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Abstract

Background: Non-suicidal self-injury (NSSI) is the harming of oneself without the intent to die
and is reported by about 18% of adolescents. The brain and hypothalamic-pituitary-adrenal
(HPA) axis stress systems undergo widespread changes during adolescence. There is evidence
that alterations in these systems are related to NSSI engagement. Indeed, prior literature has
identified some reliable alterations in frontal regulatory control of the amygdala as well as in
HPA axis reactivity in adolescents who engage in NSSI compared to those who do not. This
work has predominantly used variable-centered analyses. Emerging work using variable-centered
and person-centered analyses has identified some meaningful heterogeneity among adolescents
who do engage in NSSI. Despite these advances, little work has been done to characterize how
these biological processes unfold across development for those who engage in NSSI. The
following multi-level, longitudinal studies aim to identify patterns in the development of the
brain and HPA axis using variable-centered analyses in conjunction with person-centered
analyses. Study 1 Methods: This study employs a large, community-representative sample of
adolescents to examine neurodevelopmental patterns in the amygdala and superior frontal
reactivity to emotional stimuli and fronto-limbic resting state functional connectivity. Study 1
Results: Person-centered analyses identified five neurodevelopmental trajectories. Participants
in a person-centered derived group with a normative developmental profile first reported
engaging in NSSI later than a profile typified by dynamic change across study time points.
Variable-centered analyses found that decreased frontal reactivity to emotional stimuli at
baseline and decreased slope of change of fronto-limbic resting state functional connectivity
were associated with increased risk for NSSI. Study 2 Methods: This study includes a sample of
adolescents at high risk for NSSI with HPA axis metrics in addition to measures of the brain’s
stress system (including the amygdala and medial prefrontal cortex reactivity to emotional
stimuli and fronto-limbic resting state functional connectivity). Study 2 Results: Person-
centered analyses identified six developmental trajectories of the brain and HPA axis. Two
person-centered profiles in which participants, in part, demonstrated a pattern of blunted frontal
regulatory control were found to differ in severity of NSSI. Variable-centered analyses found
that decreased baseline fronto-limbic resting state functional connectivity was associated with
increased risk of NSSI, increased severity of NSSI, and higher number of episodes of NSSI.
Decreased baseline HPA axis reactivity was associated with increased risk of NSSI and
increased severity of NSSI, while a more positive slope of change in HPA axis reactivity was
associated with increased severity of NSSI. Discussion: The person-centered analyses provide
novel insights into within-group heterogeneity among adolescents who engage in NSSI. The
variable-centered analyses replicate and extend past work by providing longitudinal evidence of
biological signatures associated with NSSI. These findings provide new insights into
developmental alterations in the brain and HPA axis which are related to NSSI which may have
implications for intervention efforts with this population.
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1. Introduction to Non-Suicidal Self-Injury and Underlying Alterations in the Brain and
Body’s Stress Systems
Non-suicidal self-injury (NSSI) is a transdiagnostic maladaptive emotion regulation
strategy that involves the deliberate harming of oneself without the intent to die (Plener et al.,
2015). Though engagement in NSSI is intended to manage distress (Klonsky, 2007), it is
associated with a significant risk of harm due to the behaviors themselves (e.g., cutting, burning,
hitting) as well as the heightened risk for future suicidal thoughts and behaviors (Franklin et al.,
2016). NSSI is remarkably prevalent among adolescents, with about 18% of 12-18 year-olds
reporting engaging at some point in their lives as of 2015 (Monto et al., 2018), though there is
emerging evidence that this proportion increased to 28-40% following the onset of the COVID-
19 pandemic (Tang et al., 2021; Zetterqvist et al., 2021). Despite the alarmingly high rate of
incidence, the biological processes that underlie this maladaptive behavior and the role of
development are yet to be fully characterized. Work thus far has implicated dysfunction in the
stress processing and response systems of the brain and hypothalamic-pituitary-adrenal (HPA)
axis. Specifically, there is growing evidence implicating alterations in the brain’s ability to apply
higher-order filtering to stress responses (Basgoze, Mirza, et al., 2021; Santamarina-Perez et al.,
2019; Westlund Schreiner et al., 2017) and the HPA axis’ ability to muster the appropriate alarm
signal for the rest of the body (Kaess et al., 2012; Klimes-Dougan et al., 2019; Plener et al.,
2017). The stress processing conducted in the brain is iterative and integrative, and, as such,
there are many points in intra-brain processing at which errors may occur. The brain informs the
degree to which the HPA axis responds to stressors, and thus, the interplay between the brain and
the HPA axis is also critical to producing stress responses. The following studies hope to identify
patterns of alterations in the development of these systems that underlie risk for NSSI. To do so,
traditional variable-centered analyses will be conducted in conjunction with more novel person-
centered analyses to facilitate a greater understanding of developmental changes in biological
stress systems. The first study will use a large, community-representative sample of adolescents
who are being measured longitudinally (Adolescent Brain and Cognitive Development [ABCD]
Study; Barch et al., 2018; Casey et al., 2018). Presently, neuroimaging and psychopathology
metrics are available for ages 9-14 years, allowing for the investigation of developmental
trajectories in the early stages of the adolescent period. The second study will use a high-risk
sample with rich biological (brain and HPA axis metrics) and more nuanced measures of NSSI at
1
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three time points during adolescence (Brain Imaging Development of Girl’s Emotion and Self
[BRIDGES] Study; ROIMH107394-01). Participants in this study ranged in age from 12-17
years old at the first time point, allowing for the investigation of trajectories across the entire
span of adolescence. Together, these studies aim to leverage the unique strengths of both data

sets to advance the understanding of the biological underpinnings of NSSI.



2. Longitudinal Analysis of Stress System Development and NSSI in a Large Community
Sample

Introduction
Overview

Adolescence is marked by significant physical and social changes, chief among them is
widespread re-organization and plasticity in the brain, which has been associated with
heightened vulnerability for psychopathology (Giedd et al., 1999, 2009; Paus et al., 2008;
Somerville et al., 2010). Indeed, one form of maladaptive response to stressors, non-suicidal self-
injury (NSSI), the injury of oneself without the intent to die (Nock et al., 2007a), frequently
onsets between the ages of 12 and 14 years (Cipriano et al., 2017). It is estimated that about 18%
of adolescents have engaged in NSSI at least once (Monto et al., 2018). The investigation of
NSSI is important not only due to the injuries incurred by the behaviors themselves but also
because of the association with a heightened risk of suicidality in the future (Monto et al., 2018).
Earlier onset of NSSI has been associated with greater frequency and severity of NSSI behaviors
(Ammerman et al., 2018; Muehlenkamp et al., 2019) and greater future risk of suicide attempt
(Muehlenkamp et al., 2019). NSSI frequently co-occurs with depression, anxiety, and suicidal
thoughts and behaviors, though the unique underlying biological processes are yet to be fully
characterized (Basgoze, Wiglesworth, et al., 2021; Klonsky, 2007). Understanding the patterns
of neurodevelopmental changes that occur across adolescence in relation to NSSI could
illuminate pathways of risk and points for intervention, including avenues for tailoring
interventions (Carosella, Wiglesworth, Basgoze, et al., 2023; Westlund Schreiner et al., 2023).

