Field-of-view, TR = Repetition time, TE = Echo time, TI = Inversion time, Multiband

Acc. = Multiband acceleration.

Imaging Processing

The neuroimaging data processing was conducted using a series of publicly available
neuroimaging software packages, including FreeSurfer (Fischl, 2012), Analysis of Functional
Neurolmages (AFNI; Cox, 1996), and FMRIB Software Library (FSL; Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012; Smith et al., 2004). Automated registration between the spin-
echo BO calibration scans and T1w structural scans was performed based on within-modality
registration to atlas brains using mutual information (Wells 111, Viola, Atsumi, Nakajima, &
Kikinis, 1996). Initial volumes (8 TRs for Siemens and Philips scanner, 5 TRs for GE DV25, 16
TRs for GE DV26 [DV25 and 26 are scanner operating system versions]) were removed. AFNI’s
3dvolreg command was used to correct head motion by registering each frame to the first. This
was done after removing the first several TRs of the run (see above). This process provided
estimates of head motion time courses that were further incorporated into task-fMRI analyses.
BO distortions were corrected using the reversing polarity method (Holland, Kuperman, & Dale,
2010). The displacement field was estimated from separate spin-echo calibration scans, then
adjusted for estimated between-scan head motion, and lastly applied to the series of gradient-
echo images. Images were corrected for distortions due to gradient nonlinearities (Jovicich et al.,
2006). Between-scan motion was corrected by resampling each scan with cubic interpolation into

alignment with a reference scan (nearest to the middle of the fMRI scans for any given
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participant). In terms of brain segmentation, cortical surface reconstruction and subcortical
segmentation were performed using FreeSurfer v5.3. Cortical regions were parceled and labeled
according to the standard Desikan atlas-based classification (Desikan et al., 2006).

A voxelwise General Linear Model (GLM) procedure was conducted to quantify the task-
specific neural activity at the individual level using AFNI’s 3dDeconvolve command (Cox,
1996). Motion estimates and their derivatives, baseline and quadratic trends in the time-series
fMRI data were included as regressors (Power et al., 2014). Time points with framewise
displacement (FD) greater than 0.9mm were censored (Siegel et al., 2014). The time course of
each type of stimulus in each of the n-back conditions (i.e., 0-back and 2-back) was introduced
into the GLM as predictors, and the 0-back stimuli were modeled as the linear contrast baseline.
The blood-oxygen-level-dependent (BOLD) signals over time were modeled as the dependent
variable in the GLM. A linear contrast of 2-back versus 0-back reflected neural response during
working memory challenge. For each ROI, average GLM beta coefficients across voxels were
computed for each run, and then averaged across two runs, weighted by nominal degrees of
freedom. Based on prior fMRI literature on working memory (Owen et al., 2005; Owens et al.,
2018; Yaple et al., 2019), working memory related neural responses for 11 bilateral ROIs were

extracted for final analyses (See Figure 3.1 and 3.2).
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Imaging Quality Control

The quality control process followed the recommended inclusion criteria for fMRI data
generated by the ABCD study (B. J. Casey et al., 2018). After data collection, datasets were
reviewed and checked for problems, including incorrect acquisition parameters, imaging
artifacts, corrupted data files, incomplete imaging series, etc (Hagler Jr et al., 2019). Tabulated
fMRI data from the EN-back task from 79.96% (N = 9,498) of the baseline sample remained
after initial quality control and protocol compliance check. To be included in future analysis,
additional quality control was applied. The participants needed to meet the following extra
quality control criteria: (1) Data presented no serious incidental radiological findings (e.g.,
unexpected findings of tumor, hydrocephalus, etc.) by a Board Certified Neuroradiologist during
the manual review process (3.17%, N = 377 participants excluded); (2) EN-back average beta
weights degree of freedom (i.e., number of frames remaining after excessive motion censoring
minus number of model parameters) > 200 (0.44%, N = 42); (3) EN-back imaging and E-prime
behavioral data matched or the mismatch does not significantly affect the validity of the data (no
participant excluded); (4) fMRI data available for BO unwarp (0.09%, N =9 participants
excluded); (5) Data passed the FreeSurfer quality control manual review, during which trained
technicians reviewed artifacts and irregularities (3.28%, N = 312 participants excluded); (6)
fMRI data passed post-processing quality control manual review (1.83%, N = 174 participants
excluded); (7) the normalized score indicating the displacement and rotation of fMRI fieldmap
relative to the T1w volume was smaller than 19 (no participant excluded); (8) the fMRI
maximum dorsal and ventral field of views (FOV) cutoff scores (i.e., clipping of the dorsal or
ventral aspect of the cortex) were smaller than 65 and 60, respectively (0.19%; N = 18

participants excluded; 0.23%; N = 22 participants excluded); (9) behavioral performance were



48

acceptable on the EN-back task (i.e., 0-back and 2-back performance accuracy > 60%; 13.75%,
N = 1306 participants excluded); (10) per ABCD data use recommendations, the top and bottom
.25% of ROI neural activity data were winsorized. This means that imaging data of ROI neural
activity within the top and bottom .25% were set to be equal to the values at the 97.75"
percentile and .25 percentile, respectively. Therefore, an EN-back fMRI dataset of 7481
(62.98%) were included in the final analyses.
Functional Magnetic Resonance Imaging (fMRI) Task Paradigm and Processing
Emotional N-back (EN-back) Paradigm

The EN-back is a block-design task that engages youths’ working memory and evokes
emotional regulation and reactivity processes. Youth engaged in two imaging runs totaling 160
trials (10 [trials/block]*8 [blocks]*2 [runs]). Each imaging run has 8 blocked-series of 10 trials
(2.5s each) and 4 fixation blocks (15s each). On each trial, youth are instructed to respond as to
whether the current picture is a “Match” or “No Match.” Within each run, there are 4 blocks of
0-back conditions and 4 blocks of 2-back conditions alternating with each other. For the 0-back
condition, youth are instructed to respond “Match” when the current stimulus is the same as a
target presented at the beginning of the block. For the 2-back condition, youth are asked to
respond “Match” when the current stimulus is the same as the one shown two trials back. At the
beginning of each block, a 2.5s cue (i.e., instruction) is presented on the screen to indicate
whether the task type is 0-back (shown on the screen as “target = a photo of the target stimuli” or
2-back (shown on the screen as “2-back”). Further, a 0.5s colored fixation cross will appear right
before each block’s instruction to alert the child of a switch in the task type. Each trial was
consisted of a stimulus (i.e., a picture) presented for a duration of 2s, followed immediately by a

0.5s fixation cross (i.e., interstimulus interval). The emotional component of the EN-back task
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contains 4 emotional stimulus types, including happy, fearful, and neutral facial expressions as
well as one landscape control stimulus (i.e., pictures of places) (Casey et al., 2018; Tottenham et
al., 2009). There is a total of 160 trials across 4 different stimulus types presented in separate
blocks in each run, with each block containing only one type of image (i.e., stimulus). To assess
neural responses evoked by the working memory component, which is the focus of the study, the
main contrast is the block design analyses contrasting the 2-back and 0-back conditions (8 blocks
each).
Emotional N-back (EN-back) Behavioral Assessment

Children’s behavioral performance measures on average reaction time for all correct
responses, number of correct responses, the rate of correct responses, and the standard deviation
of the reaction time for all correct responses are calculated. These behavioral performance
measures are calculated by each stimulus type (e.g., positive faces, negative faces), working
memory condition (e.g., 0-back, 2-back), and combinations of the two (e.g., 0-back positive
faces, 2-back negative faces). In the present study, the rates of correct trials (i.e., behavioral
accuracy) for the two memory conditions (i.e., 0-back and 2-back) are used as primary
behavioral measures, which are obtained by calculating the percentage of correct trials (i.e.,
correct positive and correct negatives) for the 0-back low memory load and the 2-back high
memory load condition, respectively. Poor performance is indicated if the overall response
accuracy for the 0-back or 2-back blocks is less than 60%. The comparison of the 0-back and 2-
back memory conditions allows for the assessment of neural activations associated with working
memory as opposed to cognitive function more generally. Behaviorally, a higher 2-back
behavioral performance indicates better working memory.

Measures
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Psychosocial Deprivation

In the present study, environmental psychosocial deprivation was conceptualized as a
lack of (a) consistent and responsive caregiving, (b) a positive family environment, and (c) a
supportive school environment characterized by rich opportunities for cognitive stimulation and
building positive social relationships.
Lack of Parental Acceptance

Parental acceptance was assessed using the Child Report of Parental Behavior Inventory
(CRPBI; Mann & Sanders, 1994). The 5-item acceptance subscale measures parents’ expression
of affection of warmth. Children responded to all questions on a three-point Likert scale (1 =
"not like him/her" to 3 = "a lot like him/her"). A sample item is “Makes me feel better after
talking over my worries with him/her”. All items were reversed coded. A higher average score
indicates lower levels of parental acceptance (o = .70).
Lack of Parental Monitoring

A 5-item self-report questionnaire was used to assess parental knowledge of children’s
whereabouts and who children are spending time with, how often parents and children sit
together for family dinner, how often the children know how to get in touch with parents if they
are not at home, and how often children communicate with parents about their upcoming plans
and activities (Karoly, Callahan, Schmiege, & Feldstein Ewing, 2016). Children rated each
question on a five-point Likert scale (1 = "never" to 5 = "always"). A sample item is “How often
do you talk to your mom/dad or guardian about your plans for the coming day, such as your
plans about what will happen at school or what you are going to do with friends?”. All items
were reversed coded. A higher mean score suggested lower parenting monitoring (a = .43).

Although the reliability of the parental monitoring scale is low, it has been shown to reliably
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differentiate youth of high risk (for future substance use) from those of low risk (Gonzalez et al.,
2021). This evidence supports the parental monitoring scale as an acceptable measure for
assessing environmental risk.
Lack of Family Cohesion

Family context was measured through the youth-reported family conflict subscale of the
ABCD Family Environment Scale (Moos, 1990). Children responded to all questions on a binary
scale (1 =“true” and 0 = “false”). A sample question is “Family members often criticize each
other.” Two items that are indicative of physical violence (“Family members sometimes get so
angry they throw things.” and “Family members sometimes hit each other.”) were removed. The
remaining seven items were averaged to create a mean score. A higher score indicates less
positive and warm family environment (a = .61).
Lack of Supportive and Enriching School Environment

School environment was measured via the ABCD School Risk and Protective Factors
Survey. Seven questions that assess the availability of extracurricular activities, opportunities to
help decide class activities and rules, children’s positive relationship with teachers, and if
children get praise if they do a good job. Children responded to each question on a 4-point Likert
scale (1 ="NO!" to 4 = "YES!I"). A sample question is “There are lots of chances for students in
my school to get involved in sports, clubs, or other school activities outside of class.” All items
were reverse coded. A higher average score indicated less supportive and enriching school
environment (o = .66).
Control variables
Family Socioeconomic Status (SES)

Family’s socioeconomic status (SES) was conceptualized as a multidimensional construct
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composed of income-to-poverty ratio, parental education level, marital status, and employment
status (Brody et al., 2013).

