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ABSTRACT

A high-quality early parenting environment, involving a sensitive and
nurturing caregiver, has a profound, lasting impact on human development. In
contrast, exposure to childhood maltreatment jeopardizes brain development and
heightens risks for developing psychopathology later in life. If improving the early
parenting environment alters the neural developmental trajectory following
experiences of childhood maltreatment, then we may be able to mitigate the risks for
mental health problems. By leveraging the longitudinal follow-up data of a
randomized controlled trial of the Attachment and Biobehavioral Catch-up (ABC)
intervention, the present study sought to understand if ABC participation during
infancy altered the developmental trajectories of white matter microstructure and
global network characteristics, relative to a control intervention. A low-risk sample
without prior history of maltreatment was included for reference. The growth
trajectories of commissural, projection, and association fibers, as well as graph
density, global efficiency, and small worldness were examined. Results indicated that
ABC adolescents exhibited a nonlinear trajectory of white matter development,
marked by an initial decline followed by later increases in fractional anisotropy (FA),
suggesting extended neuroplasticity. Conversely, control and low-risk adolescents
exhibited more accelerated maturation, with linear increases in FA and earlier signs of
myelination compared to ABC. At the global level, ABC adolescents maintained
stable levels of global efficiency and small worldness over time, while control and

low-risk youth showed age-related declines. The findings highlight the potential for

X1



early sensitive and nurturing parenting to foster neuroplasticity and support adaptive

reorganization.
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Chapter 1

INTRODUCTION

Sensitive and nurturing parenting provides the optimal early environment for
adaptive brain and psychosocial development (Bick & Nelson, 2016, van der Voort et
al., 2014). In contrast, exposure to childhood maltreatment in the form of physically
and emotionally unavailable and/or abusive parenting has a profound, lasting, negative
impact on the child. The exposure to childhood maltreatment not only alters the
functions, structures, and the overall network architecture of the child’s brain
(Callaghan & Tottenham, 2016; Gee et al., 2013; Puetz et al., 2016; Steenhoff et al.,
2019; Teicher et al., 2016), but also promotes the development of psychopathology
(Drury et al., 2016; Jaffee, 2017). Early parenting interventions that increase parental
responsiveness and sensitivity to child distress have shown positive outcomes on the
child’s development (Letarte et al., 2010; Swenson et al., 2010). The Attachment and
Biobehavioral Catch-up Intervention (ABC; Dozier & Bernard, 2019) is an example of
an early parenting intervention designed to enhance the quality of parenting practices
among families that are at risk for child maltreatment. The ABC intervention has been
rigorously examined using randomized controlled trials (RCTs) and has shown
positive down-stream neurodevelopmental and psychological outcomes for children
whose parents received the ABC intervention (Bernard, Dozier, et al., 2015; Bernard,
Hostinar, et al., 2015; Bick et al., 2018; Garnett et al., 2020; Tabachnick et al., 2019;
Valadez et al., 2020; Valadez et al., 2024). Given that adolescence is a sensitive period

for white matter development (Kolb & Gibb, 2011; Miller et al., 2012; Schumacher et



al., 2021), divergent neurodevelopmental trajectories may emerge during this time in
both typically developing adolescents and those who experienced childhood
maltreatment. Because ABC RCTs have shown positive causal neurodevelopmental
outcomes for those who received the intervention, participation in ABC during infancy
could change the trajectory of white matter development in adolescence. Therefore,
using multi-timepoint diffusion magnetic resonance imaging (dAMRI) data, the present
study sought to understand whether ABC participation causally alters the
developmental trajectories of white matter microstructure and global network
characteristics, relative to adolescents in a control intervention, as well as in a group of

adolescents who were at low risk for childhood maltreatment.

1.1 Synopsis of Human Brain Development

The human brain follows a protracted, nonlinear course of neurodevelopment
(Nelson et al., 2019; Tottenham, 2020), reaching its peak of maturation around the
third decade of life (Berens & Nelson; 2019; Bick & Nelson, 2016). The brain also
develops in a hierarchical manner, with earlier-developing neural architecture posing a
cascade-like, down-stream influence on the development of subsequent cortices and
circuits (Berens & Nelson; 2019; Bick & Nelson, 2016; Tau & Peterson, 2010;
Tottenham, 2020). The cortical and subcortical maturation begins at the most
biologically basic systems that support critical life, motor, and sensory functioning
(e.g., brainstem, motor cortex, visual cortices; Bick & Nelson, 2016; Kolb & Gibb,
2011), and continues through more complex systems that support the regulation of
higher-order processes (e.g., prefrontal cortex, PFC; Berens & Nelson; 2019).
Observationally, humans’ behavioral developmental milestones (Sheldrick et al.,

2019), from somatosensory capacity supporting object manipulation and space



navigation to complex behaviors that require higher-order cognitive and executive

functioning, closely mirror this sequence of brain development.

1.2 White Matter Maturation

White matter refers to the neural tissue filled with nerve fibers, such as axons
(Moini & Piran, 2020). The term “white matter” gets its name from its white, glossy
appearance caused by lipid-rich cellular membranes, resulting from a
neurodevelopmental process called myelination. Myelination is performed by
oligodendrocytes and increases the speed of intra-neuron communications (Gao et al.,
2009; Tau & Peterson, 2010). Oligodendrocytes are a type of neuroglia in the central
nervous system (Moini & Piran, 2020). Their main function is producing myelin, an
insulating layer made of lipid-rich cellular membrane that wraps around the axolemma
(the membrane enclosing an axon) to aid in the transmission and acceleration of neural
signals between neurons (Moini & Piran, 2020). Myelination follows a protracted
developmental course that begins to accelerate during adolescence and continues with
a curvilinear growth pattern (Bethlehem et al., 2022; Kolb & Gibb, 2011; Miller et al.,
2012). As with cortical and subcortical maturation, white matter develops in a
hierarchical fashion (Lebel et al., 2012; Tamnes et al., 2018), starting with neural
fibers connecting the two hemispheres (i.e., commissural fibers, and fibers connecting
the cerebral cortex with lower brain regions and the spinal cord (i.e., projection fibers;
Lebel et al., 2012). The neural fibers connecting the cortical areas ipsilaterally (i.e.,
association fibers) mature later. The fibers connecting the frontal and temporal
cortices develop the slowest.

In vivo myelination processes are typically measured through diffusion-

weighted imaging (DWI; Rowe et al., 2016). DWI is an application of magnetic



resonance imaging (MRI) that manipulates magnetic gradients (along the x, y, and z
axes) to measure the magnitude of hydrogen proton signals along one axis (Rowe et
al., 2016). Aggregating all information from all three dimensions can provide insights
into the direction of the signals. A water molecule consists of two hydrogen atoms and
one oxygen atom. Water is found in all body tissues, including the brain. Therefore,
DWI data enable us to understand how water molecules diffuse across different brain
tissues. Diffusion tensor imaging (DTI) is a mathematical modeling method that fits
DWI data using eigenvalues (A) and eigenvectors, which describe the shape and
orientation of diffusion within a voxel. Fractional anisotropy (FA), derived from the
DTT approach, is one of several ways to summarize the strength of water diffusion in a

given space and is calculated using eigenvalues:

3 ((/11 D+ (- D)+ (45— 2)2>

Fractional Anisotropy (FA) = \/2 2+ 2+
Note: A1, A2, and A3 represent the eigenvalues in a three-dimensional space,
and A represents their mean.
FA may vary from 0 to 1, respectively termed as isotropy and anisotropy. As
FA increases, there is an increasing magnitude of diffusion along one direction. High
FA values typically indicate highly directional diffusion, such as along the axis of

densely packed, coherently aligned, and myelinated axons (Rowe et al., 2016). See

Figure 1.
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Figure 1.  Illustrations of FA Values in Different Neural Processes

In the tissue, high FA values may indicate that the lipid-rich cellular membrane
in the myelin effectively traps water, preventing water molecules from moving freely
and causing them to travel mainly along the axon. While high FA generally signifies
the maturation of myelination, it can also be affected by other factors such as fiber
coherence, crossing fibers, and axon diameter (Figley et al., 2022). Therefore, FA
should be interpreted in conjunction with other microstructural metrics, such as mean
diffusivity (MD). Mean diffusivity (MD) measures the overall magnitude of water

diffusion across all directions. It is computed as:



. . M+ A+ A3
Mean Dif fusivity (MD) = — s

While FA provides information about directional coherence, MD offers insight
into the overall permeability or compactness of the tissue. For example, increased MD

may reflect greater extracellular space or less restricted diffusion, whereas decreased

MD suggests more densely packed tissue. See Figure 2.
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Together, FA and MD can help differentiate whether observed diffusion
changes stem from increased fiber organization or alterations in tissue density, thereby

aiding in the interpretation of white matter development (Figley et al., 2022).