The brain’s stress system, crucial to the processing and formulating responses to
stressors, has been implicated in the etiology of NSSI. This system works closely with the
autonomic nervous system to modulate responses based on the frequency and intensity of
stressors (for review: McEwen, 2007). The brain serves as a higher-order filter for stress
responses by combining and analyzing input from sensory systems to identify appropriate
behavioral responses (McEwen, 2007). Failures within this processing can result in maladaptive
responses, both insufficient and excessive, which results in the use of maladaptive emotion

regulation techniques, such as NSSI (Faravelli et al., 2012; van Oort et al., 2017).
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The Brain’s Stress System and NSSI1
Background

One proposed explanatory mechanism for the increase in psychopathology and
maladaptive behavior during adolescence is an imbalance between heightened sensitivity in
limbic regions and immature frontal regulatory control (Casey et al., 2011). The brain’s stress
system employs both limbic and frontal regions to conduct integrative and iterative processing of
stress stimuli (for review: LeDoux, 2003). Though many steps in this processing could be
vulnerable to error, clinical conditions such as NSSI have been repeatedly linked to failures in
frontal regulatory control of the amygdala (for review: Brafias et al., 2021).

The amygdala is a crucial component of the threat system, combining information about
stimuli in the environment, memory, and arousal (LeDoux, 2003; Ulrich-Lai & Herman, 2009).
The amygdala uses this information to identify potentially salient stimuli and initiate signals to
muster responses from other stress system components, including the medial prefrontal cortex
(mPFC), locus coeruleus, and hippocampus (Winklewski et al., 2017).

The mPFC is part of the larger superior frontal (SF) region, which is similarly involved in
aspects of cognitive control, including modulation of the stress responses by modulating
responses to stressors (Hu et al., 2016). The SF is made up of Brodmann areas (BA) 6 (only
rostral and dorsal portions), 8, 9, and 32 (Garey, 2006; Li et al., 2013). The subareas of BA 6
represent the supplementary motor area (SMA) and premotor cortex, which govern the
organization and planning of behaviors (Mihailoff & Haines, 2018) and have been implicated in
habitual behaviors such as NSSI (Cullen et al., 2020; Westlund Schreiner et al., 2017). BA 8
represents the pre-SMA and has been shown to act in the context of uncertainty to assist in
decision-making (Volz et al., 2005). The portion of BA 9 that is included in SF represents the
medial portions of the dorsolateral prefrontal cortex (dIPFC) and the dorsomedial prefrontal
cortex (dmPFC; Garey, 2006). The dIPFC is integral in supporting the regulation of behaviors
and control of responses to stressful stimuli (Wood & Grafman, 2003), while the dmPFC exerts
top-down control over motor behavior and is engaged in self-referential thinking and responses
to social stimuli (Ferrari et al., 2016; Gusnard et al., 2001; Narayanan & Laubach, 2006). Finally,
BA 32 is the dorsal anterior cingulate cortex (dAACC), which governs the representation of
context-specific stimuli and is active in top-down control of decision-making and behaviors

(Stevens et al., 2011). Though these regions of the SF have discrete functional roles, they work
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together to guide adaptive responses under stress through modulation of the emotional and
behavioral responses.

While measuring amygdala and SF functioning in response to stressors can provide some
insight into how frontal regions may exert control over the amygdala, it cannot directly assess the
degree to which frontal regions are functionally interconnected with the amygdala. Directly
interrogating fronto-limbic resting state functional connectivity (RSFC) provides further
measures of the degree to which such control is engaged. Cingulo-opercular-amygdala (CO-A)
RSFC is used to index the link between frontal regulatory regions and the amygdala (Brieant et
al., 2021; Thijssen et al., 2022). The cingulo-opercular (CO) network is made up of frontal
(anterior prefrontal cortex [aPFC] and dACC) and limbic regions (insula) and is heavily
implicated in the regulation of emotional states and executive control of behaviors (Dosenbach et
al., 2007; Gordon et al., 2016). The aPFC is involved in decision-making, facilitating movement
towards long-term goals over immediate impulses (Koechlin & Hyafil, 2007). The dACC acts as
a bridge between the cognitive and emotional processing systems (Stevens et al., 2011). The
insula modulates attention based on the salience of stimuli and the allocation of downstream
resources for processing and response (Krause-Utz et al., 2017; Menon & Uddin, 2010). The CO
network exerts inhibitory control over the amygdala, thus impacting the degree of response to
stressors (Sylvester et al., 2020). Measuring the degree of functional connectivity at rest between
the CO network and the amygdala may give insight into the degree of frontal regulatory control
exerted on the amygdala. See Figure 1 for a depiction of the interrelated network.
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Figure 1. The Brain’s Stress System Model for the ABCD Study
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indicate inhibitory relationships. Based on Garey, 2006 and Gordon et al., 2016.

Normative Developmental Changes in the Brain’s Stress Processing System

The recalibration and reorganization that occur in the frontal regions during adolescent
development are of particular interest in relation to NSSI. There is an increase in prefrontal
cortex (PFC) activation in response to stressful stimuli (Yurgelun-Todd & Killgore, 2006).
Simultaneously, there is a maturation of the connections between the frontal lobe, including the
regions of the SF and the limbic system, facilitating increased frontal regulatory control over the
brain’s stress response (Cunningham et al., 2002; Gee, Gabard-Durnam, et al., 2013; Perlman &
Pelphrey, 2011; Silvers et al., 2015; Swartz et al., 2014). The CO network has been shown to
have increasing within-network connectivity across neurodevelopment (Fair et al., 2009), while
preliminary evidence from early adolescence indicates that CO-Amygdala RSFC may decrease
as puberty progresses, though it is unclear if this finding is confounded by other factors that
impact puberty (Thijssen et al., 2022). It may be inferred that as these regions become more
integrated, the regulation of emotions becomes more effective.
Variable-Centered Findings of Alteration in the Brain’s Stress System Associated with NSSI

Amygdala activation in response to stressors in participants with a history of NSSI has
been investigated repeatedly, yielding mixed results (for review: Brafas et al., 2021). When
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comparing amygdala activation in response to emotional faces or fear-inducing photographs in
those with and without a history of NSSI engagement, heightened activation in female
adolescents (Plener et al., 2012), no difference between groups of female adolescents (Mayo et
al., 2021; Westlund Schreiner et al., 2017), and blunted activation in female adults who have
engaged in NSSI (Hooley et al., 2020). One study showed that there may be heterogeneity
among participants who engage in NSSI, as those with moderate, but not severe, NSSI showed
heightened amygdala activation compared to participants with mild or no history of NSSI
(Basgoze, Mirza, et al., 2021). Given that the amygdala is integral in facilitating stress
processing, understanding the nuances in amygdala activation in response to evocative stimuli
may be critical to understanding the biological signatures associated with NSSI.