Income-to-poverty Ratio. Income-to-poverty ratio (IPR) were calculated by first taking
the average of each income bracket reported by the family (<$5000, $5,000 - $11,999, $12,000 -
$15,999, $16,000 - $24,999, $25,000 - $34,999, $35,000 - $49,999, $50,000 - $74,999, $75,000 -
$99,999, $100000 - $199999, >=$200000). Then, the family’s income was divided by the federal
poverty threshold for the year (i.e., 2016, 2017, 2018) during which the family was interviewed,
adjusted for the number of people living in the same household at the time (DeJoseph, Herzberg,
Sifre, Berry, & Thomas, 2022).

Parental Education Level. The primary caregiver’s highest education (in years) was
coded into five categories including “< High School Diploma”, “High School Diploma/GED”,
“Some College”, “Bachelor”, “Post Graduate Degree”.

Marital status. The primary caregiver’s marital status (i.e., married or living together)
was a dichotomous variable coded 0 = “no” and 1 = “yes”.

Employment Status. Parental employment status was a dichotomous variable coded as 0
= “unemployed” and 1 = “full-Ipart-time employed”.

Additional Demographic Covariates. Children’s sex (1 = Female, 2 = Male) and age
were included as additional covariates in all analyses.

Data Analysis Plan

Preliminary Analyses

Before testing study hypotheses, descriptive statistics and zero-order bivariate
correlations among all study variables were examined. Additionally, rates of missing data, data
non-normality including skewness and kurtosis were inspected. Missing data were evaluated to

determine if the pattern of missingness was completely at random (MCAR), at random (MAR),
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or not at random (MNAR). Little’s MCAR test was conducted to investigate if the pattern of
missing data was MCAR.
Hypothesis Testing

Measurement and multivariate models were tested in Mplus 7.4 (Muthén & Muthén,
1998-2010) under a structural equation modeling framework (SEM) using maximum likelihood
estimation with robust standard errors (Yuan & Bentler, 2000). A measurement model of a
psychosocial deprivation latent variable was tested with confirmatory factor analysis (CFA). In
addition, CFA was used to build latent factors of neural responses in ROIs within the
frontoparietal network and the default mode network. To test individual differences in neural
efficiency, a series of SEM models were built to test the moderating effect of psychosocial
deprivation on the association between neural response within the frontoparietal network, the
default mode network, the insula (independent variable) and working memory behavioral
performance (i.e., 2-back behavioral accuracy, dependent variable). Significant moderating
effects were probed using the Johnson-Neyman technique (P. O. Johnson & Neyman, 1936) and
simple slope method (Aiken, West, & Reno, 1991; Dawson, 2014).

All SEM models were evaluated based on several fit indices, including root mean squared
residual (SRMR), root mean square error of approximation (RMSEA), and Comparative Fix
Index (CFI; L. t. Hu & Bentler, 1999). Model fit was determined to be adequate if RMSEA is at
most .08 or below, CFI at least .90 or above, and SRMR is at most .08 or below. Two-level
complex survey data was used to account for clustering effects of participants within families
and sites (Muthén & Muthén, 1998-2010). In addition, sample propensity scores were used to
mitigate potential selection bias in the ABCD sampling and recruitment process (Heeringa &

Berglund, 2020).



Power analysis
Post hoc power analyses were conducted using Monte Carlo simulations with 500
repetitions in MPlus (version 7.4), using the observed sample statistics (Muthén & Muthén,

2010; Thoemmes, MacKinnon, & Reiser, 2010).
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CHAPTER 4
RESULTS

In this chapter, | will present my findings in two sections. First, | will review
results from descriptive analyses that were conducted to better understand the characteristics of
study variables. | will also detail results from my missing data analysis, power analysis, as well
as analyses conducted to examine group differences between the sample of participants that were
entered into the final analyses and the rest of the sample that was excluded due to missingness or
failed quality control on working memory imaging data. Next, I will present findings from SEM
models that were used to test study hypotheses. In this section, I will first report results from
confirmatory factor analyses that were conducted to build latent factors of psychosocial
deprivation and neural responses associated with working memory within the frontoparietal
network and the default mode network. Following that, I will show results from SEM models
that were constructed to test the moderating effect of psychosocial deprivation on the association
between working memory related neural response and behavioral accuracy. Lastly, I will present
results from follow-up moderation analyses which aimed to probe patterns of neural response at
different performance levels across varying degrees of psychosocial deprivation.

Preliminary Analyses

Descriptive Statistics

The mean, standard deviation, minimum, maximum values, skewness, and kurtosis for all
study variables are presented in Table 2. The normality of each variable was assessed by
examining the skewness and kurtosis statistics and inspecting a histogram with a normal curve.

All study variables were determined to follow a normal curve.
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Table 2. Descriptive Statistics for Study Variables

Variable N Mean SD Minimum Maximum Skewness Kurtosis
1. Child sex 7481 151 .50 1.00 2.00 -.05 -2.00
2. Child age 7474 9.51 51 8.00 11.00 -.02 -1.80
3. Socioeconomic status 7480 231 .95 0.00 6.27 22 -48
4. Lack of parental acceptance 7470 121 .29 1.00 3.00 1.85 421
5. Lack of parental monitoring 7474 1.59 48 1.00 5.00 1.10 1.55
6. Lack of family cohesion 7473 .23 .23 .001 1.00 .90 13
7. Lack of supportive sch envir 7472 1.66 .45 1.00 4.00 .88 1.21
8. 0-back accuracy 7481 .86 .10 .60 1.00 -.92 .05
9. 2-back accuracy 7481 .79 .09 .60 1.00 -.08 -74
10. Bilateral SFG 7481 .01 21 -1.31 1.09 -51 7.59
Superior frontal gyrus.lh 7481 .001 22 -1.44 1.10 -.67 8.96
Superior frontal gyrus.rh 7481 .02 22 -1.18 1.09 -.30 6.30
11. Bilateral MFG? 7481 10 .28 -1.85 1.59 -.50 5.84
Caudal middle frontal gyrus.lh 7481 A1 .25 -1.18 1.13 -.28 3.43
Caudal middle frontal gyrus.rh 7481 A2 27 -1.24 1.30 -.18 3.84
Rostral middle frontal gyrus.lh 7481 .07 .39 -2.86 1.89 -1.24 13.24
Rostral middle frontal gyrus.rh 7481 .09 .38 -2.13 2.02 -.40 7.64
12. Bilateral ParsOp 7481 .04 .26 -1.29 1.17 -.22 3.62
Pars opercularis.lh 7481 .03 .26 -1.33 1.08 -.33 3.75
Pars opercularis.rh 7481 .05 .28 -1.25 1.26 -12 3.57
13. Bilateral Parietal Lobule® 7481 .04 22 -1.18 1.10 -.29 3.83
Inferior parietal lobule.lh 7481 .03 .24 -1.13 1.08 -.13 3.48
Inferior parietal lobule.rh 7481 .06 .25 -1.23 111 -.34 4.09
Superior parietal lobule.lh 7481 .03 .23 -1.09 1.08 -.23 3.83
Superior parietal lobule.rh 7481 .03 .24 -1.27 1.13 -.39 4.82
14. Bilateral Insula 7481 -.04 .20 -1.04 .89 -13 3.37
Insula.lh 7481 -.04 21 -.95 .80 -13 3.03
Insula.rh 7481 -.04 22 -1.14 .99 -.19 4.09
15. Bilateral medPFC® 7481 -.10 .52 -4.17 3.15 -.98 14.98
Medial orbitofrontal cortex.lh 7481 -.13 .84 -6.27 421 -1.32 15.75
Medial orbitofrontal cortex.rh 7481 -11 .87 -6.11 5.06 -.83 15.33
Rostral anterior cingulate.lh 7481 -11 .36 -2.23 1.60 -53 7.26
Rostral anterior cingulate.rh 7481 -.07 .35 -2.09 1.75 -31 7.87
16. Bilateral PCCY 7481 -.03 .26 -1.24 1.15 -.08 2.55
Posterior cingulate.lh 7481 -.01 .24 -1.07 .96 -14 2.79
Posterior cingulate.rh 7481 .01 .25 -1.06 1.12 -.02 3.07
Isthmus cingulate.lh 7481 -.08 .32 -1.34 1.24 -.02 2.49
Isthmus cingulate.rh 7481 -.05 34 -1.48 1.26 -12 2.51

Notes. Child sex is coded as 1 = female, 2 = male; Socioeconomic status is calculated as mean
composite score composed of income to poverty ratio, parental education, parental marital status, and
parental employment status. Sch envir = school environment; Ih = left hemisphere; rh = right
hemisphere. Bilateral = (right hemisphere + left Hemisphere)/2; 2 bilateral MFG (middle frontal gyrus)
was calculated as an average of bilateral caudal middle frontal gyrus and bilateral rostral middle
frontal gyrus; ° bilateral parietal lobule was calculated as an average of bilateral inferior parietal lobule
and bilateral superior parietal lobule; ¢ bilateral medPFC (medial prefrontal cortex) was calculated as
an average of bilateral medial orbitofrontal cortex and bilateral rostral anterior cingulate; ¢ bilateral
PCC (posterior cingulate cortex) was calculated as an average of the posterior cingulate and isthmus
cingulate in the original desikan atlas.

Table 3 presents demographic statistics for the full baseline sample (n =11,875), final
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sample remained for analyses after quality control on imaging data (n = 7,481), and the group of
participants excluded due to missing and failed quality control on imaging data (n = 4397). Chi-
square tests and t-tests were performed to examine group differences between the final sample
entered for analyses and the excluded sample. The results showed that the final sample and the
excluded sample differed significantly on various demographic variables (See Table 4). In terms
of child characteristics, the final sample and excluded sample differed significantly by sex (y ’[1]
=8.44, p <.01) and race (y2[4] = 307.48, p < .001). Children who remained in the final sample
were significantly older than children in the excluded sample (t [9222.88] = -8.65, p < .001).
Regarding caregiver characteristics, parents in the final sample were older than parents in
the excluded sample (t [8464.02] = -7.12, p <.001). In addition, caregivers in the final sample on
average had higher levels of education (t [8470.71] = -16.87, p <.001) and higher annual
household income (t [6967.59] = -16.53, p < .001) than caregivers in the excluded sample.
Furthermore, there were significant group differences between the final and excluded sample on
caregivers’ employment and marital status. Specifically, there was a higher percentage of
employment in the final sample than in the excluded sample (y2[1] = 20.91, p < .001). There
were also more caregivers married or living together in the final sample than in the excluded

sample (y2[1] = 144.21, p < .001).