1.3 Early Parenting Environment

The quality of the early parenting environment has a tremendous impact on
human development. During the early years of life, the infant’s brain requires positive
environmental inputs and stimulation (Berens & Nelson; 2019; Bick & Nelson, 2016).
Positive parental inputs are essential to create an enriched environment. To a
developing infant, a sensitive caregiver is someone who encourages exploration,
embraces expressions of emotional vulnerability, and provides a physical and
emotional shelter away from threats and dangers (Berens & Nelson; 2019; Tronick,
2007; van der Voort et al., 2014). According to attachment theory (Ainsworth, 1974;
Bowlby, 1977), human species, like other altricial and semi-altricial animals, are
programmed to rely on a caregiver to maintain life, protect from threats, and soothe
during moments of distress. Human infants do so by forming an attachment
relationship with the primary caregiver (Ainsworth, 1974). Therefore, attachment is
thought to reflect an evolutionally adaptive, survival strategy (Ainsworth, 1974;
Bowlby, 1977; Hofer, 2006). The innate proximity-seeking behavior towards a trusted
caregiver has been imperative for maximizing survival from an evolutionary
standpoint. A trusted, available, nurturing, and sensitive caregiver can serve as a
secure base. Infants utilize the secure base to explore surrounding environments to
increase opportunities for learning. During moments of distress, infants who form a
secure attachment with their caregiver retreat to their caregiver. In this encounter, the

caregiver actively soothes the infant and serves as a co-regulator of emotions (Hofer,



2006). Over time, the child takes over the regulatory responsibility themself. Inside the
infant’s brain, these emotion regulation experiences scaffolded by their parents shape
the communication patterns between neurons and circuits that are important for
emotion regulation, one of the complex systems of higher-order processes (Fox &
Rutter, 2010; Tottenham, 2012). However, when parents provide problematic inputs
(e.g., abuse or neglect), the communications between neurons and more complex
circuits are disrupted (Callaghan & Tottenham, 2016; Steenhoff et al., 2019). Given
that human infants are evolutionally expected to have a caregiver who tends to their
needs and nurtures during moments of distress, an abusive or neglecting caregiver not
only disrupts this expectation but also introduces significant challenges to infants’

brain development (Tottenham, 2013).

1.4 The Sequelae of Childhood Maltreatment on Structural Brain Development
Childhood maltreatment is associated with alterations in global brain
morphology, including changes in the cortical and subcortical structures (Callaghan &
Tottenham, 2016; Tozzi et al., 2020). The impact of child maltreatment has also been
extensively documented at several PFC sub-regions implicated in more complex
emotional and cognitive processes (Bick & Nelson, 2016). For example, the PFC and
the complex emotional and cognitive processes develop in tandem and are highly
sensitive to stress (Bick & Nelson, 2016; Fuster, 2001). Among individuals exposed to
child maltreatment, reductions in several sub-regions of the PFC have been observed,
including the orbitofrontal cortex (OFC, associated with reinforcement-based decision
making and emotion regulation; Ochsner and Gross, 2005), the superior frontal gyrus
(associated with working memory; Kelly et al., 2013), and dorsal lateral PFC

(associated with emotional and executive control; Edmiston et al., 2011). In addition,



some of the research focus has been placed on the limbic circuitry, particularly the
amygdala and hippocampus, due to its role in emotion regulation, stress reactivity, and
learning and memory (Phelps, 2004). Cross-sectional studies have reported volumetric
reductions in the amygdala and hippocampus for children who experienced childhood
maltreatment, compared to those who did not (De Brio et al., 2013; McCrory et al.,
2011).

In recent years, there has been a growing interest in understanding the sequalae
of child maltreatment on the development of white matter microstructure. Several DTI
studies reported a reduction of FA in the commissural fibers (corpus callosum and
fornix) and association fibers (cingulum, inferior fronto-occipital fasciculus, superior
longitudinal fasciculus, and uncinate fasciculus; Govindan et al., 2010; Huang et al.,
2012; Jackowski et al., 2008; McCarthy-Jones et al., 2018) when comparing
individuals who experienced child maltreatment with those who did not. These
impacted white matter tracts connect cortical regions that are important for higher-
level cognitive and emotional functioning (Bick & Nelson, 2016). Furthermore, in
recent years, a few longitudinal dMRI studies (Lebel et al., 2012; Tamnes et al., 2018)
have examined the growth trajectories of major white matter tracts in a normative
sample and characterized adolescence as a sensitive window for myelination
processes. However, longitudinal dMRI studies with a sample of previously
maltreated youths are extremely rare. To our knowledge, no studies have extensively
documented the growth trajectories of white matter tracts following exposure to
parenting-related adversity.

While a few correlational studies have demonstrated a potential link between

parenting quality and white matter maturation, empirical evidence in this area is



extremely limited. One study (Serra et al., 2016) showed that among adults who self-
reported their attachment security with their primary caregiver, higher security
correlated with greater FA in the association fibers, including the cingulum, uncinate
fasciculus, superior longitudinal fasciculus, and inferior fronto-occipital fasciculus, all
of which are important for higher-order emotion-cognition processes. Very little is
known about the associations between parenting behaviors and white matter
maturation, especially during the sensitive window of myelination in adolescence.
Studies have shown that warm and supportive maternal behaviors are associated with
grey matter maturation during adolescence (Whittle et al., 2014; Whittle et al., 2016),
although the outcomes are not directly related to white matter maturation. While these
studies on grey matter maturation are peripheral to white matter maturation, they
demonstrated a putative association between quality of parenting and neural
anatomical development broadly. Longitudinal empirical evidence from an RCT
remains imperative to establish a causal link between quality of parenting and the
development of myelination processes. Filling these gaps will be especially valuable
for addressing the negative impact of child maltreatment through intervention and

preventative programming.

1.5 The Sequelae of Childhood Maltreatment on Brain Connectivity
Connectivity-based analyses have emerged as a vital tool to understand how
information between neurons and circuits is exchanged. Findings from connectivity-
based studies provide important insights into the way in which experiences of child
maltreatment disrupt neural communications, and consequently confer risks for poor
outcomes. Childhood maltreatment is associated with altered frontal-limbic functional

connectivity (Gee et al., 2013; Teicher et al., 2016). In addition, among adults who

10



retrospectively recalled experiences of childhood maltreatment, the maltreated group
relative to the comparison group demonstrated increased amygdala-PFC connectivity
during an emotional reactivity task, suggesting a cognitive inefficiency of top-down
processes recruitment even years after exposure to child maltreatment (Jedd et al.,
2015). A recent study demonstrated decreased structural connectivity in the
accumbofrontal white matter tracts, implicated in reward processing and learning,
among adolescents who endorsed experiences of childhood maltreatment (Kennedy et
al., 2021). The findings delineating the communication patterns between cortices help

us understand how the experiences of child maltreatment impact the neural circuits.

1.6 The Sequelae of Childhood Maltreatment on Network Architecture

During the past decade emerging studies have focused on the impact of
childhood maltreatment on the developing connectome. Simply put, the connectome is
the mapping of functional or structural brain connections. The study of connectome is
called connectomics (Bullmore & Sporns, 2009). A growing number of dMRI studies
(Ohashi et al., 2017; Puetz et al., 2016; Teicher et al., 2016) have shifted analytic
strategies from seed-based (one region to another) connectivity to examining the brain
as a complex, dynamic network.

When applying the mathematical principles of graph theory to connectome, we
can begin to describe the ways in which systems of the brain communicate with each
other (Bullmore & Sporns, 2009; Kim & Min, 2020). A network consists of nodes and
edges. In the context of a structural brain network, brain regions and the neural fibers
connecting the regions can be thought of as nodes and edges, respectively. There are
several ways to quantify network characteristics. To name a few, graph density

represents the ratio between the numbers of available and all the possible edges in the
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network, which can be seen as the degree of connectedness. Global efficiency
represents the shortest distance (by the numbers of edges) across a network, with
higher efficiency indicating easier or lesser degree of effort that is required for
communications. A cluster of connected nodes can form a small community.
Clustering coefficient is the likelihood that a node is connected to a neighboring
community. If the clustering coefficient is high, it indicates that any given node in the
network is highly probable to also be part of a closely connected community.
Characteristic path length represents the average distance of each edge. Lower
characteristic path length may indicate that all nodes are more closely connected with
each other. Small worldness combines high clustering and low characteristic path
length, reflecting an optimal balance between segregation and integration. High small
worldness indicates the brain network is both locally clustered and globally efficient.
In this case, the brain regions form tightly connected groups while still maintaining
short paths to other regions, allowing for fast and coordinated communication. This
balance between segregation and integration supports flexible and efficient
information processing. Briefly summarized, a healthy connectome is often
characterized by high graph density, high global efficiency, high clustering coefficient,
low characteristic path length, and high small worldness.

One study examined the impact of childhood maltreatment on structural
connectome and found that adults with histories of childhood maltreatment had lower
graph density, lower global efficiency, and higher small worldness than those who did
not endorse experiences of childhood maltreatment (Ohashi et al., 2017). Puetz et al.
(2016) similarly reported lower graph density for pre-teens (Mage = 10.6, SDage = 1.75

years) who had experienced child maltreatment relative to those who had not. These
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results offer powerful insights for understanding the neurodevelopmental sequalae of
child maltreatment. Given that adolescence is characterized as a sensitive window for
myelination, divergent patterns of myelination processes may emerge among
adolescents who experienced childhood maltreatment and non-maltreated
counterparts. Yet, longitudinal empirical evidence is extremely scarce. The lack of
evidence base for the developmental trajectory of connectome following childhood

maltreatment presents a pressing need for empirical investigation.