While direct interrogation of the whole CO network as a singular unit in the context of
NSSI has not been undertaken, work examining the regional components of this network has
identified some intriguing alterations. Hooley et al. (2020) demonstrated that aPFC activation in
response to emotionally evocative stimuli (both positive and negative) was heightened in those
with a history of NSSI compared to those without a history of NSSI. Plener et al. (2012) found
increased anterior cingulate cortex (ACC) activation in the context of emotionally evocative
stimuli in those with a history of NSSI compared to healthy controls. Perini et al. (2019) found
no difference in activity in dACC and insula between those with a history of NSSI and healthy
controls. Mayo et al. (2021) found a positive association between insula reactivity to negative
affective pictures and heightened physiological reactivity to emotional stimuli in adolescents
with a history of NSSI compared to healthy controls. Finally, Westlund Schreiner et al. (2017)
found a novel relationship between amygdala-SMA RSFC and the history of NSSI.

Fronto-limbic RSFC is consistently lower in those who engage in NSSI compared to
those who do not (Basgoze, Mirza, et al., 2021; Santamarina-Perez et al., 2019; Westlund
Schreiner et al., 2017). These findings theoretically correspond with decreased inhibitory signals
from frontal regulatory regions to the amygdala and, thus, decreased executive control over
stress responses (Dahlgren et al., 2018). Though work has yet to be conducted examining the
relationship between alterations in CO-Amygdala RSFC and NSSI, a similar pattern would be
expected. This pattern of decreased fronto-limbic RSFC holds promise as a broad biomarker for
the risk of NSSI and maladaptive emotion regulation. Thus far, only a subset of work examining
the biological patterns associated with NSSI has employed multi-modal imaging metrics. Taken
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from the same sample, Basgoze, Mirza, et al. (2021) and Carosella, Mirza, et al. (2023) both
examined amygdala reactivity to stressful stimuli in conjunction with amygdala-mPFC RSFC.
Carosella, Mirza, et al. (2023) found that adolescents who continued engaging in NSSI after the
onset of the COVID-19 pandemic showed greater amygdala reactivity with no difference in
amygdala-mPFC RSFC compared to peers who desisted from NSSI or never engaged. As noted
previously, Basgoze, Mirza, et al. (2021) found that adolescents with severe NSSI demonstrated
more negative amygdala-mPFC RSFC, while those with moderate NSSI showed higher
amygdala reactivity compared to each other and the group with a history of mild or no NSSI
engagement. These studies represent only the beginning of work considering multiple metrics of
the brain’s stress systems in conjunction. Additionally, they point to the possibility of
meaningful heterogeneity within groups of adolescents with a history of NSSI.
Person-Centered Analyses

Much of the work investigating the neural underpinnings of NSSI has used variable-
centered analyses (i.e., comparing groups of individuals with and without a history of NSSI),
which pre-suppose homogeneity within these groups. These methods have yielded some reliable
patterns (e.g., decreased fronto-limbic RSFC; Basgoze, Mirza, et al., 2021; Santamarina-Perez et
al., 2019; Westlund Schreiner et al., 2017) but have also shown some null or mixed findings
regarding some metrics that should be theoretically involved in instantiating NSSI (e.g.,
amygdala reactivity; Hooley et al., 2020; Mayo et al., 2021; Plener et al., 2012; Westlund
Schreiner et al., 2017). Person-centered analytic techniques should be employed to facilitate the
identification of participant groups based on threat response patterns. This approach may
promote data-driven discoveries of patterns that would otherwise be obscured due to the
assumptions inherent in variable-centered analyses.

The Adolescent Brain and Cognitive Development (ABCD) Study (Barch et al., 2018;
Casey et al., 2018) is ideal for person-centered examinations of neurodevelopment due to its
large, representative sample and the longitudinal nature of the imaging data. Indeed, some work
using this sample has employed person-centered analyses (ex: Brislin et al., 2021; Conley et al.,
2023; Huffman & Oshri, 2022; Lichenstein et al., 2022; Pollmann et al., 2024; Zhuo et al., 2022),
though none have included the full scope of available longitudinal data or examined risk for
NSSI. Some person-centered work has been conducted in other samples that were at heightened
risk of NSSI but have focused on patterns in self-reported experience of stress, observer-reported
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expressions of stress, and endocrine response to stressors rather than brain metrics. When
investigating stress response patterns in adolescents with and without major depressive disorder
(MDD), Bendezu et al. (2022) found that those with heightened discordance in their responses
had a heightened risk for engagement in NSSI. When examining adolescent females
oversampled for a history of NSSI, Carosella, Wiglesworth, Bendezu, et al. (2023) again found
that discordant response group membership was associated with heightened risk for a history of
NSSI, though no significant findings emerged relating these stress response groups to amygdala
or mPFC reactivity to emotional faces or amygdala-mPFC RSFC. Wiglesworth, Bultts, et al.
(2023) used the same sample to assess which patterns were associated with greater resilience
from NSSI and depressive symptoms and found that the discordant group demonstrated the least
clinical improvement. While information is accumulating implicating the power of person-
centered analyses, no research to date has used neural indexes to identify groups relevant to
NSSI, nor has any work used both person-centered and variable-centered analytic techniques to
explore neurodevelopmental patterns across adolescence. When employed in tandem, person-
centered and variable-centered approaches may offer novel insights into previously unobserved
neurodevelopmental patterns not accessible through variable-centered analyses alone.
Aims

This study leverages the large, epidemiologically informed sample of the ABCD study,
which recruited families with children 9-10 years old from across the United States (see Garavan
et al., 2018 for recruitment information). Neuroimaging, including activation in response to
emotionally evocative stimuli and RSFC (Casey et al., 2018), was collected every other year, and
interviews/surveys regarding psychopathology were collected yearly (Barch et al., 2018). The
study described below includes data from Baseline (9-10 years old), Time 1 (10-11 years old),
Time 2 (11-12 years old), Time 3 (12-13 years old), and all presently available data for Time 4
(13-14 years old). This study broadly attempts to characterize the neural developmental patterns
that relate to engagement in NSSI using both person-centered and variable-centered analyses.
Aim 1

To use person-centered analytic approaches to identify distinct trajectories of
neurodevelopment in the brain’s stress system captured by the reactivity of the amygdala and SF
gyrus in response to emotionally evocative stimuli and CO-amygdala RSFC. There are no
predictions for the number of groups; however, it is hypothesized among the empirically derived
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trajectories will be one that represents a Normative Development trajectory group and is typified
by decreasing amygdala reactivity, increasing SF reactivity to evocative stimuli, and increasingly
negative CO-amygdala connectivity. Another hypothesized group is a Blunted Frontal
Regulatory Control trajectory, composed of participants with increasing amygdala reactivity,
decreased or stable SF activation, and more increasingly negative CO-amygdala RSFC.

Hypothesized groups are shown in Figure 2.

Figure 2. Diagram of Hypothesized Neurodevelopmental Trajectories for the ABCD Study
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Aim 2

To assess whether these neurodevelopmental trajectories are related to a history of
engagement in NSSI and the age at which NSSI engagement is first reported. Given the high
rates of comorbidity between NSSI and depression, follow-up sensitivity analyses will be
conducted in which depression symptom severity is included as a covariate to determine if any
observed patterns are uniquely associated with NSSI. It is hypothesized that those in the Blunted
Frontal Regulatory Control trajectory group will be at the highest risk for engagement in NSSI.
Analyses exploring the age at the first report of NSSI are exploratory as no prior work has been
conducted examining neural signatures and this attribute of NSSI.