Table 3. Demographics of Study Participants

Full sample Final sample Excluded sample?

2
Variables (N=11,878)  (N=7,481) (N = 4,397) xh

Child characteristics
Sex, % female 47.80% 48.9% 46.1% 8.44%* (?)
Age, mean (SD) 9.48 (.51) 9.51 (.51) 9.43 (.51) -8.65%** (t)
Race, % 307.48*** (1 ?)

White 52.00% 56.9% 43.9%

Black or African American 15.00% 11.1% 21.7%

Hispanic/Latino(a) 20.30% 19.4% 21.7%

Asian 2.10% 2.2% 2.0%

Other 10.50% 10.4% 10.6%
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Sex, % female 89.00% 88.9% 89.1% 10.98 (1?)
Age, mean (SD) 39.96 (6.84) 40.32 (6.58) 39.37 (7.22) S7.12%%* (t)
Education, %

< High School (HS) Diploma 5.00% 3.6% 7.3%

HS Diploma/GED 9.50% 7.4% 13.2%

Some College 25.90% 24.2% 29.0%

Bachelor 25.40% 26.8% 23.0%

Post Graduate Degree 34.00% 37.9% 27.4%

Mean (SD) 3.74 (1.17) 3.88 (1.11) 3.5(1.23) -16.87*** (1)
Annual household income

< $5k 3.50% 2.1% 5.9%

$5k ~ $12k 3.50% 2.7% 5.0%

$12k ~ $16k 2.30% 2.0% 2.8%

$16k ~ $25k 4.40% 3.8% 5.4%

$25k ~ $35k 5.50% 5.0% 6.4%

$35k ~ $50k 7.90% 7.3% 8.8%

$50k ~ $75k 12.60% 12.7% 12.4%

$75k ~ $100k 13.20% 14.5% 11.1%

$100k ~ $200k 27.90% 30.8% 23.0%

> $200k 10.50% 11.8% 8.3%

Mean (SD) 7.22 (2.42) 7.52 (2.22) 6.69 (.47) -16.53*** (t)
Employment status 20.91%**(x?)

% employed (full/part-time) 69.20% 70.7% 66.6%
Marital status 144.21%**(5 ?)

% married/living together 73.10% 77.4% 66.6%

Notes.  Sample of children excluded due to missing and failed quality control on imaging data. SD =

standard deviation.

Power Analysis

Monte Carlo simulations were used to obtain post-hoc power estimates for 1) SEM

models that examined the direct associations between neural responses during working memory

challenge and attendant behavioral accuracy; 2) SEM models that investigated the moderating

effect of psychosocial deprivation on the associations between neural responses during working

memory and attendant behavioral accuracy.

The most complex model in the direct effect SEM models was the one that investigated

the direct link between working memory-associated neural responses within the frontoparietal

network and attendant behavioral accuracy. This SEM model has 18 parameters. The estimated
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power for the parameter of interest (i.e., frontoparietal neural activation - working memory
behavioral accuracy) achieved 100%, higher than the standard 80%. The 95% confidence
interval coverage for the parameter of interest was at or above .95. Therefore, the sample size in
the present study (N = 7481) was adequately powered for the direct effect SEM models.

The most complex model in the moderation SEM models was the one that tested the
moderating effect of psychosocial deprivation on the link between working memory-associated
neural responses within the frontoparietal network and attendant behavioral accuracy. This SEM
model involves latent interaction and has 48 parameters. Similarly, results revealed excellent
power for the significant interaction effect (i.e., frontoparietal neural activation x psychosocial
deprivation > working memory behavioral accuracy), which was 93.0%. The 95% confidence
interval coverage for the parameter of interest was at or above .95. Thus, the sample size in the
present study (N = 7481) was adequately powered (1-beta > .80) to correctly detect significant
effect in moderation analyses examined within SEM models.

Missing Data Analysis

The percentage of missing data ranged from zero to .15%. Data missingness was tested
using Little’s Missing Completely at Random (MCAR) test. The test was not significant (32 [99]
=98.50, p = .50), indicating that the data were MCAR, namely, participants’ missing data were
not related to their data on other study variables. A full information maximum likelihood (FIML)
estimation was deemed appropriate to estimate missing data under MCAR condition as it
produces more accurate parameters estimates than methods such as listwise or pairwise deletion
(Enders & Bandalos, 2001).

Bivariate Correlations

Pearson’s correlations among all study variables were computed among all study
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variables and visualized using the corrplot package in RStudio version 1.4.1717 (Wei, Simko, &
Levy, 2021). Correlation coefficients in colored cells were all significant at p < .05. Blank cells
indicated that the correlation coefficients were non-significant (See Figure 4).

Bivariate correlations were inspected between family socioeconomic status (SES) and
variables that were used to model psychosocial deprivation. SES was significantly and
negatively associated with lack of parental acceptance (r = -.07, p <.05, 95% CI [-.09, -.04]),
lack of parental monitoring (r = -.13, p < .05, 95% CI [-.16, -.11]), and a lack of family cohesion
(r=-.14, p <.05, 95% CI [-.17, -.12]). SES was not significantly associated with a lack of
positive school environment. SES was positively linked to children’s working memory
behavioral accuracy (2-back accuracy; r = .22, p < .05, 95% CI [.20, .24]). Furthermore, SES
was positively linked to neural response in various brain regions, including the middle frontal
gyrus (r = .05, p <.05, 95% CI [.03, .07]), parietal lobule (r = .03, p <.05, 95% CI [.01, .05]),
insula (r =-.03, p <.05, 95% CI [-.05, -.01]), medial prefrontal cortex (r = -.03, p < .05, 95% CI
[-.05, -.01]), and posterior cingulate cortex (r = -.03, p < .05, 95% CI [-.049, -.003]).

Children’s experience of a lack of parental acceptance (r = -.03, p < .05, 95% CI [-.05, -
.01]), a lack of parental monitoring (r = -.07, p < .05, 95% CI [-.09, -.05]), and a lack of family
cohesion (r =-.06, p <. 05, 95% CI [-.08, -.03]) was negatively linked to their 2-back working
memory behavioral performance. Experience of a lack of positive school environment was not
linked to children’s 2-back working memory behavioral accuracy. Variables used to model
psychosocial deprivation were not significantly associated with any of the neuroimaging data.
Child sex and age were positively associated with 2-back accuracy, such that boys tended to
perform better than girls during working memory (r = .13, p < .05, 95% CI [.11, .16]). In

addition, children who were older tended to have higher accuracy scores than younger children (r
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=.16, p <.05, 95% CI [.14, .18]). Lastly, as expected, children’s 2-back working memory
accuracy scores were significantly (positively or negatively) associated with neural responses in

almost all ROIs, except for posterior cingulate cortex (See Figure 4).
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Figure 4. Bivariate correlations among study variables.
Notes. SES = socioeconomic status; L acceptance = lack of parental acceptance; L monitoring =
lack of parental monitoring; L fam cohesion = lack of family cohesion; L pos sch envir = lack of
positive school environment; Correlation coefficients in colored cells were all significant at p <
.05; correlation coefficients in blank cells were non-significant.

Hypothesis Testing

Measurement Models
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Confirmatory Factor Analysis (CFA) was used to construct a latent factor of psychosocial
deprivation. Additionally, CFA was used to build latent factors of neural responses in ROIs
within the frontoparietal network and the default mode network.

Psychosocial Deprivation

The latent factor of psychosocial deprivation was comprised of four indicators: lack of
parental acceptance, lack of parental monitoring, lack of family cohesion, and lack of positive
school environment. The measurement model had excellent model fit: ?[2] = 32.26, p < .001,
CFI = .98, RMSEA = .05, 90%CI [.03, .06], SRMR =.02. All factor loadings were above .43 and
significant (p < .001; See Table 4).

Task-positive Network of ROIs within the Frontoparietal Regions (FPN)

A latent factor of the frontoparietal network was constructed using four task-positive
ROls, including the bilateral superior frontal gyrus, middle frontal gyrus, pars opercularis of the
inferior frontal gyrus, and parietal lobule. This measurement model had great fit: y?[2] = 17.35, p
<.001, CFI =.99, RMSEA = .03, 90%ClI [.02, .05], SRMR = .01. All standardized factor
loadings were above .78 and significant (p <.001; See Table 4).

Task-negative Network of ROIs within the Default Mode Network (DMN)

A latent factor of the default mode network was composed of two core nodes of the
default mode network, which included the medial prefrontal cortex and the posterior cingulate
cortex. Because a latent factor of two indicators was locally under-identified, therefore, certain
scaling constraints were imposed to obtain a just-identified model. These constraints include: 1)
setting the variance of the latent factor to 1; 2) assuming the two indicators were an equivalent
reflection of the latent construct (Brown, 2015; Little, 2013). The resultant model was saturated,

and standardized factor loadings were above .44 and significant (p < .001).
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Table 4. Measurement models of psychosocial deprivation and neural responses in targeted brain
regions during working memory challenge.

Measurement model A (SE) R? 95% CI of A p
Psychosocial Deprivation?
Lack of parental acceptance .68 .02 46 [.64, .71]*** <.001
Lack of parental monitoring .56 .02 32 [.53, .60]*** <.001
Lack of family cohesion 43 .02 18 [.40, .46]*** <.001
Lack of positive school environment .50 .02 25 [.47, 54]*** <.001
Frontoparietal Network®
Superior frontal gyrus .92 .01 .85 [.90, .94]*** <.001
Middle frontal gyrus .93 .01 .86 [.92, .94]*** <.001
Pars opercularis .88 .01 7 [.86, .89]*** <.001
Parietal lobule .78 .01 61 [.76, .80]*** <.001
Default Mode Network®
Medial prefrontal cortex 44 .02 19 [.41, .47]*** <.001
Posterior cingulate cortex .86 .03 73 [.81, .90]*** <.001

Notes. A = standardized factor loadings. ?y?[2] = 32.24, p < .001, CFI = .98, RMSEA = .05,
90%Cl [.03, .06], SRMR = .02; ? ¥2[2] = 17.35, p < .001, CFI = .99, RMSEA = .03, 90%ClI [.02,
.05], SRMR = .01, “the model was saturated. Middle frontal gyrus = (caudal middle frontal gyrus
+ rostral middle frontal gyrus)/2; parietal lobule = (inferior parietal lobule + superior parietal
lobule)/2; medial prefrontal cortex = (medial orbitofrontal cortex + rostral anterior cingulate)/2;

posterior cingulate cortex = (desikan atlas based posterior cingulate + isthmus cingulate)/2.