1.7 Early Parenting Intervention

Given that the quality of parenting practices early in life has a cascade-like
influence on child’s later psychological and neurobiological development, RCTs have
demonstrated that early parenting interventions, designed to improve parenting
quality, have causal, positive impacts on children’s development (e.g., Bernard,
Dozier, et al., 2015; Letarte et al., 2010; Swenson et al., 2010). The ABC intervention
(Dozier & Bernard, 2019) is an example of an early intervention focusing on
improving the quality of parenting among families at risk for childhood maltreatment.
The ABC intervention has three parenting targets: increasing nurturing responsiveness
to child distress, increasing parental sensitivity to child non-distress signals, and
decreasing frightening and harsh behaviors (Dozier & Bernard, 2019). Parents who
were randomly assigned to receive the ABC intervention have shown greater
improvement (pre- to post-intervention) in parenting quality when compared to
parents who received a control intervention, in terms of greater increases in sensitivity
to child’s signals, greater increases in showing positive affect towards the child during
interactions, and greater decreases in parental intrusiveness (e.g., Bick & Dozier,

2013; Yager et al., 2020). Among families at risk for childhood maltreatment, children
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whose parents were randomly assigned to receive the intervention have also shown
better neurobiological and psychological outcomes compared to children whose
parents received a control intervention. For example, the positive effects have been
observed in the development of amygdala-PFC circuitry (Valadez et al., 2024), neural
representations of the parent measured with BOLD signals (Valadez et al., 2020),
neural activity measured with EEG (Bick et al., 2019), diurnal cortisol regulation
(Bernard, Dozier, et al., 2015; Bernard, Hostinar, et al., 2015; Garnett et al., 2020),
autonomic nervous system regulation (Tabachnick et al., 2019), DNA methylation
(Hoye et al., 2020), parent-child attachment (Bernard et al., 2012), emotion regulation
(Lind et al., 2014), executive functioning and inhibitory control (Korom et al., 2021;
Lind et al., 2020), and language development (Bernard et al., 2017, Raby et al., 2019).
The empirical evidence base for the ABC intervention suggests that improving
parenting practices can have causal, profound, lasting benefits for the children’s
development across multiple levels of analysis. By leveraging a longitudinal follow-up
study of an RCT on the ABC intervention, we are well-equipped to examine the causal
link between improvement in parenting practices and myelination processes that are

prominent during adolescence.

1.8 The Current Study

The goal of the present study was to examine whether early parenting quality
causally affects white matter and global structural network maturation by leveraging
the longitudinal, multi-timepoint dMRI data from a follow-up study of an RCT
assessing the efficacy of the ABC intervention. The present study examined whether
ABC participation, relative to a control intervention, causally predicted more optimal

trajectories of maturation in major white matter fibers, including the commissural,
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projection, and association fibers (Aim 1), as well as global network characteristics,
including graph density, global efficiency, and small worldness (Aim 2). Adolescents
who were at low risk for childhood maltreatment were included in the analyses as a

reference for the intervention group comparison.

1.9 Hypotheses

We hypothesized that the average FA across major white matter tracts would
follow a non-linear course of developmental trajectory, showing a protracted pattern
of development. Adolescents in the ABC and low-risk group would show a
developmentally adaptive, curvilinear trajectory, whereas those in the DEF group
would show a flat, linear developmental trajectory. Similarly, we hypothesized that at
the level of global network, the ABC and low-risk group would demonstrate a more

developmentally adaptive pattern of maturation, relative to DEF.
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Chapter 2

METHODS

2.1 Participants

The original study is an ongoing research study funded by the National
Institute of Mental Health (RO1MHO074374), assessing the longitudinal outcomes of an
RCT for children whose families received the Attachment and Biobehavioral Catch-up
(ABC) intervention when they were infants. ABC is a brief (10-session, 1-hour per
week), strength-based, home-visiting parenting intervention, designed to promote
sensitive parenting in three main behavioral targets: increasing sensitivity to child
signals, increasing nurturance to child distress, and decreasing frightening and harsh
behaviors. These intervention targets were identified based on empirical findings (e.g.,
Bernard et al., 2010). Parent coaches trained in ABC conduct the sessions at the target
family’s home, therefore decreasing challenges involved in transferring skills learned
in an office setting to the home. These coaches utilize a manual to guide the delivery
of ABC. The intervention targets are introduced sequentially by sessions, allowing
time for practice and discussion of intervention targets. Parent coaches support the
parents in identifying children’s signals and providing responsive care through in-the-
moment commenting and feedback to parents (Caron et al., 2018). In addition to the
experimental (ABC) intervention, a control intervention, the Developmental Education
for Families (DEF), was included as part of the original RCT. DEF is an adaptation of
existing interventions (e.g., Ramey et al., 1984) that have been shown to promote

development of children’s motor skills, cognition, and language abilities. To
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distinguish it from ABC, parental sensitivity-related components were removed from
DEF.

When recruiting participants for the RCT, 212 families from the Greater
Philadelphia Area were referred from Child Protective Services (CPS) due to reports
of risk for abuse or neglect (Garnett et al., 2020), and subsequently enrolled in the
study. Families were masked regarding their intervention group assignments. At the
pre-intervention assessments, children in the two intervention groups did not differ
significantly in age or race (Bernard, Dozier, et al., 2015), and parents did not differ
significantly in age, educational attainment, race (Bernard et al., 2012), parental
sensitivity, or attachment-related representations (Tabachnick et al., 2019). A total of
183 families completed a 24-month post-intervention research visit. At the adolescent
follow-up assessments, a total of 186 families (including the low-risk comparison)
enrolled.

At the 13-year scan, 135 adolescents (43 ABC, 46 DEF, 46 low-risk) attempted
dMRI scanning; 20 (6 ABC, 9 DEF, 5 low-risk) did not complete due to reported
discomfort or getting out of the scanner without providing a reason; 2 (1 ABC, 1 DEF)
were not able to fit into the scanner; and 7 (1 ABC, 2 DEF, 4 low-risk) had braces. A
total of 106 completed the scan (35 ABC, 34 DEF, 37 low-risk).

At the 14-year scan, 113 adolescents (40 ABC, 38 DEF, 35 low-risk) attempted
dMRI scanning; 3 (2 DEF, 1 low-risk) did not complete due to reported discomfort or
getting out of the scanner without providing a reason; 1 DEF adolescent was not able
to fit into the scanner; and 1 ABC adolescent had braces. A total of 108 completed the

scan (39 ABC, 35 DEF, 34 low-risk).
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At the 15-year scan, 129 adolescents (45 ABC, 48 DEF, 36 low-risk) attempted
dMRI scanning; 2 (1 ABC, 1 low-risk) adolescents did not complete due to reported
discomfort or getting out of the scanner without providing a reason; 4 (3 DEF, 1 low-
risk) were not able to fit into the scanner; and 1 DEF adolescent had a metal implant.
A total of 122 completed the scan (44 ABC, 44 DEF, 34 low-risk).

It is important to note that there was a grace period up to 3 months for the 13-
and 14-year scans. For example, a participant qualified for a 13-year scan if they were
not older than 14 years and 3 months. For the 15-year scan, the age limit was extended
to allow as large a sample as possible. As a result, the current age range for the present
neuroimaging dataset, aggregating data across adolescent assessments, was 12.950 —
16.757 years (Mage = 14.465 years, SDqge = .905). After excluding data with significant
quality-related issues, the final dataset included 90 dMRI images from the 13-year
scan, 101 from the 14-year scan, and 109 from the 15-year scan, which is a total of
300 dMRI images. The final dataset represented 145 participants (48 ABC, 52 DEF,
45 low-risk).
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2.2 Procedure

The University of Delaware Institutional Review Board approved all protocols
and procedures used in the study. Participant (adolescent) written and oral assents and
parental consents were obtained prior to participation in the study. In the 13-, 14-, and
15-year follow-up assessments, adolescent participants who did not meet the exclusion
criteria for MRI contraindications (e.g., metal implants, current pregnancy) were

acclimated to the scanner using an MRI replica before the scanning session.

2.3 Neuroimaging

The neuroimaging data collection took place at the University of Delaware
Center for Biomedical and Brain Imaging. Data were acquired using a 3T Magnetom
Prisma scanner with a 64-channel head coil. The scanning parameters were consistent
with those used in the Human Connectome Project (van Essen et al., 2012) and the
Adolescent Brain Cognitive Development Study (Casey et al., 2018). The T1-
weighted structural image, across 13-, 14-, and 15-year assessments, was acquired
using the following parameters: TR = 2,400 msec, TE = 2.14 msec, flip angle = 78°,
field of view = 256 mm?, and voxel dimensions = 1 mm? isotropic

Diffusion MRI (AMRI) data were acquired using two slightly different
acquisition parameters. For approximately half of the sample, dMRI data were
acquired using the following parameters: TR = 3,520 msec, TE = 95.2 msec, flip angle
= 78°, refocusing flip angle = 160°, voxel dimensions = 1.5 x 1.5 x 1.5 mm?,
multiband factor = 4, b-values = 1,500 and 3,000 s/mm? and 240 diffusion orientations
with 3 non-weighted images (b = 0 s/mm?) acquired in the anterior-posterior direction,

plus one reverse phase-encoding image (b = 0 s/mm?). The remaining half were
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acquired using b-values = 1,000, 2,000, and 3,000 s/mm? with 6 reverse phase-
encoding images (b = 0 s/mm?).