Aim 3

To employ variable-centered analyses to assess if changes in amygdala reactivity, SF
reactivity, and CO-amygdala RSFC are related to a history of NSSI engagement and the age at
which NSSI is first reported. Given that the particular person-centered analytic approach to be
employed can account for both the Baseline and slope of change of brain metrics, both the
Baseline and slope (change over time) of these metrics will be examined in relation to NSSI
engagement and age at the first report of NSSI. Follow-up sensitivity analyses will be conducted
in which depression symptom severity is included as a covariate to determine if any observed
patterns are uniquely associated with NSSI.

Baseline. It is hypothesized that lower Baseline SF reactivity and more negative Baseline
CO-Amygdala RSFC will be associated with a greater risk of engaging in NSSI. Analyses
exploring the age at the first report of NSSI are exploratory as no prior work has been conducted
examining neural signatures and this metric. Analyses assessing amygdala reactivity are
exploratory given the mixed findings in the literature on NSSI, however prior work in similar
populations (e.g., those with depression) has indicated that higher reactivity is associated with
more significant emotion regulation difficulties (Klimes-Dougan et al., 2014).

Slope. It is hypothesized that decreasing or stable SF reactivity and increasingly more
negative CO-Amygdala RSFC will be associated with a greater risk of engaging in NSSI.
Analyses exploring the age at the first report of NSSI are exploratory as no prior work has been
conducted examining neural signatures and this metric. Analyses assessing amygdala reactivity

are exploratory given the mixed findings in the literature on NSSI, however prior work in similar
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populations (e.g., those with depression) has indicated that higher reactivity is associated with
more significant emotion regulation difficulties (Klimes-Dougan et al., 2014).
Significance

This study could provide novel evidence of neurodevelopmental trajectories through
person-centered analyses related to risk for NSSI. In addition, it could add to the extant body of
literature exploring the biological underpinnings of NSSI via variable-centered analyses and
potentially support the robustness of these findings. This study leverages the large,
epidemiologically informed, longitudinal sample that captures rich multilevel metrics of neural
functioning and psychopathology across a critical development period and uses novel analytic
approaches to replicate and extend the extant literature on the biological basis of NSSI in a
framework.

Methods
Sample

The original ABCD sample includes 11,877 participants at Baseline who provided brain
data (Baseline, Time 2, and partial data for Time 4) and self-report and parent/guardian-report
metrics of NSSI and depressive symptoms at each time point. Brain data was filtered using the
pre-tabulated MRI quality control variables (Hagler et al., 2019). Participants missing more than
50% of brain data points across the three time points (due to attrition, scanner failure, poor MRI
scan quality, etc.) were excluded, resulting in a sample of 5,563 participants. The sample
selection process is such that participants with missing data for Time 4 and/or low-quality data
are more likely to be excluded from the subsample. See Table 1 for demographic information
and Table Al for an overview of the reported patterns of NSSI across time points.

Measures
Demographic Information:

Demographic variables were reported by a parent or guardian at each time point and are
used to examine differences between groups. These data included participant age in months,
participant sex assigned at birth (male =17, female="2"), participant race and ethnicity, total
family income, site ID, and scanner platform. For this study, Baseline demographic data was
used for all metrics besides age (which was included for each time point). Additionally,
participants and parents/guardians were asked to report on the participant's gender identity and
transgender status at each time point as a part of the psychodiagnostic interview (Kiddie
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Schedule for Affective Disorders and Schizophrenia for School-Age Children-Computerized
Version; Barch et al., 2018; Kaufman et al., 1997, 2021). Most recently reported gender identity
was used. Discrepancies between the participant and parent/guardian reported gender identity
were resolved using the participant report. Endorsement of transgender status by either the
parent/guardian or participant at any time was coded as “1”’; no endorsement across all Time
points was coded as “0”.
Functional Neural Activation to Emotionally Evocative Stimuli:

Tabulated metrics of the amygdala and SF regional activation during the emotional N-
Back task were used. This task was administered while participants underwent functional
magnetic resonance imaging (fMRI), which has been shown to engage processes related to
memory and emotion regulation (Barch et al., 2013). The task consists of two types of blocks (0-
back [low memory load] and 2-back [high memory load]), each with four types of photograph
stimuli: happy, fearful, and neutral faces (Conley et al., 2018; Tottenham et al., 2009) and places.
The cognitive processing of these stimuli reliably activates the fronto-limbic circuitry involved in
emotion reactivity and regulation (Gee, Gabard-Durnam, et al., 2013; Hare et al., 2008). Data
were collected during two 5-minute fMRI runs, each with four 0-back and 2-back blocks each.
Runs included 362 whole-brain volumes after discarded acquisition (Rosenberg et al., 2020). The
SF regional parcellation was defined using the Desikan-Killany cortical atlas (Desikan et al.,
2006), while the amygdala parcellation was defined using the FreeSurfer Aseg atlas (Fischl et al.,
2002). Contrasts in regional activation to neutral faces to the happy and fearful faces allow for an
assessment of the specificity of activation to emotionally evocative stimuli. A description of the
processing of task-based neuroimaging and the parcellation methodology can be found in Hagler
et al. (2019). The pre-tabulated mean beta weight for nBack emotion versus neutral face contrast
for the amygdala and SF parcellations were used. The means of the two hemispheric values were
computed to represent the bilateral activation in each region because there are no a priori
hypotheses about hemispheric-specific differences. Pre-tabulated task MRI quality control
recommendations for inclusion/exclusion were used to determine if each participant’s scan at
each time point met the inclusion criteria (Hagler et al., 2019).
Resting State Functional Connectivity:

Tabulated metrics of CO-amygdala RSFC were captured while participants were in the
scanner with their eyes open, passively viewing a crosshair for 5 minutes across four different
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scanning segments (Casey et al., 2018). A description of the processing and parcellation of this
data can be found in (Hagler et al., 2019). The CO network was defined using the Gordon atlas
(Gordon et al., 2016), and the amygdala was parcellated using the FreeSurfer Aseg atlas (Fischl
et al., 2002). Means of the two hemispheric values represented the RSFC between the bilateral
CO network and bilateral amygdalae, as there are no apriori hypotheses about hemispheric-
specific differences. Pre-tabulated resting state MRI quality control recommendations for
inclusion/exclusion were used to determine if each participant’s scan at each time point met the
inclusion criteria (Hagler et al., 2019).

NSSI Engagement:

Participant self-reported and parent/guardian-reported responses on the Kiddie Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Computerized Version
(Barch et al., 2018; Kaufman et al., 1997, 2021) were used to measure NSSI engagement.
Participants and their parents/guardians were asked, “Sometimes when kids get upset or feel
numb, they may do things to hurt themselves, like scratching, cutting, or burning themselves. In
the past two weeks, how often [have you/has your child] done any of these things or other things
to try to hurt [yourself/themselves]?” to assess for present NSSI engagement and “Was there ever
a time in the past when [you/your child] did things to hurt [yourself/themselves] on purpose
because [you/they] were upset, like cut, scratch or burn yourself?” to assess past instances of
NSSI. Affirmative responses by the parent/guardian or the participant at each time point were
coded as “1,” while negative responses by both parent/guardian and participant were coded as
“0” for that time point. Affirmative responses at any time point resulted in NSSI engagement
history being coded as “1,” and negative responses across all time points, NSSI history was
coded as “0”.