Direct Effect Models

Several SEM models were first constructed to examine associations between neural
responses in targeted brain regions associated with working memory and 2-back working
memory behavioral performance. Child sex, age, and family SES were entered in all models as
covariates. Latent factors of ROIs within the frontoparietal network and within the default mode
network, and an observed variable of neural response within the insula were tested one by one.
All models exhibited great model fit (See Table 5 for detailed information on model parameters

and model fit).
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As expected, children’s neural responses within the frontoparietal network during
working memory challenge were positively and significantly associated their working memory
behavioral performance. Specifically, increased neural responses in brain regions within the
frontoparietal network (B = .05, f =.10, p <.001, 95% CI of B [.03, .06] were linked to better 2-
back behavioral performance. Insula, on the other hand, was negatively and significantly
associated 2-back behavioral accuracy (B =-.01, p =-.03, p <.05, 95% CI of B [-.022, -.001]),
contrary to expectations. Lastly, neural responses in brain regions within the default mode
network were negatively and significantly linked to 2-back accuracy, such that increased
deactivations within the default mode network were associated with better working memory

behavioral performance (B =-.01, f =-.04, p < .01, 95% CI of B [-.010, -.002]).

Table 5. Parameters of SEM models that investigate the direct associations between working
memory associated neural responses in targeted brain regions and attendant behavioral accuracy.

SEM B (SE) B 95% Cl of B p
Model 12
Frontoparietal network - 2-back accuracy .05 .01 10 [.03, .06] <.001
Sex > 2-back accuracy .03  .002 14 [.02,.03] <.001
Age - 2-back accuracy .03  .002 15 [.02,.03] <.001
Family SES - 2-back accuracy .02 .001 22 [.019, .023] <.001
Model 2°
Insula > 2-back accuracy -01 .01 -.03 [-.022,-.001] < .05
Sex - 2-back accuracy .03  .002 14 [.02,.03] <.001
Age > 2-back accuracy .03  .002 15 [.02,.03] <.001
Family SES - 2-back accuracy .02  .001 22 [.019, .023] <.001
Model 3¢
Default mode network - 2-back accuracy -.01  .002  -.04 [-.010,-.002] <.01
Sex > 2-back accuracy .03  .002 14 [.02,.03] <.001
Age - 2-back accuracy .03  .002 15 [.02,.03] <.001
Family SES - 2-back accuracy .02 .001 22 [.019, .024] <.001

Notes. SES = socioeconomic status. 2 y?[17] = 264.78, p < .001, CFI = .97, RMSEA = .04,
90%ClI [.04, .05], SRMR =.02; ® ¥[3] = 5.78, p = .12, CFl = 1.00, RMSEA = .01, 90%ClI [.001,
.025], SRMR = .01; ¢ 4?[7] = 13.60, p = .06, CFIl = .99, RMSEA = .01, 90%ClI [.001, .020],

SRMR =.01.
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Moderation Models: The Moderating Role of Psychosocial Deprivation on the Association
between Working Memory Related Neural Response and Behavioral Accuracy

A series of SEM models were created to test the moderating role of psychosocial
deprivation on the associations between neural responses during working memory challenge and
working memory behavioral performance. Child sex, age, and family SES were controlled for in
all models as covariates. Latent factors of ROIs within the frontoparietal network and within the
default mode network, and an observed variable of neural response within the insula were tested
one by one. All models exhibited adequate model fit (See Table 6 for detailed information on
model parameters and model fit; See Figure 5, 6, and 7 for graphic presentations). Significant
moderating effects were probed using the Johnson-Neyman technique (P. O. Johnson &

Neyman, 1936) and simple slopes analysis (Aiken et al., 1991; Dawson, 2014).

Table 6. Parameters of SEM models that investigate the moderating role of psychosocial
deprivation on the associations between working memory associated neural responses in targeted
brain regions and attendant behavioral accuracy.

SEM Models B (SE) B 95% Cl of B p
Model 12
FPN = WM accuracy .05 .01 A1 [.04, .06] <.001
Psychosocial deprivation > WM accuracy  -.03 .01 -.06 [-.04, -.01] <.001
Interaction effect > WM accuracy -11 .04 -.05 [-.18, -.04] <.01
Sex > WM accuracy .03 .002 15 [.02,.03] <.001
Age > WM accuracy .03 .002 15 [.02,.03] <.001
Family SES - WM accuracy .02 .001 21 [.018, .022] <.001
Model 2°
Insula > WM accuracy -.01 .01 -.03 [-.02, .001] .06
Psychosocial deprivation > WM accuracy  -.03 .01 -.06 [-.04, -.01] <.001
Interaction effect > WM accuracy -.03 .04 -01 [-.10, .05] A7
Sex > WM accuracy .03 .002 15 [.02,.03] <.001
Age > WM accuracy .03 .002 15 [.02,.03] <.001
Family SES - WM accuracy .02 .001 21 [.018, .023] <.001
Model 3¢
DMN -> WM accuracy -.01 .004 -.04 [-.02, -.002] <.05
Psychosocial deprivation > WM accuracy  -.03 .01 -.05 [-.04, -.01] <.01
Interaction effect > WM accuracy -.05 .02 -.05 [-.09, -.002] <.05
Sex > WM accuracy .03 .002 15 [.02,.03] <.001
Age > WM accuracy .03 .002 15 [.02,.03] <.001
Family SES - WM accuracy .02 .001 21 [.018, .023] <.001

Notes. FPN = frontoparietal network; DMN = default mode network; WM = working memory;
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SES = socioeconomic status. 2 y’[43] = 560.42, p < .001, CFI = .96, RMSEA = .04, 90%CI [.037,
.043], SRMR = .02; ® ¥[17] = 261.40, p < .001, CFI = .93, RMSEA = .04, 90%ClI [.04, .05],
SRMR = .04; ¢ y?[24] = 278.97, p < .001, CFI = .93, RMSEA = .04, 90%CI [.03, .04], SRMR =

.02.

Model 1

Model 1 tested the moderating effect of psychosocial deprivation on the link between
neural response within the frontoparietal network during working memory challenge and
attendant behavioral accuracy. This model displayed great model fit: ¥?[43] = 560.42, p < .001,
CFI = .96, RMSEA = .04, 90%CI [.037, .043], SRMR = .02. The results revealed that
psychosocial deprivation significantly attenuated the association between neural activations
within the frontoparietal network during working memory challenge and attendant behavioral
accuracy (B =-.11, p=-.05, p < .01, 95% CI of B [-.18, -.04]; Table 6 Model 1 and Figure 5).
Probing of the moderation effects showed that as psychosocial deprivation increased from
1.42SD below the mean to 1.37SD above the mean (-1.42SD ~ +1.37SD), the positive effect of
working memory-related neural activations within the frontoparietal network on behavioral
accuracy decreased (94.0% of participants [N = 7032] fell in the region of significance; Figure
8).
Model 2

Model 2 tested the moderating effect of psychosocial deprivation on the link between
neural response within the insula during working memory challenge and attendant behavioral
accuracy. This model displayed adequate model fit: ¥2[17] = 261.40, p < .001, CFI = .93,

RMSEA = .04, 90%ClI [.04, .05], SRMR = .04. Psychosocial deprivation did not significantly
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moderate the association between neural response within the insula during working memory
challenge and attendant behavioral accuracy (B =-.03, p =-.01, p = .47, 95% CI of B [-.10, .05];
Table 6 Model 2 and Figure 6).
Model 3

Model 3 investigated the moderating effect of psychosocial deprivation on the link
between neural response within the default mode network during working memory challenge and
attendant behavioral accuracy. This model displayed adequate model fit: ¥2[24] = 278.97, p <
.001, CFI = .93, RMSEA = .04, 90%CI [.03, .04], SRMR = .02. The results showed that
psychosocial deprivation significantly intensified the association between neural deactivations
within the default mode network during working memory challenge and attendant behavioral
accuracy (B =-.05, p=-.05, p < .05, 95% CI of B [-.09, -.002]; Table 6 Model 3 and Figure 7).
Probing of the moderation effects showed that as psychosocial deprivation increased from .01SD
below the mean to 5.95SD above the mean (-.01SD ~ +5.95SD), the inverse association between
working memory-related neural deactivations within the frontoparietal network and behavioral
accuracy increased (43.90% of participants [N = 3284] fell in the region of significance; Figure

9).
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Figure 5. The moderating role of psychosocial deprivation on the association between working
memory related neural response within the frontoparietal network and behavioral accuracy.
Notes. ¥°[43] = 560.42, p < .001, CFI = .96, RMSEA = .04, 90%CI [.037, .043], SRMR = .02.
Standardized parameters are presented. Covariates including child sex, age, and family

socioeconomic status (SES) were included.



69

Lack of
Lack of Lack of Lack of ack o
. positive
parental parental family <chool
acceptance monitoring cohesion .
enviomment

T

Psychosocial
Deprivation

- 06

Working Memory
Behavioral
Performance

. insula

1S5kEE ] SHkE ]k

-0l

Psychosocial
Deprivation X
Insula
Deactivation

Figure 6. The moderating role of psychosocial deprivation on the association between working
memory related neural response within the insula and behavioral accuracy.

Notes. 32[17] = 261.40, p < .001, CFIl = .93, RMSEA = .04, 90%ClI [.04, .05], SRMR = .04.
Standardized parameters are presented. Covariates including child sex, age, and family

socioeconomic status (SES) were included.



Lack of
parental
acceptance

Lack of
Lack of Lack of o
. positive
parental family
oo i school
monitoring cohesion R
= enviomment

[ posterior cingulate
. isthmus cingulate

. medial orbitofrontal
rostral anterior cingulate

P
/‘

T~

QEHAE

/

GAREE GOk gkl 5k

Psychosocial
Deprivation

-.05%*

-04%

-05%

Psychoszocial
Deprivation X
Default Mode
Netwoik
Deactivation

Working Memory
Behavioral
Performance

LSRR S0k 2] ok

70

Figure 7. The moderating role of psychosocial deprivation on the association between working

memory related neural response within the default mode network and behavioral accuracy.

Notes. y2[24] = 278.97, p < .001, CFI = .93, RMSEA = .04, 90%ClI [.03, .04], SRMR = .02,

Standardized parameters are presented. Covariates including child sex, age, and family

socioeconomic status (SES) were included.
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Figure 8. Dawson plot and Johnson Neyman plot of the moderation effect of psychosocial
deprivation on the association between neural activation within the frontoparietal network during
working memory challenge and attendant behavioral accuracy.