As noted, there was a slight difference in the b-value schemes across the two
acquisition parameters. However, the distribution of participants across groups (ABC,
DEF, low-risk) did not significantly differ by the type of acquisition parameter.
Specifically, for Parameter 1: ABC =45, DEF = 39, low-risk = 40. For Parameter 2:
ABC =59, DEF = 65, low-risk = 52. A chi-square test indicated no significant
difference across groups, x> (2) = .966, p = .617, which minimizes concerns that
difference of parameters would confound group-related effects. However, given that
the switch of parameters occurred at the middle of the data collection effort, the
difference of parameters was strongly correlated with participants’ age at scan (» =
726, p <.001). Because the difference of parameters serves as a proxy of time,
including it as a covariate in the group-level analysis would risk statistically removing
age-related variance, which is the focus of this present study on developmental
trajectories. Moreover, because the difference of parameters is a binary variable, it
cannot meaningfully model the curvilinear patterns of change captured by biological
age. For these reasons, we determined to not include the difference of parameter in the

group-level analysis.

2.4 Preprocessing

The dMRI data were processed using FSL’s TOPUP (Andersson et al., 2003;
Smith et al., 2004) to correct for susceptibility-induced distortions and EDDY
(Andersson & Sotiropoulos, 2016) to correct for eddy current-induced distortions and

participant movements. The data were then processed through FSL’s DTIFIT (Smith
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et al., 2004) to fit diffusion tensors at each voxel to complete data preprocessing steps.

Each preprocessed image passed a rigorous pipeline of quality assurance.

2.5 Estimation of Fractional Anisotropy (FA) and Mean Diffusivity (MD)

To prepare the extraction of fractional anisotropy (FA) values for each
participant, the preprocessed data underwent FSL’s Tract-Based Spatial Statistics
(TBSS; Smith et al., 2006) pipeline to complete nonlinear registration to the
FMRIB58 FA template (MNI152 standard space) at | mm? isotropic, creating
skeletonized FA images. This step ensures alignment of all FA data across
participants, enabling the subsequent data extraction process using an MNI152-
standard-space compatible atlas (i.e., XTRACT tract atlases; Warrington et al., 2020).
Individual XTRACT-based white matter atlases were generated and visually inspected

for anatomical accuracy. Please see Table 2 for all white matter tract atlases.
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Lastly, an FSL’s native function for mathematical operations on imaging data
(“fslmaths”) was used for data extraction to obtain FA value for each white matter
tract atlas for every skeletonized FA image. Post-hoc analysis was performed on mean
diffusivity (MD) to complement the interpretation of FA findings. MD skeletonized

(13

maps were generated using TBSS’s “tbss non FA” script. MD values were extracted

from the same XTRACT tract atlases used to obtain FA values.

2.6 Estimation of Global Network Characteristics

Each preprocessed dMRI image along with its respective b-value and b-vector
information, was processed through the DSI Studio (Yeh et al., 2013) to generate a
“sc.gz” file, a DSI Studio-native dMRI metadata format. Following previously
established data processing procedures (e.g., Ciavarro et al., 2022; Lee et al., 2023),
the subsequent data were reconstructed in a common stereotaxic space by applying the
g-space diffeomorphic reconstruction (QSDR) algorithm on the HCP1021 young adult
template. During the QSDR reconstruction process, respective T1- and T2-weighted
anatomical scans as well as a T1-weighted brain mask were used to increase
anatomical accuracy. Whole-brain fiber tracking was performed by a total of
1,000,000 seeds in the entire brain, using deterministic fiber-tracking algorithm. The
tracked fiber tracts with lengths shorter than 60 or longer than 300 mm were
discarded. Spatial normalization was conducted to ensure the built-in FreeSurfer
Segmentation atlas was registered with each dMRI image. The connectivity matrix
was estimated by using the count of the connecting tracts passing through the regions
of the FreeSurfer Segmentation atlas, and 0.001 of the sums was set as the threshold.
The global network characteristics were calculated for density, global efficiency, and

small worldness.
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2.7 Analytic Strategy

Data were analyzed with a mixed-effects modeling approach in R (R Core
Team, 2023), using “/me4” (Bates et al., 2015) and “/merTest” (Kuznetsova et al.,
2017) packages. Mixed-effects modeling accounts for the dependency of repeated
measures by modeling individual observations as nested within subjects. This
approach offers flexibility, specifically for modeling continuous time with both linear
and nonlinear approaches, and enables estimates of within- and between-participant
variations (e.g., random effects).

Intervention was dummy coded with ABC as the reference group. To compare
ABC to DEF and ABC to low risk, two contrasts were created: 1) DEF v. ABC (DEF
=1, ABC =0, low risk = 0) and 2) low risk v. ABC (low risk = 1, ABC =0, DEF =0).
Time was modeled continuously using biological age (age) to capture linear
developmental changes. Age was calculated in days from birth to the scanning date
and then converted into years by dividing the days by 365.25. After mean-centering, a
quadratic term (age?) was computed and included to account for nonlinear trajectories.
To test intervention differences in developmental change, four interaction terms were
created: 1) age by DEF v. ABC, 2) age by low-risk v. ABC, 3) age? by DEF v. ABC,
and 4) age? by low-risk v. ABC.

Model building followed a theory- and fit-driven approach, which began with a
baseline model including a random intercept for participants but no predictors. Every
model was estimated using maximum likelihood (ML). Additional random effects
(e.g., random slopes for age) were fitted sequentially. The model selection process was
informed by theory, likelihood ratio tests, and model parsimony. Given simultaneous

multiple hypothesis testing on biologically similar constructs, focal effects were
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adjusted for their significance levels using false discovery rate (FDR) correction.

Visualization of results was generated using the “ggplot2” package (Wickham, 2016).
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Chapter 3

RESULTS

3.1 White Matter Structures

3.1.1 Model Development

Association fiber FA was selected as the dependent variable for model
development. The initial baseline model, which included only a random intercept for
subjects, yielded an intraclass correlation coefficient (ICC) of .66, indicating about
66% of the variability in association fiber FA was between subjects and about 34%
was within subjects.

Then, this null model was compared to a model that included the fixed effects
of linear age, two intervention contrasts, and their interactions with linear age (i.e.,
linear age model). The linear age model had a significant improvement in fit, x> (5) =
79.263, p <.001, supporting the inclusion of linear age and intervention effects.

Subsequently, the linear age model was compared to a model including main
effects of linear age, quadratic age, two intervention contrasts, and their interactions
with linear and quadratic age (i.e., quadratic age model). The quadratic age model had
a significant improvement in fit, x> (3) = 10.626, p = .014, suggesting that
developmental changes in association FA were better captured by a nonlinear
(quadratic) trajectory than a linear one.

To explore whether allowing individual differences in the rate of change over

time would further improve model fit, a model with a random slope for linear age (in
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addition to a random intercept) was evaluated. This model resulted in a boundary
(singular) solution, where the random slope variance was close to zero. Consistent
with this, the model comparison between the random-slope model and the quadratic
model was not significant, x> (2) = .066, p = .967. Therefore, due to the singularity and
lack of improved fit, we opted to retain the simpler quadratic model with a random
intercept for primary analyses.

Finally, we estimated a model with a random slope for quadratic age (in
addition to a random intercept). This model also showed signs of singularity. In
addition, the inclusion of a random effect of quadratic age did not significantly
improve fit, ¥? (2) = 4.128, p = .127. When both linear and quadratic random slopes
were included, the model was overparameterized and failed to produce estimable
variance components.

Taken together, the most parsimonious and best-fitting model was the
quadratic model, which included both linear and quadratic fixed effects of age and
their interactions with intervention, along with a random intercept for participants.

This model was used for all subsequent hypothesis testing.

3.1.2 Association Fiber

There were significant main effects of both linear and quadratic age, indicating
that association fiber FA increased with age in a nonlinear trajectory for ABC. The
contrast comparing the low-risk group to the ABC group was also significant,
suggesting that, at the mean age, adolescents in the low-risk group exhibited higher
overall FA than those in the ABC group. In contrast, the main effect comparing the

DEF and ABC groups was not significant.
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Significant interactions emerged between intervention group and quadratic age.

Specifically, both the DEF versus ABC and the low-risk versus ABC contrasts

interacted significantly with quadratic age, suggesting that the shape of developmental

change in association fiber FA differed across groups. Adolescents in the DEF and

low-risk groups showed a flatter trajectory in FA at later ages compared to those in the

ABC group. In contrast, interactions between intervention group and linear age were

not significant, indicating that the rate of FA change at the mean age did not differ

significantly between groups. See Table 3 for full model estimates and Figure 3 for

visualized trajectories.

Table 3. Fixed Effects for Association Fiber

Predictors Estimates ~ Std. Error  p-Value
(Intercept) 4892 .0027 <.001
Age .0063 0012 <.001
Age? 0044 0014 .001
DEF v ABC .0040 .0038 289
Low Risk v ABC .0081 .0039 039
Age x DEF v ABC .0017 .0016 309
Age x Low Risk v ABC .0002 .0018 908
Age? x DEF v ABC -.0037 0018 042
Age” x Low Risk v ABC -.0045 .0020 023
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Figure 3.  Association Fiber FA Trajectories by Intervention Groups. Spaghetti plot
shows individual trajectories (thin grey lines) of FA across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

Additional models were tested that included random slopes for linear and

quadratic age (see Table 4), but these did not alter the direction or significance of any

effects.
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3.1.3 Commissural Fiber

There were significant main effects of both linear and quadratic age, indicating
that FA increased with age in a nonlinear trajectory for ABC. At the mean age, the
contrast comparing the low-risk group to the ABC group showed a marginally
significant main effect (p = .056), suggesting a trend toward higher FA in the low-risk
group relative to ABC. The main effect for the DEF versus ABC contrast was not
significant.