Age at First Report of NSSI:

The participant's age (in months) at the visit at which NSSI was first endorsed was found.
The age of onset of NSSI could not be determined based on the information gathered, but it is
hoped that the age at the first report is a useful approximation.

Depressive Symptoms:

Participants' parents or guardians completed the Child Behavior Checklist (CBCL;
Achenbach & Ruffle, 2000) at each time point. The CBCL assesses various externalizing and
internalizing problems in children and adolescents. The Depression DSM-5 Scale questions
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about apathy, anhedonia, crying, loss of/increase in appetite, difficulty sleeping, fatigue, and
sadness. The pre-calculated Depression DSM-5 Scale t-score (Achenbach, 2013) was used to
index the severity of depressive symptoms, with higher scores indicating heightened depressive
symptom severity.

Analytic Plan

The same metrics will be used across person-centered and variable-centered analyses,
though the different analytic methods frame questions slightly differently. Person-centered
analyses (Aims 1 and 2) can simultaneously examine all time points for all metrics, allowing for
the direct investigation of interplay across time. Variable-centered analyses (Aim 3) can examine
the individual metrics separately within the same model and can only examine one time point
(i.e., Baseline) or a composite measurement formed from data across time points (i.e., slope).
Aim 1:

Multi-Trajectory Modeling (Nagin et al., 2018) was conducted using the “gbmt” package
(Magrini, 2022) in R (R Core Team, 2023a). The model variables were amygdala reactivity, SF
reactivity, and CO-amygdala RSFC from Baseline, Time 2, and Time 4. The number of derived
groups was determined based on model fit statistics (including AIC, BIC, and posterior
probability) and parsimony, as described in Nagin (2005). Once the appropriate number of
groups was identified, the number of polynomial degrees was determined using the same
iterative process based on the same model fit statistics. The resulting groups represent
neurodevelopmental trajectory groups.

Demographic attributes were compared between groups. Chi-squared tests were
conducted to assess for differences between groups in relation to categorical variables (race,
ethnicity, family income, sex at birth, gender identity, scanner platform, and site ID). One-way
ANOVAs were conducted to assess for group differences in age at each time point. Chi-squared
and ANOV As were conducted using the “stats” package in R (R Core Team, 2023b).

Aim 2:

NSSI Engagement: Multilevel binomial regressions were conducted using the “lme4”
package in R (Bates et al., 2015) to assess whether any neurodevelopmental trajectory groups are
associated with more individuals endorsing a history of NSSI engagement. Covariates included
sex at birth, age at Baseline, age at Time 2, age at Time 4, scanner platform, and family 1D
nested in the site ID. Follow-up sensitivity analyses were conducted using the mean CBCL
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Depression score as a covariate. Follow-up group comparisons were conducted using pairwise t-
tests with a Bonferroni correction using the “stats” package in R (R Core Team, 2023b).

Age at First Report of NSSI: Multilevel linear regressions were conducted using the
“lme4” package in R (Bates et al., 2015) to assess whether any neurodevelopmental trajectory
groups are associated with an earlier age at which NSSI was reported. Covariates included sex at
birth, age at Baseline, age at Time 2, age at Time 4, scanner platform, and family ID nested in
the site ID. Follow-up sensitivity analyses were conducted using the mean CBCL Depression
score as a covariate. Follow-up group comparisons were conducted using pairwise t-tests with a
Bonferroni correction using the “stats” package in R (R Core Team, 2023b).

Aim 3:

Baseline: Correlations between Baseline brain metrics, age at Baseline, sex at birth, NSSI
engagement, age of first report of NSSI, and Baseline CBCL Depression score were conducted
using the “Hmisc” package in R (Harrell, 2023). To compare Baseline brain metrics (amygdala
reactivity, SF reactivity, and CO-amygdala RSFC) between participants with and without a
history of NSSI, multilevel binomial regressions were conducted using the “lme4” package in R
(Bates et al., 2015). To assess the relationship between Baseline brain metrics and the age at
which NSSI was first reported, multilevel linear regressions were conducted in R using the
“Ime4” package (Bates et al., 2015). Covariates included sex at birth, age, scanner platform, and
family ID nested within site ID. Follow-up sensitivity analyses were conducted using the
Baseline CBCL Depression DSM-5 t-score as a covariate.

Slope: To compare the change in brain metrics over time, the slope of change in each
metric was found for each participant by calculating the difference between the most recently
available data and the earliest available data and dividing the difference by the change in age (in
months) between the two time points. To compare the slope of change of brain metrics
(amygdala reactivity, SF reactivity, and CO-amygdala RSFC) between participants with and
without a history of NSSI, multilevel binomial regressions were conducted using the “lme4”
package in R (Bates et al., 2015). To assess the relationship between Baseline brain metrics and
the age at which NSSI was first reported, multilevel linear regressions were conducted in R using
the “lme4” package (Bates et al., 2015). Covariates included sex at birth, age, scanner platform,
and family 1D nested within site ID. Follow-up sensitivity analyses were conducted using the
mean CBCL Depression score as a covariate.
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Results
Sample Characteristics

Of the 5,563 participants included in this study, 1,261 (22.7%) reported engaging in NSSI
at some point by Time 4. A significant proportion of this group reported engagement at the
Baseline time point (=485, 38.5% of the total group reporting NSSI). Participants assigned
female sex at birth (AFAB) accounted for 54.2% of the group reporting NSSI across time points
(n=684). When examined longitudinally, the number of participants assigned male sex at birth
(AMAB) reporting NSSI for the first time decreased across the time points while the number of
participants AFAB increased over time. See Table 1 for participant demographic information and

Table Al for greater detail on NSSI reporting across time points and by sex at birth.
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Table 1. Demographic Characteristics of Subsample for the ABCD Study

Ade At Each Time Point Mean (SD)

Baseline (n = 5563)

9.9513 (0.625)

Time 1 (n =5479)

10.961 (0.6407)

Time 2 (n = 5556)

12.005 (0.661)

Time 3 (n =5335)

12.919 (0.647)

Time 4 (n =3306)

14.085 (0.688)

Biological Sex at Birth N (%)

Female 2626 (47.2%)
Male 2938 (52.8%)
Gender Identity N (%)

Female 2310 (41.5%)
Male 2810 (50.5%)

Another Gender (e.q. non-binary)

214 (3.8%)

Transaender Status N (%)

Transgender

110 (2.0%)

Racial Identities N (%)

American Indian/Alaska Native or Native Hawaiian/Pacific Islander

63 (1.1%)

Asian 111 (2.0%)
Black 553 (10.0%)
White 3948 (71.0%)
Multiracial 449 (8.1%)
Other 432 (7.8%)

Ethnic Identities N (%)

Hispanic or Latino

1021 (18.4%)

Family Income N (%)

Less than $5,000 through $15,999

311 (5.6%)

$16,000 through $34,999 476 (8.6%)
$35,000 throuah $49,999 442 (7.9%)
$50,000 through $74,999 758 (13.6%)
$75,000 through $99,999 835 (15.0%)
$100,000 throuah $199,999 1749 (31.4%)
$200,000 and greater 635 (11.4%)
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Aim 1 Results

The 5-group solution was selected because it had the best model fit statistics (see Table
A2). The groups were compared based on demographic characteristics and were found to not
differ on many demographic characteristics. However, the groups differed in age at Baseline, age
at Time 1, age at Time 2, scanner platform, and site ID. See Table A3 for comparison statistics.