Notes. FPN = frontoparietal network; RoS (shaded area) = region of significance. The x-axis
represents the factor scores of the latent variable psychosocial deprivation. The y-axis represents
the unstandardized coefficient b of the main effect of neural activation within the frontoparietal
network during working memory challenge on attendant behavioral accuracy. The solid line
represents the main effect of neural activation within the frontoparietal network during working
memory challenge on attendant behavioral accuracy corresponding to the values of psychosocial

deprivation. The dotted lines represent 95% confidence interval around this main effect.
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Figure 9. Dawson plot and Johnson Neyman plot of the moderation effect of psychosocial
deprivation on the association between neural deactivation within the default mode network
during working memory challenge and attendant behavioral accuracy.

Notes. DMN = default mode network; RoS (shaded area) = region of significance. The x-axis
represents the factor scores of the latent variable psychosocial deprivation. The y-axis represents
the unstandardized coefficient b of the main effect of neural deactivation within the default mode
network during working memory challenge on attendant behavioral accuracy. The solid line
represents the main effect of neural deactivation within the default mode network during
working memory challenge on attendant behavioral accuracy corresponding to the values of
psychosocial deprivation. The dotted lines represent 95% confidence interval around this main

effect.



Follow-up Moderation Analyses: Probing Patterns of Working Memory Related Neural

Response at Different Levels of Behavioral Performance across Varying Degrees of

Psychosocial Deprivation

A series of SEM models were created to probe patterns of working memory-related

neural response at different levels of behavioral accuracy moderated by psychosocial

deprivation. Similarly, child sex, age, and family SES were controlled for in all analyses as
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covariates. Latent factors of ROIs within the frontoparietal network and within the default mode

network, and an observed variable of neural response within the insula were tested one by one.

All models exhibited adequate model fit (See Table 7 for detailed information on model

parameters and model fit). Significant moderating effects were probed using the Johnson-

Neyman technique (P. O. Johnson & Neyman, 1936) and simple slopes analysis (Aiken et al.,

1991; Dawson, 2014).

Table 7. Parameters of SEM models that probed patterns of working memory-related neural
response at different levels of behavioral accuracy across varying levels of psychosocial

deprivation

SEM B (SE) B 95% Cl of B p

Model 12
WM accuracy ~ FPN .34 .05 A1 [.25, .43] <.001
Psychosocial deprivation ~ FPN .51 .25 37 [.01, 1.00] <.05
Interaction effect ~ FPN -.60 31 -.04 [-1.204,-.003] <.05
Sex ~ FPN -.10 .01 -02  [-.026,.003] 11
Age ~ FPN .003 .01 01 [-.01,.02] .66
Family SES ~ FPN .001 .004 .004 [-.01,.01] .79

Model 2°
WM accuracy ~ Insula -.07 .03 -.03 [-.133, -.001] <.05
Psychosocial deprivation ~ Insula 18 19 16 [-.20, .55] .36
Interaction effect ~ Insula -.20 24 -.02 [-.67, .26] .39
Sex ~ Insula .001 .01 .001 [-.01,.01] 97
Age ~ Insula -.01 .01 -02  [-.018,.003] 16
Family SES ~ Insula -.01 .003 -.02 [-.011, .001] .06

Model 3¢
WM accuracy ~ DMN -.23 .09 -05  [-.40,-.06] <.01
Psychosocial deprivation ~ DMN .94 45 43 [.06, 1.82] <.05
Interaction effect ~ DMN -1.18 .55 -.05 [-2.26, -.09] <.05
Sex ~ DMN .003 .01 .003 [-.02,.03] .85
Age ~ DMN -.02 .01 -03  [-.046, .004] 10
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Family SES ~ DMN -.02 01 -03  [-.03,-.001] < .05
Notes. FPN = Frontoparietal network; DMN = default mode network; WM = working memory;

SES = socioeconomic status. ? y’[43] = 560.42, p < .001, CFI = .96, RMSEA = .05, 90%CI [.037,
.043], SRMR = .02; ® ¥?[17] = 261.40, p < .001, CFI = .91, RMSEA = .04, 90%ClI [.04, .05],
SRMR =.02; ¢ y?[24] = 278.97, p < .001, CFI = .92, RMSEA = .04, 90%CI [.03, .04], SRMR =

.02.

Model 1

Model 1 tested neural response patterns within the frontoparietal network during working
memory challenge at different levels of behavioral accuracy moderated by psychosocial
deprivation. This model displayed great model fit: ¥?[43] = 560.42, p < .001, CFI = .96, RMSEA
= .05, 90%CI [.037, .043], SRMR = .02. The results revealed a significant moderation effect (B =
-.60, B =-.04, p < .05, 95% CI of B [-1.204, -.003]; Table 7 Model 1). Probing of the moderation
effect showed that as psychosocial deprivation increased from 1.42SD below the mean to
1.42SD above the mean (-1.42SD ~ +1.42SD), the positive association between behavioral
accuracy and neural activation within the frontoparietal network during working memory
challenge decreased (94.5% of participants [N = 7070] fell in the region of significance; Figure
10). Interestingly, children in more psychosocially deprived environment tended to exhibit more
neural activation within the frontoparietal network than children in more enriching environment
at low levels of behavioral performance (e.g., -1SD below the mean). However, to increasingly
reach high levels of behavioral accuracy, children in more enriched environments seemed to
have higher levels of neural activations within the frontoparietal network than children in more
deprived environment.
Model 2

Model 2 tested the pattern of neural response within the insula during working memory
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challenge at different levels of behavioral accuracy moderated by psychosocial deprivation. This
model displayed adequate model fit: ¥°[17] = 261.40, p < .001, CFI = .91, RMSEA = .04, 90%ClI
[.04, .05], SRMR =.02. The result showed no significant interaction effect (B =-.20,  =-.02, p
= .39, 95% CI of B [-.67, .26]; Table 7 Model 2).
Model 3

Model 3 tested patterns of neural response within the default mode network during
working memory challenge at different levels of behavioral accuracy moderated by psychosocial
deprivation. This model displayed great adequate fit: x>[24] = 278.97, p < .001, CFI = .92,
RMSEA = .04, 90%CI [.03, .04], SRMR = .02. The result revealed a significant moderation
effect (B =-1.18, p =-.05, p <.05, 95% CI of B [-2.26, -.09]; Table 7 Model 3). Probing of the
moderation effect showed that as psychosocial deprivation increased from .16SD below the
mean to 5.95SD above the mean (-.16SD ~ +5.95SD), the inverse association between
behavioral accuracy and neural deactivation within the default mode network during working
memory challenge increased (52.0% of participants [N = 3890] fell in the region of significance;
Figure 11). Specifically, children in more psychosocially deprived environment exhibited
insufficient suppression of the default mode network compared to children in more enriched
environments at low levels of behavioral performance (e.g., -1SD below the mean). However, to
increasingly reach high levels of behavioral accuracy, children in more deprived environment
exhibited more deactivation within the default mode network than children from more enriched

environments.
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Figure 10. Dawson plot and Johnson Neyman plot of the moderation effect of psychosocial
deprivation on the relation between behavioral accuracy and neural activation within the
frontoparietal network during working memory challenge.

Notes. FPN = frontoparietal network; RoS (shaded area) = region of significance. The x-axis
represents the factor scores of the latent variable psychosocial deprivation. The y-axis represents
the unstandardized coefficient b of the relation between behavioral accuracy and neural
activation within the frontoparietal network during working memory challenge. The solid line
represents the relation between behavioral accuracy and neural activation within the
frontoparietal network during working memory challenge corresponding to the values of
psychosocial deprivation. The dotted lines represent 95% confidence interval around this

association.
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Figure 11. Dawson plot and Johnson Neyman plot of the moderation effect of psychosocial
deprivation on the relation between behavioral accuracy and neural deactivation within the
default mode network during working memory challenge.

Notes. DMN = default mode network; RoS (shaded area) = region of significance. The x-axis
represents the factor scores of the latent variable psychosocial deprivation. The y-axis represents
the unstandardized coefficient b of the relation between behavioral accuracy and neural
deactivation within the default mode network during working memory challenge. The solid line
represents the relation between behavioral accuracy and neural deactivation within the default
mode network during working memory challenge corresponding to the values of psychosocial

deprivation. The dotted lines represent 95% confidence interval around this association.
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CHAPTER 5
DISCUSSION

Developmental cognitive neuroscience is an evolving interdisciplinary field seeking to
illuminate the neural basis of cognitive development. With the advent of neuroimaging methods
such as fMRI, researchers have made much progress in advancing our understanding of the links
between brain cognitive functions and behaviors as children grow up. Nevertheless, current
investigations of the brain-behavior relations are often devoid of environmental contexts in
which children are embedded, leaving out knowledge on substantial individual differences.
Informed by ecological models in developmental research and the accumulation of empirical
evidence suggesting the neural embedding of ecological contexts, an integration of ecological
approach and developmental cognitive neuroscience is crucial to a fuller understanding of
children’s neural functioning in relation to behaviors. Hence, the current study aimed to address
the extant research gap by investigating the influence of psychosocial deprivation on the brain-
behavior relation during a working memory challenge.

Working memory, the ability to retain and manipulate small amounts of information over
a short period of time, is a foundational executive function linked to various aspects of youth
development. Converging evidence from neuroimaging studies have revealed a consistent
network of task-positive and task-negative neural substrates underlying working memory (Owen
et al., 2005; Owens et al., 2018; Yaple et al., 2019). Despite the knowledge gained on the links
between brain functions and behaviors associated with working memory, less is known on how

exposure to adverse rearing environmental contexts may account for individual variability in the
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brain-behavior relation. This heterogeneity in the brain-behavior relation might be attributable to
individual differences in neural efficiency. Psychosocial deprivation, a dimension of ELS, has
been shown to exert profound harmful effects on children’s neurocognitive development (Bos et
al., 2009; D. Johnson et al., 2021). As a result, the present study investigated whether
psychosocial deprivation is a salient environmental context that may modulate the link between
neural activity and behavior associated with working memory (i.e., neural efficiency).

In summary, the findings partially supported my hypotheses, and contribute to our
understanding of individual differences in brain-behavior relations, and the psychosocial context
from which this heterogeneity emerges. Results from the present study suggested that
psychosocial deprivation significantly moderated the associations between neural responses
during a working memory challenge and attendant behavioral performance. Specifically,
psychosocial deprivation significantly attenuated the positive association between neural
activation in task-positive neural substrates within the frontoparietal network and behavioral
performance. Additionally, psychosocial deprivation intensified the negative association between
neural deactivation in task-negative neural substrates within the default mode network and
behavioral performance. There was no significant result regarding the moderating role of
psychosocial deprivation on the link between neural response in the insula and behavioral
performance during the working memory task. Overall, the results of the present study show that
exposure to psychosocial deprivation can significantly alter working memory-related brain-
behavior relations.