Significant interactions emerged between intervention group and quadratic age.
Specifically, both the DEF versus ABC and the low-risk versus ABC contrasts
interacted significantly with quadratic age. These interactions indicated that
developmental trajectories in commissural FA differed by group. Adolescents in the
DEF and low-risk groups showed less pronounced nonlinear increases, possibly
reflecting an earlier plateau or slower growth in FA at later ages, compared to those in
the ABC group. In contrast, interactions between intervention group and linear age
were not significant, indicating that the rate of FA change at the mean age did not
differ significantly between groups. See Table 5 for full model estimates and Figure 4

for visualized trajectories.

Table 5. Fixed Effects for Commissural Fiber

Predictors Estimates  Std. Error  p-Value
(Intercept) 5734 .0029 <.001
Age 0057 0014 <.001
Age? 0047 0016 003
DEF v ABC .0056 .0041 179
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Low Risk v ABC .0082 .0042 .056

Age x DEF v ABC .0028 0019 142
Age x Low Risk v ABC .0015 .0021 473
Age? x DEF v ABC -.0045 0021 030
Age? x Low Risk v ABC -.0061 0023 .008

®
L]

0.60

== ABC
== DEF
== Low Risk

0.56

Commissural Fiber FA

13 14 15 16
Biological Age

Figure 4.  Commissural Fiber FA Trajectories by Intervention Groups. Spaghetti
plot shows individual trajectories (thin grey lines) of FA across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

Additional models were tested that included random slopes for linear and
quadratic age (see Table 6), but these did not alter the direction or significance of any

effects.
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3.1.4 Projection Fiber

Significant main effects of both linear and quadratic age emerged for the ABC
group, indicating that FA increased with age in a nonlinear trajectory for ABC. At the
mean age, the contrast comparing the low-risk group to ABC showed a marginally
significant main effect (p = .096), suggesting a trend toward higher FA in the low-risk
group relative to ABC. The main effect for the DEF versus ABC contrast was not
significant.

Significant interactions emerged between intervention group and quadratic age.
Specifically, both the DEF versus ABC and low-risk versus ABC contrasts interacted
significantly with quadratic age. These interactions indicate that developmental
trajectories in projection FA differed by group. Adolescents in both the DEF and low-
risk groups showed attenuated nonlinear increases, potentially reflecting a plateau or
deceleration in FA growth at later ages, compared to those in the ABC group. In
contrast, interactions between intervention group and linear age were not significant,
indicating that the rate of FA change at the mean age did not differ significantly
between groups. See Table 7 for full model estimates and Figure 5 for visualized

trajectories.

Table 7. Fixed Effects for Projection Fiber

Predictors Estimates  Std. Error  p-Value
(Intercept) 5432 .0025 <.001
Age .0062 .0013 <.001
Age? 0045 0014 002
DEF v ABC .0034 .0035 341
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Low Risk v ABC .0061 .0036 .096

Age x DEF v ABC 0014 0017 431
Age x Low Risk v ABC .0005 .0019 795
Age” x DEF v ABC -.0037 0019 049
Age’ x Low Risk v ABC -.0045 0021 031

<«
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g = DEF
£ = Low Risk
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Figure 5.  Projection Fiber FA Trajectories by Intervention Groups. Spaghetti plot
shows individual trajectories (thin grey lines) of FA across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

Additional models were tested that included random slopes for linear and

quadratic age (see Table 8), but these did not alter the direction or significance of any

effects.
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3.1.5 Summary of Three Major White Matter Structures with FA

Given that the primary hypothesis concerned group differences in the nonlinear
developmental trajectories of FA, the quadratic age by intervention interactions were
treated as focal effects. To correct for multiple testing across all three major white
matter structures, false discovery rate (FDR) correction was applied to the set of
interaction terms involving quadratic age.

All six interaction terms (DEF versus ABC and low-risk versus ABC across
the three fiber structures) remained significant after FDR correction (Table 9). These
results support robust group differences in the shape of white matter development,
particularly at later ages. These findings highlight meaningful and consistent
differences in nonlinear white matter growth trajectories between ABC, DEF, and

low-risk adolescents.

Table 9. FDR Correction for Quadratic Age by Group Effects

Fiber Type Contrast B (Estimate) p-Value  p(FDR)
Association Age? x DEF v ABC -.00368 0421 .0488
Association Age? x Low Risk v ABC -.00451 0228 .0474
Projection Age? x DEF v ABC -.00372 .0488 .0488
Projection Age? x Low Risk v ABC -.00446 0316 .0474
Commissural Age? x DEF v ABC -.00455 .0303 0474
Commissural Age? x Low Risk v ABC -.00608 .0084 .0474
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3.2 Global Network Characteristics

3.2.1 Model Development

To determine the optimal model structure for predicting global network
characteristics, we conducted a series of nested model comparisons using likelihood
ratio tests and maximum likelihood (ML) estimation, consistent with the prior
procedure conducted for white matter structures. Density was selected as the
dependent variable for model development. The initial baseline model, which included
only a random intercept for subjects, yielded an intraclass correlation coefficient (ICC)
of .75, indicating about 75% of the variability in association fiber FA was between
subjects and about 25% was within subjects.

We first compared a null model that included only a random intercept for
subjects to a model that included linear age and intervention contrasts (i.e., DEF
versus ABC and low-risk versus ABC), along with interaction terms between age and
contrasts (i.e., linear age model). The linear age model showed significantly improved
model fit compared to the null model, y*(5) = 37.744, p <.001, indicating age-related
and group-related differences in density. Next, we evaluated whether adding a
quadratic age term and its interactions improved model fit (i.e., quadratic age model).
The model including quadratic age did not significantly outperform the linear age
model, ¥*(3) =2.461, p = .482, suggesting that the trajectory of network density was
best captured by a linear rather than nonlinear age pattern.

Finally, we compared the linear age model to a version that included a random
slope for age across subjects. This model failed to improve fit significantly, ¥*(2) =
0.700, p =.704, and produced a boundary (singular) fit, indicating insufficient

variability in the random effect. Taken together, the linear age model with fixed slopes
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and a random intercept was selected as the final model. This model was used for all

subsequent hypothesis testing.

3.2.2 Density

A significant main effect of age emerged, indicating that network density

decreased with age across the sample. However, neither the main effects of group

(DEF versus ABC and low-risk versus ABC) nor the interaction terms with age were

significant, indicating that the rate of age-related decline in network density did not

differ significantly by intervention group. See Table 10 for full model estimates and

Figure 6 for visualized trajectories.

Table 10. Fixed Effects for Density

Predictors Estimates  Std. Error  p-Value
Intercept 1441 .0017 <.001
Age -.0025 .0009 .005
DEF v ABC -.0010 .0024 .689
Low Risk v ABC .0001 .0025 957
Age x DEF v ABC .0006 .0012 .636
Age x Low Risk v ABC -.0016 .0013 206
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Figure 6.  Density Trajectories by Intervention Groups. Spaghetti plot shows
individual trajectories (thin grey lines) of density across time (in years).
Thick solid lines represent group-level fitted regression lines. ABC, DEEF,
and Low-Risk groups are shown in green, orange, and purple,
respectively.

3.2.3 Global Efficiency

There were no significant main effects of age or intervention group on global
efficiency. However, a significant interaction between age and the low-risk versus
ABC contrast emerged, indicating that the trajectory of global efficiency differed
between the low-risk and ABC groups. Specifically, global efficiency declined more
steeply with age in the low-risk group compared to the ABC group. No significant age
by DEF versus ABC contrast interaction was found. Simple slope analyses were
conducted to probe the age-related change in global efficiency within each group. For

the ABC adolescents, the slope between age and global efficiency did not differ
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significantly from zero (p =—.0002, SE = .0005, p = .608). However, significant age-
related decline was found among the DEF (B =—-.001, SE =.0004, p <.001) and low-
risk adolescents ( =—.003, SE = .0005, p <.001). See Table 11 for full model

estimates and Figure 7 for visualized trajectories.

Table 11. Fixed Effects for Global Efficiency

Predictors Estimates  Std. Error  p-Value
Intercept .0405 .0012 <.001
Age -.0002 .0005 .608
DEF v ABC .0019 .0017 272
Low Risk v ABC .0024 .0018 177
Age x DEF v ABC -.0010 .0006 .100
Age x Low Risk v ABC -.0023 .0007 .001
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Figure 7.
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Global Efficiency Trajectories by Intervention Groups. Spaghetti plot
shows individual trajectories (thin grey lines) of global efficiency across
time (in years). Thick solid lines represent group-level fitted regression
lines. ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

3.2.4 Small Worldness

There was no significant main effect of age or intervention group on small

worldness. However, a significant interaction emerged between age and the low-risk

versus ABC contrast, suggesting that the developmental trajectory of small worldness

differed between these groups. Specifically, adolescents in the low-risk group showed

a steeper age-related decline in small worldness relative to those in the ABC group.

No such interaction was observed between age and the DEF versus ABC contrast.

Simple slope analyses were conducted to probe the age-related change in small
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worldness within each group. Among ABC adolescents, the slope between age and

small worldness did not differ from zero (f =—.00000002, SE = .000003, p = .993).

However, significant age-related decline was found among low-risk adolescents (f = —

.000008, SE =.000003, p =.004). The slope for DEF adolescents was trending in the

same direction as their low-risk peers but did not reach significance (§ = —.000005, SE

=.000003, p = .098). See Table 12 for full model estimates and Figure 8 for visualized

trajectories.