Figure 3 shows the person-centered derived groups. Group 1 (n=2,240) was characterized
by stable amygdala reactivity, increasing SF reactivity, and decreasing CO-amygdala RSFC.
Group 2 (n=562) was characterized by increasing then decreasing amygdala reactivity,
increasing then decreasing SF reactivity, and increasing then decreasing RSFC. Group 3
(n=1,492) is characterized by decreasing amygdala reactivity, decreasing then increasing SF
reactivity, and decreasing RSFC. Group 4 (n=570) is characterized by increasing then decreasing
amygdala reactivity, increasing then decreasing SF reactivity, and decreasing RSFC. Finally,
Group 5 (n=699) is characterized by increasing amygdala, decreasing SF reactivity, and
decreasing RSFC. Because it is the largest group, Group 1 was selected as the reference group

for the following analyses.
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Figure 3. Person-Centered Derived Groups for the ABCD Study
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Aim 2 Results

Table 2. History of NSSI Engagement by Group for ABCD Study

Without CBCL With CBCL Depression
Depression Score Score

Coefficient OR (CI) OR (CI)

Intercept -0.277 (0.219, 0.350)*** 0.083 (0.054, 0.128)***

Group 2 Membership

1.389 (0.994, 1.940)

1.295 (0.908, 1.847)

Group 3 Membership

0.862 (0.687, 1.080)

0.851 (0.671, 1.081)

Group 4 Membership

1.227 (0.861, 1.750)

1.135 (0.776, 1.660)

Group 5 Membership

1.040 (0.777, 1.392)

0.927 (0.679, 1.265)

Sex at Birth 1.632 (1.369, 1.944)***  |1.672 (1.388, 2.015)***
Baseline Age 0.620 (0.404, 0.951)* 0.588 (0.373, 0.926)*
Age Time 2 1.104 (0.756, 1.613) 1.082 (0.724, 1.618)
Age Time 4 1521 (1.128, 2.049)** 1.587 (1.154, 2.182)**

Scanner Platform: Phillips

0.591 (0.410, 0.852)**

0.710 (0.483, 1.043)

Scanner Platform: Siemens

0.839 (0.690, 1.020)

0.886 (0.720, 1.091)

Mean CBCL Depression Score

1.450 (1.364, 1.542)***

Note: NSSI=non-suicidal self-injury; Sex at birth coded such that Male=1, Female=2;
CBCL=Child Behavior Checklist; OR=0dds Ratio, CI=Confidence Interval; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001.
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Figure 4. History of NSSI Engagement by Group for the ABCD Study
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When examining factors related to the history of NSSI engagement, no significant effects
of developmental trajectory group membership were found (Table 2). Sex at birth was found to
be significantly related to NSSI engagement, with participants AFAB at significantly heightened
risk for engagement. Lower Baseline age and higher Time 4 age were associated with a
heightened risk of reporting NSSI engagement both with and without the inclusion of CBCL
Depression score as a covariate. Heightened CBCL Depression scores were also associated with
a greater risk of NSSI engagement. A pairwise comparison of groups yielded no significant

differences in NSSI engagement between groups, as shown in Table A4 and Figure 4.
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Table 3. Age of First Report of NSSI by Group for the ABCD Study

Without CBCL Depression | With CBCL Depression
Score Score
Coefficient Beta (SE) Beta (SE)
Intercept -30.482 (17.844) -32.155 (17.776)
Group 2 Membership -6.860 (2.490)** -6.474 (2.483)**
Group 3 Membership -2.239 (1.774) -2.135 (1.767)
Group 4 Membership -1.096 (2.632) -0.759 (2.623)
Group 5 Membership -0.512 (2.232) 0.192 (2.235)
Sex at Birth 13.487 (1.325)*** 13.360 (1.319)***
Baseline Age 0.049 (0.457) 0.059 (0.455)
Age Time 2 0.479 (0.389) 0.447 (0.388)
Age Time 4 0.534 (0.287) 0.574 (0.286)*
Scanner Platform: Phillips 2.042 (2.907) 1.577 (2.899)
Scanner Platform: Siemens 1.759 (1.481) 1.787 (1.474)
Mean CBCL Depression Score -0.797 (0.278)**

Note: NSSI=non-suicidal self-injury; SE=standard error; Sex at birth coded such that Male=1,
Female=2; CBCL=Child Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, ***
indicates p<0.001.




Figure 5. Age at First Report of NSSI by Group for the ABCD Study
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Note: NSSI=non-suicidal self-injury; Age in months; * indicates p<0.05, difference significant
with and without the inclusion of CBCL Depression score as a covariate.

When examining factors related to the age at which NSSI engagement was first reported,
Group 2 membership was found to be significantly associated with younger age at the first report
of NSSI engagement, both with and without CBCL Depression score included as a covariate
(Table 3, Figure 5). Sex at birth was found to be significantly related to NSSI engagement, with
participants AFAB at significantly heightened risk for later age at first report of NSSI
engagement. Heightened CBCL Depression score was also associated with younger age at first
report of NSSI engagement. The distribution of age at the first report of NSSI by group and the
pairwise comparison of groups and age at the first report of NSSI engagement is shown in Table
Ab. Based on the pairwise test results, there are differences in the age at the first report of NSSI
between Groups 1 and 2 and Groups 1 and 3, with Groups 2 and 3 having significantly younger
ages at the first report of NSSI than Group 1.
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Aim 3 Results

The slope of change in amygdala reactivity, SF reactivity, and CO-amygdala RSFC was
0.000 across all participants, indicating no universal trends in the change of these metrics over
the observed time points. The average CBCL Depression score across time points was 1.464,
which is indicative of very minimal impairment due to depressive symptoms in the sample as a
whole.

The correlation analysis between Baseline values (Table A6) indicates that Baseline SF
reactivity is inversely associated with age at the first report of NSSI and positively associated
with Baseline amygdala reactivity. Baseline age is positively associated with age at the first
report of NSSI and Baseline SF reactivity. As expected, the Baseline CBCL Depression score
was positively associated with the history of NSSI engagement and inversely related to age at
first report of NSSI.