Direct Associations between Neural Responses and Behavioral Performance during a
Working Memory Challenge

Frontoparietal Network
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Study findings from testing the direct associations between working memory-related
neural response in task-positive ROIs and behavioral performance are mostly consistent with
prior working memory fMRI literature (Oshri, Hallowell, et al., 2019; Owen et al., 2005; Owens
et al., 2018; Sweet et al., 2008; Sweet et al., 2006; Yaple et al., 2019). Specifically, I identified a
latent factor that was composed of a network of task-positive neural activity elicited during
working memory challenge. This network includes neural activation in the bilateral superior,
middle, and inferior frontal gyrus, as well as inferior and superior parietal lobe, which putatively
comprise nodes of the frontoparietal network. The frontoparietal network serves as a central hub
that supports diverse cognitive functions and has been consistently shown to be activated in
response to working memory challenges (Leung & Alain, 2011; Owens et al., 2018; Sweet et al.,
2006). As expected, increased activation in ROIs within the frontoparietal network in the current
study was significantly and positively associated with superior working memory behavioral
performance.

Insula

Contrary to the expectation of insula as a task-positive ROI, neural response in the insula
showed deactivation at the mean level during the working memory task in the present study.
Furthermore, the result showed that neural response in the insula was significantly and inversely
related to working memory behavioral performance, such that greater activation in the insula led
to worse behavioral performance. This result is in contrast with findings on neural response in
the insula in previous fMRI studies on working memory (Oshri, Hallowell, et al., 2019; Owens et
al., 2018; Yaple & Arsalidou, 2018). For example, Oshri, Gray, et al. (2019) reported a positive
relation between insula activation and working memory behavioral performance. In a meta-

analysis of 17 fMRI studies on working memory among children and adolescents, the authors
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reported an active involvement of the insula during working memory tasks (Yaple & Arsalidou,
2018). Previous findings on insula activation during working memory tasks are consistent with
the role of insula in high-level cognitive processes, such as attention and cognitive control
(Uddin et al., 2014; Uddin et al., 2017). In addition, as a core node of the salience network, the
insula is hypothesized to mediate cognitive processes through integrating bottom-up attention to
detect salient stimuli in the environment and top-down control to focus on task-relevant stimuli
(Menon & Uddin, 2010; Yaple et al., 2019). This dynamic process may play a great part during
working memory tasks.

However, it is worth noting that the working memory tasks in the majority of the prior
studies use stimuli such as numbers, letters, and words, which are usually without emotional
content (Owen et al., 2005; Yaple et al., 2019). Hence, the average deactivation in the insula and
its negative association with working memory behavioral performance in the present study might
be attributable to the emotional component of the N-back task. In addition to its involvement in
working memory, the insula is thought to play a role in other various affective and cognitive
processes including interoception, perception, and emotion (Duerden, Arsalidou, Lee, & Taylor,
2013; Kirsch et al., 2020; Uddin et al., 2014). For example, a meta-analysis by Duerden et al.
(2013) provided evidence for activation of bilateral insula in response to both perception of
emotions in others and experience of emotions. In another fMRI study that investigated the role
of the insula in interoceptive attention among a sample of healthy young adults, Wang et al.
(2019) observed increased activation in the anterior insula during a task where participants were
instructed to direct attention toward their physiological signals arising from within the body
during their own breathing.

Evidence from the above-mentioned studies may suggest that increased activation in the
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insula during the emotional N-back task is linked to greater attention to the emotional aspect of
the stimuli or sensory signals and emotional states from within the body among children. These
processes might interfere with working memory task performance. In this sense, children with
greater deactivation in the insula would have better working memory behavioral performance, as
they were probably more able to suspend their attention to the irrelevant or distracting processes
during the task (Sweet et al., 2008). Additionally, researchers have suggested that during
emotional working memory tasks, the bottom-up attention recruited by salient differences in the
emotional aspect of the stimuli might conflict with top-down cognitive control used to stay
focused on the goal of the working memory task (i.e., looking for similarity to match stimuli;
Hur, lordan, Dolcos, & Berenbaum, 2017). This conflict may also impair working memory
behavioral performance. As the insula plays a critical role in mediating this dynamic interaction
between bottom-up and top-down attention processes, its activation might imply increased
conflict between these two competing processes (Luo et al., 2014). Nevertheless, given the
insula’s diverse functions, more research is needed to understand its role in emotional working
memory processing. Additionally, the activations findings of the insula in prior working memory
fMRI literature are usually specific to the anterior insula. However, the ROI (i.e., insula)
specified using the Desikan atlas in the present study is very big, which includes the entire
insula. Therefore, it is necessary to further conduct an empirical ROIs analysis to more
accurately understand the role of insula during a emotional working memory paradigm.
Default Mode Network

As anticipated, the results showed that a latent network of neural response associated
with working memory in the task-negative ROIs within the default mode network was negatively

linked to behavioral performance. This finding is consistent with empirical observations of the
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default mode network as a brain system repeatedly shown to be more active during resting state
and less active when individuals focus on the external environment (Buckner et al., 2008;
Raichle, 2015). The medial prefrontal and posterior cingulate cortex that comprise core regions
within the default mode network have been shown to reduce activity during working memory
tasks in previous fMRI literature (Owens et al., 2018; Piccoli et al., 2015; Sweet et al., 2008). For
example, using a verbal working memory paradigm among a sample of healthy youth and adults,
Sweet et al. (2008) found decreased activity during the 2-back relative to the 0-back control
condition in bilateral medial frontal cortices and posterior cingulate. Further, the researchers
observed inverse relations between brain activity in the medial prefrontal cortices and posterior
cingulate and 2-back accuracy scores. Similarly, in another study using a sample of healthy
young adults, Piccoli et al. (2015) reported deactivations in default mode network regions
including the medial prefrontal cortex and posterior cingulate cortex during a spatial working
memory paradigm.

Neural activity within the default mode network has been specifically linked to internally
directed or self-generated thoughts, such as mind-wandering, remembering the past, imaging the
future, and thinking about ones’ own personality, preferences, or attitudes (Andrews-Hanna et
al., 2014; Davey, Pujol, & Harrison, 2016; Mason et al., 2007; Schneider et al., 2008). Such
introspective and self-referencing processing might interfere with task performance when
individuals need to focus on external cognitive stimuli. Therefore, in the current study, children
who were better able to suspend attentional focus on internal-directed cognitive processing
irrelevant to the working memory task were shown to achieve higher accuracy scores. The
suppression of default mode network served to support external goal-directed cognitive

functioning.
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The Moderating Effect of Psychosocial Deprivation on the Associations between Neural
Response and Behavioral Performance during Working Memory Challenge

Frontoparietal Network

Findings from the current study showed that psychosocial deprivation significantly
attenuated the positive association between working memory-related neural activation within the
frontoparietal network and behavioral accuracy. This result supported my first hypothesis and is
consistent with findings from emerging fMRI studies that investigated neural functioning during
working memory tasks among children and adults exposed to adverse childhood experiences.
Among a sample of adolescents, Sheridan et al. (2017) found that youth who had parents with
low education levels showed stronger brain activation in the inferior and middle frontal gyrus
and the superior parietal lobule, but performed less well (i.e., low accuracy scores) during a
visuospatial working memory task. Similarly, Philip et al. (2016) showed that adults exposed to
ELS (i.e., child maltreatment) exhibited greater activation in brain regions including the inferior
frontal gyrus and inferior parietal lobule during a working memory challenge, but had lower
behavioral performance. These studies suggest a loss of neural efficiency among individuals
exposed to ELS, namely, a weaker association between brain function and behavioral
performance. Likewise, findings in the current study suggest that exposure to psychosocial
deprivation may reduce neural efficiency within the frontoparietal network that supports working
memory.

The finding that psychosocial deprivation negatively affected children’s neural efficiency
in brain regions involved in complex cognitive functions (e.g., working memory) is in line with
theory and empirical research on the biological embedding of ELS (Berens et al., 2017;

McCrory, De Brito, & Viding, 2011; McEwen, 2012). Models of biological embedding of ELS
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describe processes by which a child’s early adverse rearing environment gets “under the skin”
through affecting the body’s neurobiological systems (Berens et al., 2017; McEwen, 2012). The
neurobiological consequences as a result of exposure to ELS may result in functional differences
in neural structures supporting executive function, and thus contribute to individual differences
in neural efficiency. Psychosocial deprivation, in particular, may compromise the development
and functions of neural substrates within the frontoparietal network by altering stress physiology
and hampering experience-driven brain development.

One of the potential ways in which psychosocial deprivation becomes biologically
embedded to impact neural efficiency is by shaping the development of one of the body’s key
stress response systems, the hypothalamic-pituitary-adrenal (HPA) axis. Children living in a
psychosocially deprived environment are often subject to lack of responsive and warm
caregiving as well as positive and supportive social environment (e.g., family and school).
Exposures to such environments may evoke strong stress responses, and chronic exposures can
lead to dysregulated HPA functioning, as shown by profiles of hyper- or hypo- stress reactivity
(Blaisdell, Imhof, & Fisher, 2019; Reilly & Gunnar, 2019). Indeed, among studies that focus on
children exposed to child neglect and those growing up in institutions who experience severe
psychosocial deprivation, atypical stress responses have been observed (McLaughlin et al., 2015;
Quevedo, Johnson, Loman, LaFavor, & Gunnar, 2012; Reilly & Gunnar, 2019). Using data from
the Fragile and Child Wellbeing Study (FFCWS), Doom et al. (2022) found that deprivation
measured as degree of parental disengagement was associated with lower cortisol output. Koss,
Mliner, Donzella, and Gunnar (2016) also found that internationally adopted children exhibited
blunted cortisol reactivity to laboratory stressors, and this hypo-reactivity was linked to increased

attention and externalizing problems. Conversely, Fries, Shirtcliff, and Pollak (2008) revealed
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that more severe early neglect was linked to the highest basal cortisol levels among a group of
post-institutionalized children.