Table 12. Fixed Effects for Small Worldness

Predictors Estimates  Std. Error  p-Value
Intercept .0001315  .0000060 <.001
Age .0000000  .0000028 .993
DEF v ABC .0000049  .0000084 558
Low Risk v ABC .0000090  .0000087 304
Age x DEF v ABC -.0000049  .0000038 202
Age x Low Risk v ABC -.0000087  .0000041 .033

46



0.00030 1

0.00025 1

0.00020 1

Small-Worldness

0.000151

0.00010 1

Figure 8.

®

®

Py )

]
%e Py . %
% e ® e e == ABC
e . . S ~ DEF

— S — — - Low Risk

13 14 15 16
Biological Age

Small Worldness Trajectories by Intervention Groups. Spaghetti plot
shows individual trajectories (thin grey lines) of small worldness across
time (in years). Thick solid lines represent group-level fitted regression
lines. ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

3.3 Post-Hoc Analyses on White Matter Structures with Mean Diffusivity

3.3.1 Association Fiber

There was a significant main effect of linear but not quadratic age, indicating

that association fiber MD increased with age in a linear trajectory for ABC. At the

mean age, the contrast comparing DEF to ABC showed a significant main effect (p =

.003), suggesting that adolescents in the DEF exhibited higher overall MD than those
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in the ABC group. In addition, the contrast between low-risk and ABC groups showed
a marginally significant main effect (p = .052), suggesting a trend toward higher MD
in the low-risk group relative to ABC. However, no significant interactions were
detected between intervention group and quadratic age or between intervention group
and linear age. Adolescents across all three groups demonstrated increased MD with
age, though those in the ABC group increased at a slower rate than the other two
groups. Contrast coding was modified to examine the shape of the trajectory for the
DEF and low-risk groups. When DEF is the reference group, there were significant
main effects for both linear (B =.000021, SE =.000002, p = <.001) and quadratic ( =
-.000008, SE =.000002, p =.001) age, indicating that association fiber MD increased
with age in a nonlinear trajectory. In addition, when the low-risk group was included
as the reference group, there were significant main effects for both linear (f =
.000020, SE =.000003, p = <.001) and quadratic (f = -.000006, SE = .000003, p =
.042) age, indicating that association fiber MD increased with age in a nonlinear
trajectory. See Table 13 for full model estimates with ABC as the reference group and

Figure 9 for visualized trajectories.

Table 13. Fixed Effects for Association Fiber

Predictors Estimates  Std. Error  p-Value
(Intercept) .000730 000004  <0.001
Age .000023 .000003  <0.001
Age? -.000002 .000003 405
DEF v ABC .000016 .000005 .003
Low Risk v ABC .000011 .000006 052
Age x DEF v ABC -.000001 .000003 687
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Age x Low Risk v ABC -.000002 .000004 .593

Age? x DEF v ABC -.000005 .000004 136
Age? x Low Risk v ABC -.000004 .000004 351
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Figure 9.  Association Fiber MD Trajectories by Intervention Groups. Spaghetti
plot shows individual trajectories (thin grey lines) of MD across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

3.3.2 Commissural Fiber

There was a significant main effect of linear but not quadratic age, indicating
that commissural fiber MD increased with age in a linear trajectory for ABC. At the
mean age, the contrast comparing DEF to ABC showed a significant main effect (p =

.039), indicating that adolescents in the DEF exhibited higher overall MD than those
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in the ABC group. In contrast, no significant main effect was detected when
comparing low-risk group to ABC. In addition, no significant interactions were
detected between intervention group and quadratic age or between intervention group
and linear age. Adolescents across all three groups demonstrated increased MD with
age, though those in the ABC group increased at a slower rate than the other two
groups. When DEF was included as the reference group, there were significant main
effects for both linear (f =.000027, SE =.000003, p = <.001) and quadratic ( = -
.000008, SE = .000003, p =.007) age, indicating that commissural fiber MD increased
with age in a nonlinear trajectory. In addition, when low-risk group was included as
the reference group, there were significant main effects for both linear (f =.000027,
SE =.000003, p =<.001) and quadratic (B = -.000008, SE = .000004, p = .042) age,
indicating that commissural fiber MD increased with age in a nonlinear trajectory. See
Table 14 for full model estimates with ABC as the reference group and Figure 10 for

visualized trajectories.

Table 14. Fixed Effects for Commissural Fiber

Predictors Estimates  Std. Error  p-Value
(Intercept) 0.000752  0.000005  <0.001
Age 0.000028  0.000003  <0.001
Age? -0.000003  0.000003  0.349
DEF v ABC 0.000013  0.000006  0.039
Low Risk v ABC 0.000009  0.000007  0.199
Age x DEF v ABC -0.000001  0.000004  0.769
Age x Low Risk v ABC -0.000002  0.000005 0.732
Age? x DEF v ABC -0.000005  0.000004 0.296
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Age’ x Low Risk v ABC -0.000004  0.000005  0.384
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Figure 10. Commissural Fiber MD Trajectories by Intervention Groups. Spaghetti
plot shows individual trajectories (thin grey lines) of MD across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

3.3.3 Projection Fiber

There was a significant main effect of linear but not quadratic age, indicating
that projection fiber MD increased with age in a linear trajectory for ABC. At the
mean age, the contrast comparing DEF to ABC showed a significant main effect (p =
.004), suggesting that adolescents in the DEF exhibited higher overall MD than those

in the ABC group. In addition, the contrast comparing low-risk group to ABC also
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showed a significant main effect (p = .041), suggesting that those in the low-risk group
exhibited higher MD than ABC counterparts. However, no significant interactions
were detected between intervention group and quadratic age or between intervention
group and linear age. Adolescents across all three groups demonstrated increased MD
with age, though those in the ABC group increased at a slower rate than the other two
groups. When DEF was included as the reference group, there were significant main
effects for both linear (f =.000023, SE =.000002, p = <.001) and quadratic ( = -
.000008, SE =.000002, p =.002) age, indicating that projection fiber MD increased
with age in a nonlinear trajectory. In contrast, when low-risk group was included as
the reference group, there was a significant main effect for linear age (f =.000023, SE
=.000003, p = <.001). There was a marginally significant main effect for quadratic
age (p =-.000006, SE =.000003, p =.054). Together, these results indicate that
projection fiber MD increased with age in a linear trajectory with a trend towards a
curvilinear pattern. See Table 15 for full model estimates with ABC as the reference

group and Figure 11 for visualized trajectories.

Table 15. Fixed Effects for Projection Fiber

Predictors Estimates  Std. Error  p-Value
(Intercept) 0.000697  0.000004  <0.001
Age 0.000025  0.000003  <0.001
Age? -0.000003  0.000003  0.287
DEF v ABC 0.000015  0.000005  0.004
Low Risk v ABC 0.000011  0.000005  0.041
Age x DEF v ABC -0.000002  0.000004  0.575
Age x Low Risk v ABC -0.000002  0.000004  0.574
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Age? x DEF v ABC -0.000005  0.000004 0.227
Age? x Low Risk v ABC -0.000003  0.000004 0.483
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Figure 11. Projection Fiber MD Trajectories by Intervention Groups. Spaghetti plot
shows individual trajectories (thin grey lines) of MD across time (in
years). Thick solid lines represent group-level fitted regression lines.
ABC, DEF, and Low-Risk groups are shown in green, orange, and
purple, respectively.

3.3.4 Summary of Post-Hoc Analyses on Three Major White Matter Structures
with MD

Post-hoc analyses of mean diffusivity across association, commissural, and
projection fibers showed a consistent pattern of age-related increases in MD across
groups. Notably, ABC adolescents demonstrated slower rates of increases (a steadily
increasing, linear trajectory) than the DEF or low-risk group (a curvilinear trajectory

that accelerated early, followed by deceleration at later ages). In addition, those in the
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DEF consistently exhibited higher MD than their ABC counterparts across all three
fiber structures. Although the low-risk adolescents generally showed higher MD than
those in ABC, the findings were not as consistent as the comparison between DEF and
ABC (with projection fiber reaching statistical significance only). There was no

significant group-by-linear or quadratic age interaction.

3.4 Exploratory Analysis of Individual White Matter Fasciculi

To identify specific white matter fasciculi showing differential age-related
changes in FA across intervention groups, we conducted an exploratory analysis
testing the interaction between intervention group and quadratic age (Age?) across 43
anatomically distinct fasciculi, made up of association, commissural, and projection
fibers.