The correlation analysis between slope values (Table A7) indicates that the slope of
change in CO-Amygdala RSFC is inversely associated with the history of NSSI engagement.
Further, the slope of SF reactivity is positively associated with the slope of change in amygdala
reactivity. All age variables were found to be positively associated with age at the first report of
NSSI and negatively associated with the slope of change in CO-Amygdala RSFC. Baseline age
and age at Time 1 were positively associated with the slope of change in SF reactivity. As
expected, a higher CBCL Depression score was associated with a greater risk of a history of
NSSI engagement and greater age across all time points. All age variables were found to be

associated with the other age variables.
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Table 4. History of NSSI Engagement and Baseline Brain Metrics for the ABCD Study

Without CBCL Depression

With CBCL Depression

Score Score
Coefficient OR (CI) OR (CI)
Intercept 0.250 (0.201, 0.312)*** 0.178 (0.137, 0.230)***

Baseline Amygdala Reactivity

1.203 (0.932, 1.554)

1.255 (0.964, 1.632)

Baseline SF Reactivity

0.669 (0.465, 0.963)*

0.665 (0.458, 0.966)*

Baseline CO-Amygdala RSFC

1.744 (0.763, 3.986)

1.700 (0.729, 3.963)

Sex at Birth

1.466 (1.255, 1.711)***

1.552 (1.322, 1.822)***

Baseline Age

1.042 (0.966, 1.125)

1.033 (0.956, 1.117)

Scanner Platform: Phillips

0.597 (0.430, 0.829)**

0.632 (0.452, 0.883)**

Scanner Platform: Siemens

0.715 (0.597, 0.855)***

0.713 (0.593, 0.857)***

Baseline CBCL Depression
Score

1.257 (1.203, 1.314)%**

Note: NSSI=non-suicidal self-injury; OR=0dds Ratio; Cl=Confidence Interval; SF=superior
frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity; Sex at birth coded
such that Male=1, Female=2; CBCL=Child Behavior Checklist; * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001.
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Figure 6. History of NSSI Engagement History and Baseline Brain Metrics for the ABCD Study
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Note: NSSI=non-suicidal self-injury; CO=cingulo-opercular; RSFC=resting state functional
connectivity; * indicates p<0.05, difference significant with and without the inclusion of
CBCL Depression score as a covariate.

When conducting variable-centered analyses of the relationship between Baseline
attributes and the history of NSSI engagement (Table 4), decreased Baseline SF reactivity was
found to be significantly related to a higher risk for a history of NSSI engagement, both when
CBCL Depression score was included as a covariate and when it was not (Figure 6). Sex at birth
was found to be significantly related to the history of NSSI engagement, with participants AFAB
at heightened risk for a history of NSSI engagement, with and without CBCL Depression score
as a covariate. The scanner platform (Phillips) was also significantly related to the history of
NSSI engagement in models with and without CBCL Depression scores as a covariate. Baseline

CBCL Depression score was also significantly related to a history of NSSI engagement.
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Table 5. History of NSSI Engagement and Slope Brain Metrics for the ABCD Study

Without CBCL Depression

With CBCL Depression

Score Score
Coefficient OR (CI) OR (CI)
Intercept 0.279 (0.223, 0.350)*** 0.137 (0.101, 0.186)***

Slope of Amygdala Reactivity

0.518 (0.001, 495.485)

0.055 (0.000, 82.645)

Slope of SF Reactivity

17405.440 (0.418,
725149347.701)

46217.817 (0.642,
3329186317.070)

Slope of CO-Amygdala RSFC

0.000 (0.000, 0.014)*

0.000 (0.000, 0.009)*

Sex at Birth

1.623 (1.358, 1.940)***

1.655 (1.368, 2.002)***

Baseline Age 0.618 (0.400, 0.954)* 0.582 (0.366, 0.926)*
Age Time 2 1.096 (0.746, 1.613) 1.069 (0.708, 1.613)
Age Time 4 1527 (1.125, 2.073)** 1.608 (1.159, 2.232)**

Scanner Platform: Phillips

0.580 (0.396, 0.848)**

0.693 (0.464, 1.036)

Scanner Platform: Siemens

0.833 (0.682, 1.017)

0.887 (0.717, 1.098)

Mean CBCL Depression Score

1.440 (1.354, 1.532)***

Note: NSSI=non-suicidal self-injury; OR=0dds Ratio; CI=Confidence Interval; SF=superior

frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity; Sex at birth coded
such that Male=1, Female=2; CBCL=Child Behavior Checklist; * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001
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Figure 7. History of NSSI Engagement History and Slope Brain Metrics for the ABCD Study
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Note: NSSI=non-suicidal self-injury; CO=cingulo-opercular; RSFC=resting state functional
connectivity; * indicates p<0.05, difference significant with and without CBCL Depression
score included as a covariate

When conducting variable-centered analyses of the relationship between the slope of
change of attributes with the history of NSSI engagement (Table 5), a negative slope of change
of RSFC was significantly related to heightened risk for a history of NSSI engagement (Figure
7). Demographic factors (sex at birth, Baseline age, age at Time 4) were significantly related to a
history of NSSI engagement both when CBCL Depression score was and was not included as a
covariate. Female sex at birth, younger age at Baseline, and older age at Time 4 were found to be
associated with heightened risk of NSSI. The scanner platform (Phillips) was also significantly
related to the history of NSSI engagement when the CBCL Depression score was not included as
a covariate. The mean CBCL Depression score was significantly related to the history of NSSI

engagement, with higher scores associated with a greater risk of a history of NSSI engagement.
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Table 6. Age at First Report of NSSI and Baseline Brain Metrics for the ABCD Study

Without CBCL Depression
Score

With CBCL Depression
Score

Coefficient Beta (SE) Beta (SE)
Intercept -9.502 (9.048) -8.102 (8.931)
Baseline Amygdala Reactivity 0.978 (1.746) 0.711 (1.724)
Baseline SF Reactivity -1.719 (2.662) -1.772 (2.626)
Baseline CO-Amygdala RSFC 6.348 (6.038) 6.416 (5.957)

Sex at Birth 11.973 (1.121)*** 11.289 (1.113)***
Baseline Age 1.089 (0.074)*** 1.104 (0.073)***
Scanner Platform: Phillips 0.47 (2.438) -0.026 (2.408)

Scanner Platform: Siemens

-0.047 (1.271)

-0.016 (1.254)

Baseline CBCL Depression Score

-1.237 (0.23)***

Note: NSSI=non-suicidal self-injury; SE=standard error; SF=superior frontal; CO=cingulo-
opercular; RSFC=resting state functional connectivity; Sex at birth coded such that Male=1,
Female=2; CBCL=Child Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, ***

indicates p<0.001
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Figure 8. Age at First Report of NSSI and Baseline Brain Metrics for the ABCD Study
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No significant findings emerged when using variable-centered analyses to assess if the
Baseline brain metrics are related to the age at which NSSI was first reported (Table 6, Figure 8).
Female sex at birth was found to be significantly associated with older age at the first report of
NSSI, while CBCL Depression score was and was not included as a covariate. Heightened
Baseline CBCL Depression score was associated with younger age at first report of NSSI as

well.
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Table 7. Age at First Report of NSSI and Slope Brain Metrics for the ABCD Study

Without CBCL Depression
Score

With CBCL Depression
Score

Coefficient Beta (SE) Beta (SE)
Intercept -38.615 (18.455)* -40.146 (18.394)*
Slope of Amygdala Reactivity |[35.068 (52.152) 43.544 (52.053)

Slope of SF Reactivity

31.275 (81.387)

17.153 (81.254)

Slope of CO-Amygdala RSFC

-278.989 (209.454)

-269.537 (208.684)

Sex at Birth 13.742 (1.373)*** 13.6 (1.369)***
Baseline Age 0.053 (0.467) 0.059 (0.466)
Age Time 2 0.633 (0.401) 0.611 (0.4)

Age Time 4 0.361 (0.297) 0.397 (0.296)
Scanner Platform: Phillips -0.941 (3.042) -1.199 (3.032)
Scanner Platform: Siemens 0.865 (1.528) 0.893 (1.522)