The observed HPA dysregulation (i.e., hyper- and hypo- reactivity) among children
exposed to early psychosocial deprivation may subsequently lead to reductions in neural
efficiency through impairing the development and function of brain regions critical for higher
cognition. Specifically, HPA axis hyper-reactivity triggers increased secretion of cortisol, which
can be detrimental to the prefrontal cortex that has dense concentrations of glucocorticoid
receptors (Lupien et al., 2009). This is consistent with the neurotoxicity hypothesis, which posits
that elevation of stress mediators such as the glucocorticoids due to prolonged stress exposures
can lead to death or impeded growth of neurons in stress-sensitive brain regions, such as the
prefrontal cortex (Berens et al., 2017; Uno et al., 1994). On the other hand, HPA axis hypo-
reactivity has also been suggested to be problematic for healthy neurocognitive development
through hampering synaptic potentiation in the prefrontal cortex (Suor et al., 2015; Wesarg et al.,
2020). The impact of dysregulated stress response on cognitive functioning have been
documented in multiple behavioral studies (Blair, Granger, & Peters Razza, 2005; Sturge-Apple,
Davies, Cicchetti, Hentges, & Coe, 2017; Wu, Wang, Cao, & He, 2021). Empirical evidence
from these studies further suggests that dysregulated stress response might be a potential
embedding mechanism through which psychosocial deprivation influences efficiency in neural
substrates key to executive function.

The second embedding mechanism by which psychosocial deprivation may lead to
decreased neural efficiency is through undermining experience-dependent brain development.
Brain maturation is a continuous and dynamic process not only determined by genetic influences

but also heavily guided by environmental input (Gluckman, Hanson, Cooper, & Thornburg,
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2008; Levitt, 2003). The structural changes crucial to brain development and concurrent growth
in complex cognitive abilities, include processes such as synaptic pruning and myelination, and
axonal and dendritic growth (Levitt, 2003; Sedmak et al., 2018). These processes are
substantially modulated by and particularly sensitive to environmental stimulation during early
childhood (Gluckman et al., 2008; Luna & Sweeney, 2001; Tierney & Nelson, 2009).
Experience-induced synaptic pruning in cognitively and socially stimulating environment, for
example, is key to developing an efficient brain; however, absence of cognitive and psychosocial
stimuli may promote accelerated and excessive elimination of synapses, leading to inefficient
processing (McLaughlin, Sheridan, & Nelson, 2017).

Indeed, researchers purported that among children, reduced cognitive and psychosocial
stimulation could lead to reductions in thickness and volumes of cortices engaged in processing
complex cognitive and social input, including the prefrontal and parietal cortex (McLaughlin,
Sheridan, & Lambert, 2014; Sheridan & McLaughlin, 2014). This prediction has been supported
by empirical studies on the impact of deprivation on brain morphology. Researchers have shown
that children exposed to child neglect and institutionalization exhibited decreased cortical
thickness, as well as reduced prefrontal and parietal cortex gray matter and white matter volumes
(Edmiston et al., 2011; Herzberg et al., 2018; Hodel et al., 2015; McLaughlin, Sheridan, Winter,
et al., 2014). For instance, Edmiston et al. (2011) showed that emotional neglect was linked to
decreased gray matter volume in the dorsolateral prefrontal cortex among adolescents without
psychiatric diagnoses. A structural neuroimaging study also detected significant reductions in
prefrontal cortex volume among a sample of post institutionalized children (Hodel et al., 2015).
Similarly, in a recent study by Mackes et al. (2020), researchers found that young adults exposed

to severe early deprivation in Romanian orphanages (i.e., deprived adoptees) had significantly
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smaller total brain volumes than a control group of nondeprived adoptees (i.e., placed for
adoption before 6 months). In addition, global reductions in total brain volumes significantly
mediated the association between institutionalization and attention deficit/hyperactivity disorder
symptoms. This body of empirical work supports the contention that deprivation-related
structural alterations in neural substrates essential to complex cognitive processing may lead to
diminished processing capacity and efficiency.

The reduced neural efficiency within the frontoparietal network associated with exposure
to psychosocial deprivation might also be attributable to weakened structural and functional
brain network connectivity. Among a group of post-institutionalized children, Govindan, Behen,
Helder, Makki, and Chugani (2010) noted decreased white matter integrity in the superior
longitudinal fasciculus, a reciprocal association pathway connecting multiple cortices, including
the parietal cortex and the frontal lobe. Studies have also started to reveal links between ELS and
alterations in brain network functional connectivity (J. Zhang et al., 2022; Zhao et al., 2021). For
example, in an adult sample, Zhao et al. (2021) found decreased functional connectivity within
the frontoparietal network among those with a history of childhood trauma (i.e., maltreatment)
compared to healthy controls. Since efficient higher-order cognitive processing might not only
rely on functions of separate brain regions, decreased intrinsic connectivity within the
frontoparietal network might be contributing to its reduced neural efficiency among children
exposed to psychosocial deprivation.

Probing patterns of neural activation in task-positive ROIs at different performance levels
across varying degrees of psychosocial deprivation also supported the link between psychosocial
deprivation and reduced neural efficiency within the frontoparietal network. For example, at low

behavioral performance levels (e.g., -1SD below the mean), children living in more
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psychosocially deprived environments appeared to activate more neural resources within the
frontoparietal network. This increased level of activation in task-relevant brain regions may
indicate a compensatory mechanism utilized by children in deprived environment to maintain
working memory performance by making up for a loss of neural efficiency. Interestingly, as
children’s working memory performance started to approach a high level (e.g., +1SD above the
mean), neural resources recruited by those who were in less deprived environment converged
with and then surpassed the level of resources recruited by those exposed to more deprivation.
This might be because children in more deprived environment exhausted neural resources or
processing capacity within the frontoparietal network. It is possible that continued improvement
in behavioral performance would necessitate the use of neural resources in additional brain
regions that are not typically activated during working memory tasks (Grady, 2012).
Default Mode Network

Study findings showed that psychosocial deprivation significantly intensified the negative
association between neural deactivation within the default mode network and behavioral
performance during working memory. Although the direction of the interaction effect was the
opposite than what was hypothesized, the revealed empirical pattern corroborated my prediction
that psychosocial deprivation was linked to reduced neural efficiency within the default mode
network. Interestingly, higher neural efficiency within the task-positive frontoparietal network
was shown as greater association between neural response and behavioral performance. On the
contrary, higher neural efficiency within the default mode network was shown by decreased
association between neural deactivation and behavioral performance during working memory.
This empirical pattern might be driven by the fact that at low level of default mode network

deactivation (e.g., +1SD above the mean), children in less psychosocially deprived environment
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were already able to reach a higher level of behavioral performance than children in more
deprived environment. This pattern is consistent with prior literature suggesting that individuals
with a highly efficient default mode network might have less need to suppress baseline task-
unrelated processing (Duda et al., 2019; Philip, Sweet, Tyrka, Price, Carpenter, et al., 2013; Qiu
et al., 2019). It is also possible that children in more enriched environment have higher neural
efficiency within the task-positive frontoparietal network, and thus, rely less on deactivating the
default mode work in support of goal-directed cognition.

The decreased neural efficiency within the default mode network among children
exposed to more psychosocial deprivation, on the other hand, may be a consequence of its
altered functional connectivity. Although research exclusively focusing on psychosocial
deprivation is scarce, many studies have investigated the influence of ELS on default mode
network connectivity (Philip, Sweet, Tyrka, Price, Bloom, et al., 2013; Sripada, Swain, Evans,
Welsh, & Liberzon, 2014; Zeev-Wolf, Levy, Goldstein, Zagoory-Sharon, & Feldman, 2019). For
instance, Zeev-Wolf et al. (2019) found that exposure to early life trauma was associated with
reduced functional connectivity within the default mode network among a sample of
preadolescents. Similarly, using a sample of medication-free healthy adults, Philip, Sweet,
Tyrka, Price, Bloom, et al. (2013) reported that participants with a history of ELS exposure (i.e.,
child maltreatment) demonstrated decreased functional connectivity within the default mode
network. Therefore, it is plausible that exposure to ELS, such as psychosocial deprivation, may
affect intrinsic default mode network connectivity, leading to its functional inefficiency.
However, the link between ELS and default mode network connectivity have been
predominantly investigated during resting state. Hence, more research is needed on task-induced

functional connectivity within the default mode network to make better inferences about its



95

neural efficiency in response to external cognitive demands among children exposed to
psychosocial deprivation.

Probing of neural deactivation in task-negative ROIs at different levels of behavioral
accuracy across varying degrees of psychosocial deprivation also supported reduced neural
efficiency within the default mode network associated with psychosocial deprivation. As
working memory behavioral accuracy increased, deactivations within the default mode work
showed more pronounced increase among children in more deprived environments than those in
less deprived environments. In particular, children in more deprived environments tended to
exhibit stronger deactivation within the default mode network as they continued to reach better
working memory behavioral accuracy (e.g., +1SD above the mean). This pattern corroborates
prior research on neural compensatory effects within the default node network. For example,
among a sample of healthy adults, Philip, Sweet, Tyrka, Price, Carpenter, et al. (2013) showed
that adults exposed to substantial ELS (e.g., child maltreatment, divorce, etc.) performed
behaviorally as well as those in the non-ELS control group, but displayed greater deactivation
within the default mode network. The observed greater deactivation can be interpreted as a
successful compensatory mechanism and an adaptive neural response among children exposed to
increased psychosocial deprivation. Nevertheless, the over-deactivation still indicated default
mode network neural inefficiency, as the brain needed to work harder among children in
deprived environment than those in more enriched environment to achieve equivalent behavioral
performance.

Furthermore, more deactivation within the default mode network needed to achieve high
working memory behavioral performance may also reflect the greater need of children in

deprived environment to suspend distracting or task-irrelevant processes (Sweet et al., 2008).
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First, the scanning experience might be an inherent stressful experience for children, and thus
can trigger a certain level of anxiety. The resultant stress could be emotionally overwhelming or
hard to manage among children living in psychosocially deprived environment as they might
lack efficient cognitive and emotion regulation skills. As such, it would probably require more
effort on their part to minimize the interference of internal thoughts and emotions in order to stay
focused on the working memory task. Second, extant research shows that children exposed to
psychosocial deprivation not only show deficits in working memory, but also in executive
functions, such as attention control (Kreppner, O'Connor, & Rutter, 2001; Emily C Merz,
McCall, & Wright, 2013). The tendency to lose attention during the working memory challenge
may also lead to increased interference of internal generated and task-unrelated thoughts, such as
mind wandering. Thus, among children exposed to more psychosocial deprivation, greater
deactivation within the default mode network maybe needed to suspend distracting thoughts in
order to achieve high performance levels.
Insula

There was no evidence found in the present study for the moderating role of psychosocial
deprivation on the link between neural response within the insula and behavioral performance
during the working memory challenge. The insignificant link between psychosocial deprivation
and insula neural efficiency may be due to its diverse functional roles and marked individual
differences in how it is engaged in cognitive tasks. As delineated above in the discussion, extant
research has revealed inconsistent findings regarding the involvement of the insula during
working memory. Whereas many studies have shown insula activation during working memory,
its deactivation has been reported as well (Owens et al., 2018; Sweet et al., 2008; Sweet et al.,