To control for multiple comparisons, p-values for all 86 interaction terms (43 *
2 contrast interaction terms) were corrected using FDR. After correction, three
fasciculi remained significant for the DEF versus ABC contrast: anterior thalamic
radiation (right), dorsal cingulum (right), and forceps minor. For the low-risk versus
ABC contrast, four fasciculi survived FDR correction: anterior thalamic radiation
(right), perigenual cingulum (right), forceps minor, and middle longitudinal fasciculus

(right). See Table 16 for full details.
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Chapter 4

DISCUSSION

The present study leveraged a longitudinal follow-up study of an RCT to
investigate alterations of white matter microstructure and global network architecture
during adolescence. In the RCT, parents involved with CPS due to maltreatment risk
were randomly assigned to receive the ABC intervention or a control intervention,
DEF, when their infants were under 24 months old. Approximately 11 years later,
these adolescents underwent dMRI scans at ages 13, 14, and 15. A comparison group
of adolescents with no previous CPS involvement, suggesting low risk of
maltreatment, was also included in the analyses. We examined whether improving
parenting quality through an early parenting intervention causally influenced the
developmental trajectories of FA in three major white matter fiber structures,
including association, commissural, and projection fiber (Aim 1), and global network
characteristics, including density, global efficiency, and small worldness (Aim 2).
Biological age was considered a continuous variable. Group differences over time
were probed via testing the interactive effects between age and group using mixed-
effects modeling. Post-hoc analyses on mean diffusivity (MD) were performed to
complement the interpretation of FA results. Exploratory analyses were conducted to

probe the interactive effects at the fasciculus level.
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4.1 Group Differences in the Developmental Trajectory of White Matter Fiber
Structures

We hypothesized that ABC adolescents would demonstrate a nonlinear age-
related change in three major white matter fiber structures during adolescence, and
that this pattern of change would differ from the pattern seen for DEF adolescents.
Results indicated that FA increased with age following a quadratic trajectory for ABC
adolescents. In addition, a significant quadratic age by group interaction emerged,
where those in ABC demonstrated an initial decrease in FA (i.e., deceleration of
growth velocity) followed by a later increase in FA (i.e., acceleration of growth
velocity), while those in the DEF and low-risk groups exhibited a steady increase in
FA over time (i.e., at a constant speed with little changes in growth velocity). In the
post-hoc analyses, significant age-related increases in MD were observed across the
three groups. While no significant age by group interactions emerged, there were
qualitative differences between groups. The developmental trajectory of MD was
better captured by a linear increase than a quadratic one for ABC adolescents. In
contrast, for those in the DEF and low-risk groups, their trajectories were better
described by a quadratic change, where the speed of MD increase decelerated, than by
a linear one. To interpret these developmental patterns, the covarying changes in FA
and MD were considered simultaneously. See Figure 12 for an illustrated

interpretation.
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Figure 12.  Predicted FA and MD Trajectories by Group. This figure illustrates the
differences in developmental patterns between groups. Solid lines
represent FA growth trajectories, and the dotted lines represent MD
growth trajectories.

Both the DEF and low-risk groups exhibited a pattern of steady increases in
FA and a nonlinear increase in MD, characterized by initial deceleration followed by
acceleration in growth velocity. The literature suggests that prior to myelination, the
adolescent brain undergoes axonal reorganization to enhance fiber coherence (Lebel &
Beaulieu, 2011; Simmonds et al., 2014). This reorganization of axons involves
eliminating inefficient pathways to promote fiber coherence, which in turn facilitates

increased communicative efficiency through myelination. Indeed, the increases in both

61



FA and MD across major white matter fiber structures in both the DEF and low-risk
groups likely reflect a fiber reorganization process. Moreover, both groups exhibited a
decelerated pattern of MD increases, and as they reached later ages, the two groups
began to show an accelerated pattern of decreasing MD. This dynamic pattern of MD
changes, along with a linear increase in FA, suggests that the brain is undergoing the
myelination process as adolescents in the DEF and low-risk groups become older.
Studies have shown that the rapid increase in myelination during adolescence is a
feature of white matter maturation, which, in contrast, demonstrates limited
neuroplasticity for future experience-dependent development (Casey et al., 2025;
Lebel et al., 2017).

Conversely, the ABC group exhibited a pattern of initial deceleration in FA
(FA decreases, a “dip” phase in the trajectory), followed by acceleration in growth
velocity (FA increases, a “recovery” phase in the trajectory). This pattern of FA
changes occurred in the context of a linear increase in MD and minimal changes to
growth velocity. A decrease in FA and an increase in MD among developing children
have been described as signs of ongoing axonal remodeling, during which the
proliferation of axons (in the context of crossing fibers) and fiber reorganization occur
(Baker et al., 2025; Lebel et al., 2017). ABC adolescents “caught up” with the other
group when FA increased with an accelerated velocity at later ages. Interestingly, the
increases in FA among ABC adolescents coincided with a steady, linear increase in
MD, rather than a decrease in MD. Typically, an increase in FA during adolescence is
interpreted as a myelination process, without considering other complementary
microstructural information, such as MD. However, myelination is marked by an

inverse association between FA and MD, where FA increases and MD decreases, and
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vice versa for de-myelination and edema. This association occurs because, in the
presence of myelin, water diffusivity is restricted by the lipid-rich barrier. Inherently,
when the white matter tissue is filled with myelin, there is limited extracellular space
and diffusional freedom in the tissue. Within the ABC group at older ages, this pattern
of increases in FA and MD likely reflects the reorganization process of white matter
fibers, which is also seen in both the DEF and low-risk groups at earlier ages.
Together, ABC adolescents appeared to show a more protracted development in white
matter relative to those in the other groups. This pattern of protracted development has
been described as an evolutionarily adaptive extension of neuroplasticity, where the
developing brain remains malleable for later experience-dependent development
(Casey et al., 2025; Lebel et al., 2017; Sampaio-Baptista & Johansen-Berg, 2017). In
contrast, the DEF and low-risk groups appeared to demonstrate a more accelerated but

time-limited pattern of maturation relative to ABC.

4.2 Maltreatment-Specific Differences in the Developmental Trajectory of
Global Network Characteristics

Across groups, network density declined linearly with age, consistent with the
normative neurodevelopmental process marked by decreased axonal packing and
synaptic pruning (Fair et al., 2009). There were no significant group by age
differences in either the intercept or the slope, suggesting that structural refinement
may proceed similarly regardless of early parenting context. However, group by age
differences emerged in the trajectories of global efficiency and small worldness.
Specifically, low-risk adolescents exhibited significantly steeper age-related declines

in both metrics compared to ABC youth, while ABC youth showed no significant age-
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related change in either global network property. The DEF group did not differ
significantly from either ABC or low-risk groups on these metrics.

Global efficiency and small worldness indicate the integration of large-scale
networks and the balance between localized specialization and distributed information
processing. Our findings suggest that ABC adolescents did not show age-related
changes across time. Typically, global efficiency and small worldness increase with
age to promote modularity and functional specialization (Whitaker et al., 2016). From
this perspective, the preservation of global efficiency and small worldness in ABC
adolescents may reflect a sustained neuroplasticity for integration and flexible
communication across brain networks, potentially supporting adaptive functioning in
the context of early adversity. In contrast, the steeper declines observed in DEF and
low-risk adolescents may indicate earlier maturation of functional network

organization.

4.3 Group Differences in Neuroplasticity

According to the stress acceleration hypothesis (Callaghan & Tottenham,
2016), early adversity may speed up brain development. This accelerated process is
posited to enable children to adapt to environments that are threatening, depriving, or
unpredictable. However, the accelerated maturation is at the expense of limited
neuroplasticity later in life. Our findings, especially the slower white matter
development in ABC relative to DEF, are congruent with the stress acceleration
hypothesis, where improvement in early parenting practices remediates the
neurodevelopmental tempo that otherwise would lead to acceleration of maturation, as
seen in the DEF group. In the context of an RCT, both ABC and DEF children had

experienced parenting-related early adversity prior to randomization. Our findings that
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adolescents in the ABC group showed more protracted white matter development
relative to DEF indicate that early sensitive parenting may restore or even expand
neurodevelopmental flexibility for children who experienced parenting-related
adversity. These differences in developmental patterns appeared across various fiber
structures, showing that early parenting has a global effect on the development of
white matter.

During adolescence, the brain undergoes major cortical changes, including
synaptic pruning and thinning of grey matter. This reorganization is salient in the
prefrontal and temporal cortices (Giedd et al., 1999; Mills et al., 2016). These changes
can temporarily disrupt nearby white matter systems, likely causing short-term
declines in FA as pathways become unstable before they strengthen and stabilize.
Adolescence also involves changes in inhibitory activity, with growing GABA
signaling that shapes developing circuits (Caballero & Tseng, 2016). In this context,
the FA “dip” seen in ABC adolescents may represent a phase of recalibration. The MD
results clarify this pattern further. While FA in the ABC group showed a nonlinear
trajectory, MD increased steadily and linearly, which is different than the early sharp
increase seen in the DEF and low-risk groups. This suggests that ABC adolescents
experienced dynamic changes in their brain structure in a more methodical, organized
way than their DEF and low-risk peers, which consequently allows for an extended
period of neuroplasticity, rather than haphazardly adapting to the suboptimal
environment to maximize survival. Although this speculation about the different
developmental patterns between ABC and DEF is intuitive, the comparison between

ABC and the low-risk group is less straightforward. Why did DEF and low-risk
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adolescents exhibit similar patterns of neuroplasticity when the latter did not
experience parenting-related early adversity?

In a recent review by Tooley et al. (2021), differences in socioemotional status
(SES) also showed differential patterns of neuroplasticity, consistent with the stress
acceleration hypothesis. Specifically, low SES, even without maltreatment history,
may be linked to faster brain development than high SES (see Figure 13). Therefore,
the global white matter similarities between the DEF and low-risk groups might reflect
shared SES-related effects on brain development. That said, this similarity does not
mean these groups are neurodevelopmentally identical. It is possible that at the global
level, SES influences the broad maturation patterns, but parenting-specific adversity
likely impacts particular brain systems, especially those linked to emotion regulation,
executive function, and social processing (McLaughlin & Lambert, 2017). These local
differences may not appear in broader measures, such as average FA and MD and
global network characteristics. In this context, ABC could have helped to maintain
circuit integrity or fostered flexibility in systems most at risk due to early adversity. It
is important to underscore that this interpretation remains speculative, given that the
present study was not set up to directly test these circuit-level differences. Yet, this
interpretation represents significant next steps for future research focused on how

parenting challenges affect biological development.
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Figure 13. Conceptual Depiction of Associations between SES and White Matter
Development (Adapted from Tooley et al., 2021). The black line
represents low SES, and the magenta line represents high SES. This
figure shows that at the global level, low SES children showed time-
limited accelerated maturation of white matter development from middle
childhood to adolescence (blue-shaded area).

While these speculations are helpful for generating hypotheses, it is important
to ground our interpretations in our data. The fact that ABC youth followed a different
developmental trajectory from those of DEF and low-risk aligns with the experiential
canalization theory (Blair & Raver, 2012), which proposes that high-quality parenting
can redirect developmental pathways even after early adversity. In this context, ABC
caregivers are not only viewed as “intervention parents” but also “super parents.”
These ABC parents undertook the challenging task of learning and implementing
sensitive and nurturing parenting practices while facing economic hardship and

involvement in child welfare. Their efforts likely helped create a home environment
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that fostered trust and support, which in turn, supported regulatory flexibility as
children transitioned into adolescence.

Findings from recent studies within the same sample provide converging
evidence for this interpretation (Miller et al., 2024; Valadez et al., 2020; Valadez et
al., 2024). Around age 10, children underwent two functional MRI scans: viewing
their mother versus a stranger (Valadez et al., 2020) and viewing fearful versus neutral
faces (Valadez et al., 2024). ABC children exhibited greater BOLD signal contrast
when viewing their mother compared to a stranger, whereas DEF children showed the
opposite pattern. Low-risk children fell in between. This BOLD contrast was
negatively correlated with parent-reported child behavioral problems and fully
mediated the intervention’s effects on child behavioral problems. It was also positively
correlated with a measure of attachment security, suggesting that neural responses
specific to their parents were linked to the quality of the parent-child relationship.

In the emotional face processing task (Valadez et al., 2024), ABC children
showed negative amygdala—prefrontal cortex connectivity, a pattern consistent with
top-down regulation of emotion. In contrast, DEF children exhibited positive
connectivity, while low-risk children again fell between the two intervention groups,
showing a negative connectivity pattern similar to ABC. These findings suggest that
ABC children, despite early adversity, may have developed emotion regulation
circuitry resembling that of low-risk peers. Taken together, these functional MRI
findings suggest that early sensitive and nurturing parenting may support
neurobiological development. The confluence of different environmental factors (e.g.,

quality of parenting and SES) may shape the neurodevelopmental pathways.
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Further evidence of long-lasting relational effects was seen in adolescence. At
age 14, ABC adolescents reported significantly closer relationships with their mothers
than DEF adolescents, as indicated by higher scores on the emotional support,
companionship, approval, and closeness subscales of the Network Relationship
Inventory (Miller et al., 2024). There were no significant differences between ABC
and low-risk adolescents, suggesting that early parenting intervention can promote
long-lasting secure, trusting parent-child relationships even in the context of adversity.
These relational strengths may help explain the more flexible neurodevelopmental
trajectory observed in the ABC group.

Early parenting may have laid the groundwork for adaptive reorganization,
allowing ABC adolescents to remain open to developmental change and better
equipped to meet the increasing emotional, social, and cognitive demands of
adolescence. In contrast, DEF adolescents who lacked the benefit of early sensitive
parenting may have had to rely on prematurely stabilized neural pathways to meet
these demands. However, given the scope of the present study, the link between brain
and behavior remains speculative. Future research should investigate whether the
extended neuroplasticity observed in the ABC group provides functional advantages in
meeting regulatory demands. With this in mind, we offered a few directions informed
by our exploratory analyses on individual white matter fasciculi and their functional

relevance.

4.4 Exploratory Analyses on Individual White Matter Fasciculi
As an exploratory effort, we examined intervention effects at the level of
specific white matter fasciculi across 43 tracts. Several fasciculi showed significant

group differences, even after FDR correction. In the DEF versus ABC contrast,

69



significant quadratic age interactions emerged in the right anterior thalamic radiation,
right dorsal cingulum, and forceps minor. In the low-risk versus ABC contrast, effects
extended to the right anterior thalamic radiation, right perigenual cingulum, forceps
minor, and the right middle longitudinal fasciculus.

Although exploratory, these patterns suggest that ABC may have preserved or
enhanced plasticity in brain systems involved in regulatory and integrative functions.
The anterior thalamic radiation, dorsal and perigenual cingulum, and forceps minor
have been broadly implicated in executive function, emotion regulation, and social
cognition (Bubb et al., 2018; Dufford & Kim, 2017; Norbom et al., 2022). Group
differences in these tracts may reflect the impact of early parenting on the maturation
of circuits that support affective flexibility and self-regulation. Additionally, the
middle longitudinal fasciculus, emerging from the low-risk versus ABC contrast,
supports language, reading, and communication capacities (Makris et al., 2013; Park et
al., 2023). The flatter trajectory observed in low-risk adolescents could reflect earlier
consolidation in these systems, possibly shaped by a relatively stable environmental
input compared to ABC. However, a protracted development in these regions, as
shown among ABC adolescents, may also be advantageous in the context of sensitive
and nurturing parenting and exposure to early adversity. The extended plasticity may
support adaptive recalibration following early adversity, potentially reflecting
equifinality of developmental pathways, where the routes that individuals take may
vary, but they reach similar behavioral endpoints. Together, these fasciculus-level
results tentatively suggest that while global white matter patterns may appear similar

between DEF and low-risk groups, local circuit-level development may follow distinct
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trajectories shaped by both environmentally driven adversity and early parenting

quality.

4.5 Strengths and Limitations

The present study has several noteworthy strengths. First, it leveraged a
longitudinal follow-up of an RCT, enabling the testing of causal effects of early
parenting interventions on adolescent brain development. Additionally, the use of
continuous age improved sensitivity to developmental changes over artificial discrete
time points. Employing a mixed-effects modeling approach also offered flexibility in
incorporating random effects. To enhance the validity of our interpretations, we
included MD alongside FA to better understand the white matter maturation process,
rather than relying solely on one DTI metric, which could inevitably lead to
misleading interpretations. The inclusion of global network characteristics
complemented the interpretations of our findings. Furthermore, our interpretations
were based on well-established, theory-driven frameworks (e.g., stress acceleration
hypotheses, experiential canalization theory), which shed light on the potential
mechanisms underlying the observed group-based differences. Finally, the
incorporation of exploratory analyses provided insights for future hypothesis testing to
further understand the behavioral correlates of differences in global white matter
developmental trajectories.

The study also has some limitations. While grounded in theory, some
interpretations (e.g., adaptive recalibration, equifinality) are speculative and extend
beyond the direct evidence provided by the current data. Further research is necessary
to increase our confidence in these assumptions. A reasonable next step to accomplish

this is to test the behavioral correlates directly. A mediation framework could enhance
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our understanding of how extended neuroplasticity emerged and the developmental
benefits (e.g., emotion regulation, executive functioning) that flexible white matter
development affords. In addition, given that the effects of accelerated global white
matter maturation could be partially explained by shared socioeconomic risk across
DEF and low-risk groups, the next step could involve evaluating the effects of the
income-to-needs ratio, neighborhood risks, and community-level child opportunities
for support and resources to disentangle the observed effects on white matter
development. From an analytic standpoint, the present study focused on the white
matter development at the global level. Given that different exposures to early
adversity may affect subnetworks or circuits uniquely, our current analytic approach is
not equipped to address these nuances. The exploratory analyses, while informative,
remain speculative. Ideally, future studies would preregister these analyses prior to
replication. Nonetheless, they provide promising targets for mechanistic hypotheses
about how early parenting interventions may scaffold the development of brain
systems that support adaptive functioning. Finally, during the model development
phase, fitting random slopes of linear and quadratic time both produced singularity
errors, and showed a suboptimal fit compared to the random intercept model. While
these data-driven approaches are well-supported by the literature, the current modeling
approach assumes no statistically meaningful variability in how individuals within
each group change across time. Modeling growth changes as fixed effects may be an
atypical assumption in the context of biological changes, where the rate of biological
changes likely varies between individuals in the same group.

Together, these strengths underscore the value of integrating longitudinal,

theory-informed, and methodologically rigorous approaches in examining how early
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parenting shapes neurodevelopment. Despite these limitations, the findings provide a
compelling foundation for future studies aimed at elucidating the mechanisms through
which early intervention may promote long-term neurobiological flexibility.
Ultimately, this work contributes to a growing body of literature suggesting that
sensitive parenting in infancy can have a lasting impact on the adolescent brain,
potentially altering developmental trajectories in ways that support resilience and

adaptive functioning.

4.6 Conclusion

The present study provides longitudinal evidence that promoting early
sensitive and nurturing parenting, despite a prior history of risk, can optimize the
trajectory of adolescent white matter development. We identified distinct
developmental patterns among adolescents whose parents received the ABC
intervention in infancy, compared to a control intervention and no maltreatment
history comparison. Findings highlight the potential for early sensitive and nurturing
parenting to promote neuroplasticity and support adaptive recalibration. While further
research is essential to understand the behavioral correlates of these neural findings,
the present findings support the idea that the quality of early parenting practices has a
long-lasting impact on neurodevelopmental flexibility and underscore the importance

of early intervention efforts for children exposed to parenting-related adversity.
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