2006; Yaple et al., 2019). On one hand, investigators have argued the insula’s active role in
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exerting top-down control of attention on salient task-relevant stimuli (Yaple et al., 2019). On
the other hand, the insula’s deactivation during cognitive tasks has been hypothesized to play a
role in suspending the monitoring of one’s internal emotional state (Hester et al., 2004).
Although a mean level insula deactivation was found in the present study, the existing mixed
findings and multiple interpretations regarding the diverse functions of the insula indicate that
the mechanisms underlying insula involvement in support of working memory performance may
significantly vary across individuals (e.g., activation or deactivation). For example, in the current
EN-back design, some children may rely on insula deactivation to suspend attention to their own
emotional state, while others might exhibit increased insula activity in response to the emotional
faces as a salient aspect of the stimuli to guide their attention (Mohanty & Sussman, 2013). As a
result, the heterogeneity in the link between insula function and working memory behavioral
performance may not be appropriately captured by exposure to psychosocial deprivation.
Implications

Findings from this dissertation have several implications. First, the moderating role of
psychosocial deprivation on the link between working memory neural response and behavioral
performance highlights the need to situate the brain-behavior relation in context. Developmental
cognitive neuroscience is a growing interdisciplinary field devoted to understanding the
neurological bases of cognitive processing and development as children grow up. Ecological
models of human development have advocated for the incorporation of contexts in behavioral
and psychological science (Bronfenbrenner & Morris, 2007; Magnusson & Stattin, 2006). With
neuroscience being increasingly conceptualized as one of several levels of analysis in research
on child development, an ecological developmental cognitive neuroscience approach to

understanding the developing brain and attendant neurocognitive development is needed
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(Bronfenbrenner, 1977; Bronfenbrenner & Morris, 2007; Hyde et al., 2020; Sameroff, 2009).
Growing theoretical and empirical work has begun to link a child’s early rearing environments to
individual differences in neural structures and functions that underlie trajectories of cognitive
development (McLaughlin, Sheridan, & Lambert, 2014; McLaughlin, Sheridan, Winter, et al.,
2014; McLaughlin et al., 2019; Sheridan et al., 2017). This body of research acknowledges the
developing brain as a complex system embedded in multi-level ecological contexts and
motivates the integration of ecological models to developmental cognitive neuroscience. As
such, there is a need for emphasizing the consideration of environmental contexts when
investigating brain-behavior relations associated with children’s cognitive functions. By
incorporating both neuroimaging (i.e., neural response) and behavioral measures (i.e., accuracy
scores), findings from the present study suggest that psychosocial deprivation is a context that
may alter brain-behavior relations. Specifically, the findings implicate that a certain level of
neural response (i.e., activation or deactivation) during cognitive tasks can mean different levels
of behavioral performance among children growing up in varying contexts.

Although moderation analyses in the current study demonstrated a loss of neural
efficiency among children in deprived environments, they also suggested potential compensatory
neural mechanisms that support the maintenance of working memory performance. The results
suggest that some children exposed to more psychosocial deprivation were able to increase the
recruitment of neural resources or further abandon task-irrelevant processing to achieve
equivalent performance as those in more enriched environments. The observed increase in neural
activation or deactivation in response to external cognitive demands implies neural adaptation in
deprived rearing environments, and may reflect a neural correlate of resilience (Philip, Sweet,

Tyrka, Price, Carpenter, et al., 2013). Yet, these neural patterns might also mean that the brains



99

of many children in deprived environments were working harder (i.e., increased activation or
deactivation) during the working memory challenge trying to achieve good task performance. In
daily life outside of the context of a research study, children often might have to engage in
demanding tasks that require working memory (especially in school). For example, in classroom
settings, many learning activities such as those related to reading and mathematics often require
children to hold multiple pieces of information while carrying out behaviors to complete tasks
(e.g., solving math word problems). These activities could impose considerable burden on
children’s working memory. Consequently, it is possible that a loss of neural efficiency may lead
to frequent working memory overload for children in more deprived environments.

Furthermore, for those children living in deprived environment who constantly need to
over-activate or over-deactivate their brains to maintain cognitive function, the manifestation of
resilience may implicate underlying neurobiological costs. The biological costs of working hard
to succeed has been depicted in the folklore of an African American railroad worker, John
Henry. The story goes that John Henry won a race against a steam-powered machine, but
eventually died because of his high effort (Hudson, Neighbors, Geronimus, & Jackson, 2016;
James, Keenan, Strogatz, Browning, & Garrett, 1992). The concept of John Henryism thus has
been used to refer to high-effort coping in the face of environmental stress, which may confer
harmful effects on health (Hudson et al., 2016). Relatedly, it is possible that the constant neural
compensation among children in psychosocially deprived environments might result in hidden
neurobiological costs of resilience.

Findings from the present study also have implications for prevention and intervention
for children in adverse rearing environments. The present study provided further evidence that a

deprived environment characterized by a lack of cognitive and positive social stimulation can
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negatively affect children’s working memory-related neural functioning (i.e., reduced
efficiency). Therefore, primary prevention and intervention efforts to increase children’s
exposure to psychosocially stimulating environment and experiences are crucial. For example,
prevention programs can be implemented to promote responsive caregiving and psychosocial
stimulation during parent-child interactions that are conducive to children’s cognitive
development. In addition, schools can increase enrichment or extra-curricular activities in class
or after school to create more opportunities for learning and social interactions among children
and between children and adults (e.g., teachers, mentors). Although not directly testing the
psychosocial aspect of the school environment, a recent neuroimaging study showed that positive
school climate as indicated by academic support was positively associated with children’s global
cortical thickness and executive function (Piccolo, Merz, Noble, the Pediatric Imaging, & Study,
2019). This study provides promising evidence supporting the potential neurocognitive benefits
associated with improving children’s school environment.

Furthermore, emerging research has shown the effects of working memory training in
improving behavioral performance while reducing neural activations and enhancing functional
connectivity within and between task-relevant brain networks (lordan et al., 2020; J. S. Jones,
Adlam, Benattayallah, & Milton, 2022; Miro-Padilla et al., 2019). For instance, in a study on the
effects of N-back training, Miro-Padilla et al. (2019) found that young adults in the trained group
showed improved working memory performance than the control group. Additionally, better
behavioral performance in the trained participants was accompanied by decreased activation in
brain areas associated with working memory, such as the superior/middle cortex, and the inferior
parietal cortex. Among a sample of typically developing children, J. S. Jones et al. (2022)

showed that working memory training increased the intrinsic functional connectivity between the
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bilateral intra-parietal sulci and behavioral performance. These studies suggest that working
memory training might be another promising avenue for promoting neural efficiency among
children in deprived environments.
Limitations and Directions for Future Research

Findings from the current study should be viewed in light of several limitations. First, the
analyses in the study relied on a set of a priori ROIs, which were selected from reviewing prior
fMRI working memory literature. However, previous literature has used samples of populations
of different demographic backgrounds and different working memory paradigms. In addition, the
ABCD tabulated task-based neuroimaging data were calculated based on cortical surface-based
ROIs using the Desikan atlas (Hagler Jr et al., 2019). The ROIs specified in this way by the
Desikan atlas are relatively larger (e.g., the entire superior frontal gyrus) than those reported in
existing neuroimaging working memory literature (Owens et al., 2018). The empirical working
memory-related ROIs reported in existing studies usually include a limited number of
significantly activated/deactivated voxels (Oshri, Hallowell, et al., 2019; Sweet et al., 2008).
This suggests that averaging BOLD signals across the whole region may swamp working
memory related signals from a small number of voxels with those from the remaining non-
activated/deactivated or not working memory related subregions (Poldrack, 2007). To increase
the internal validity of the results, it is necessary to conduct an empirical ROl analysis by
constructing a working memory functional map that is internally valid for the sample of children
and working memory paradigm used in the current study.

Second, the current study provided evidence for individual differences in neural
efficiency associated with exposure to psychosocial deprivation. Nevertheless, future research is

needed to understand the mechanisms underlying these individual differences. Extant theoretical
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and empirical research suggests that deprivation-induced structural changes in brain areas
essential for the development of higher cognitive abilities are linked to poor executive function
(McLaughlin, Sheridan, & Lambert, 2014; McLaughlin, Sheridan, Winter, et al., 2014; Sheridan
et al., 2017). Thus, future research may directly and empirically test if deprivation-related
structural changes (e.g., reductions in gray and white matter) in neural substrates subserving
working memory underlie the loss of neural efficiency. In addition, recent research reveals links
between ELS and brain structural and functional connectivity (Govindan et al., 2010; Philip,
Sweet, Tyrka, Price, Bloom, et al., 2013; Zhao et al., 2021). As efficient cognitive processing
might not only rely on isolated brain regions, future research may investigate if structural and
functional connectivity within and between brain networks can account for individual differences
in working memory-related neural efficiency.

Third, analyses conducted in the present study did not include children whose
neuroimaging data were missing or excluded during quality control procedures advised by
ABCD protocols. Descriptive analyses showed that the sample of children who were entered into
the final analyses and those were excluded differed significantly on several demographic
variables, such as child age, sex, and family SES. Although the use of propensity weights in the
analyses adjusted for sampling biases, it did not consider biases introduced by missing and
exclusion of fMRI data (Liu, Oshri, Kogan, Wickrama, & Sweet, 2021).

Fourth, the current study was cross-sectional. The next step will be to investigate if
psychosocial deprivation is longitudinally linked to working memory-related neural efficiency.
Fifth, the present study used 2-back accuracy score as an indicator of working memory
behavioral performance. Future work should also consider using reaction time as a behavioral

indicator in the investigation of working memory-related neural efficiency.
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Conclusion

The present study aimed to investigate whether psychosocial deprivation moderated the
link between neural activity and behavioral performance during a working memory task using a
nationally representative sample of pre-adolescent children. Recent theoretical and empirical
work on ELS suggests that exposure to psychosocial deprivation negatively influences children’s
neurocognitive development. In particular, psychosocial deprivation can “get under the skin” and
induce structural and functional changes in neural substrates that subserve working memory.
Findings of the present study provide further evidence that psychosocial deprivation can
compromise children’s working memory related neural function through undermining neural
efficiency. In addition, results from follow-up moderation analyses shed light on potential neural
mechanisms by which children in psychosocially deprived environments preserve working
memory performance. Knowledge on the impact of psychosocial deprivation on working
memory related neural efficiency can inform prevention and intervention efforts to create an
enriched environment with more opportunities for cognitive and social stimulation among
children. Additionally, working memory training can be offered to enhance children’s neural
efficiency. In sum, findings from the current study highlight psychosocial deprivation as a salient
context from which individual differences in neural efficiency emerges, and provide practical
implications for promoting working memory, an executive function crucial to children’s

development and learning.
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