Mean CBCL Depression Score

-0.752 (0.286)**

Note: NSSI=non-suicidal self-injury; SE=standard error; SF=superior frontal; CO=cingulo-

opercular; RSFC=resting state functional connectivity; Sex at birth coded such that Male=1,

Female=2; CBCL=Child Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, ***

indicates p<0.001
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Figure 9. Age at First Report of NSSI and Slope Brain Metrics for the ABCD Study

<
[

0.10 1

S

0.05 4 b

0.0 0.00

Slope of Amygdala Reactivity
Slope of SF Reactivity

-0.05 1

Age In Months
180

0.00
160
140
-0.01

120

Slope of CO-Amygdala RSFC

-0.02 1

Note: NSSI=non-suicidal self-injury; SF=superior frontal; CO=cingulo-opercular;
RSFC=resting state functional connectivity

When using variable-centered analyses to assess if the slope of change in brain metrics
are related to the age at which NSSI was first reported (Table 7), none of the brain metrics were
found to be statistically significantly associated with the age at first report of NSSI(Figure 9).
Female sex at birth was found to be significantly associated with older age at first report of
NSSI, while CBCL Depression score was and was not included as a covariate. Heightened
Baseline CBCL Depression score was associated with younger age at first report of NSSI as

well.
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Discussion

This study set out to leverage multi-level longitudinal data from a large,
epidemiologically informed sample of adolescents to demonstrate the utility of person-centered
analyses in tandem with variable-centered analyses to uncover neurodevelopmental patterns
associated with the history of NSSI engagement and age at the visit when participants first
reported of NSSI engagement. Analyses demonstrated novel findings; distinct patterns of
neurodevelopment exist that are associated with the age at which NSSI is first reported, and
decreased frontal activation is associated with increased risk of NSSI engagement. In addition,
results add to the body of work demonstrating that decreased fronto-limbic RSFC is also
associated with increased risk for NSSI engagement. Together, these analyses provide novel
insights into the alterations in the development of within-brain interplay associated with the
history of NSSI engagement and age at first reporting NSSI, providing critical insights into
biological processes that undergird NSSI and consideration of potential points for intervention.

To our knowledge, this is one of the first studies to investigate biological metrics related
to engagement in NSSI for adolescents in such a large, longitudinal sample. Our results indicate
that as of ages 13-14 years old, there was a documented history of NSSI for 23% of participants,
and slightly more than half were AFAB, which is consistent with extant literature (Monto et al.,
2018; Wang et al., 2022). Further, when considering the time point at which participants first
reported NSSI, participants AMAB were considerably more likely to report at the Baseline
assessment (age 9-10 years old), and the rate of participants AMAB reporting NSSI for the first
time decreased across subsequent time points. Meanwhile, though participants AFAB reported
NSSI at less than % the rate as participants AMAB at Baseline, their rate of endorsement
increased across years such that by the time the sample was 13-14 years old, participants AFAB
were reporting new onset of NSSI at more than three times the rate as their assigned male at birth
counterparts. This finding is consistent with the limited work available for this age group;
Barrocas et al. (2012) showed that in 3rd grade, boys reported NSSI engagement at significantly
higher rates than girls, but that by the time they reached 9th grade, girls reported NSSI
engagement at higher rates than boys. Prior work in the ABCD sample has examined reports of
NSSI engagement at Baseline and found that children who are sexual minorities had significantly
higher odds of engaging (Blashill et al., 2021). Another study used epidemiologically informed
analyses with ABCD data to derive an estimate of the actual prevalence of NSSI in the US
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population for ages 9-10 years old to be 9.1% and also found that risk for NSSI engagement was
impacted by increased family conflict and decreased parental monitoring (DeVille et al., 2020).
Menken et al. (2022) used Baseline data to demonstrate that children who were bullied were at
heightened risk for NSSI. Wen et al. (2023) found that engagement in NSSI was associated with
a heightened risk of perpetuating bullying and being a victim of bullying across the first four
waves of data collection for the ABCD study. This work provides some important context for the
current study, showing that work identifying psychosocial factors relating to NSSI is crucial, as
are the existing patterns of NSSI across subgroups (e.g., AFAB). However, the central study goal
is to utilize available data in the ABCD sample to understand the neural mechanisms underlying
these maladaptive behaviors.

Person-centered analyses identified five groups with distinct neurodevelopmental
trajectories. The trajectories of neural indexes varied considerably across the five groups over
time. Group 1 resembled the hypothesized Normative Development trajectory and was the
largest group. Group 2 may be capturing a group undergoing a great deal of change. Group 3
partially resembles the hypothesized Normative Developmental trajectory, though it was
hypothesized that SF reactivity would increase across time points. Group 4 is unlike either
hypothesized group and may capture a group undergoing dynamic neurodevelopmental changes.
Group 5 generally follows the hypothesized Blunted Frontal Regulatory Control trajectory,
though a great deal of dynamic change occurred in the amygdala and SF reactivity. The sporadic
pattern of CO-Amygdala RSFC becoming more negative, which appears in the person-centered
derived groups but not when examining average slope of the whole sample, may indicate that
participants are at disparate points in the process of adolescent neurodevelopment, as only some
seem to be undergoing the process of increasing frontal regulatory control of the stress system
(increasingly negative RSFC) which occurs in adolescence (Gee, Gabard-Durnam, et al., 2013;
Giedd et al., 2002). Further work using later time points in this sample (not yet available) may
provide insights into the timing of this neurodevelopmental shift. Further, more work is needed
to understand non-linear patterns in regional activation and RSFC across development, as are
captured in these person-centered derived groups. Prior work has established non-linear
trajectories of development for regional gray and white matter (Giedd et al., 2002) as well as in
amygdala reactivity to emotional stimuli and inhibitory control (Ahmed et al., 2015), though
further work is needed to identify the specific timing of inflections and the specific conditions
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under which these patterns emerge. Additional future work should also assess if multiple
longitudinal patterns of neurodevelopment are associated with normative development (i.e.,
equifinality). Future work should investigate the association between the differential effects of
the COVID-19 pandemic and dynamic developmental changes and emotion regulation
difficulties, such as NSSI, to provide a greater understanding of the significance of non-linear
trajectories in neurodevelopment.

Contrary to predictions, the person-centered derived groups did not differ significantly in
the rate of endorsement of the history of NSSI. Figure 4 shows the striking similarities in the
reported history of NSSI that are noted across the five groups. Findings do, however, indicate
that the timing of the onset of NSSI may be important to consider. When considering the
relationship between the age at first report of NSSI and person-centered derived groups,
significant differences were found between Group 2 (highly dynamic change; mean age 11.1
years) and Group 1 (similar to the Normative Developmental Trajectory, though SF reactivity
decreased; mean age 11.9 years) When conducting a pairwise comparison of age at first report, a
difference also emerged between Group 1 and Group 3 as well, with Group 1 having
significantly older age at first report compared to Group 3 (mean age 11.4 years). Post-hoc
analyses (described in Appendix A, Table A9) indicate that Group 1 had a significantly higher
proportion of scans completed prior to the onset of the COVID-19 pandemic, meaning that a
greater number of scans for other groups occurred in the context of the early pandemic period.
Additionally, Group 2 participants had significantly greater motion in both task and resting state
MRI scans, and parent/guardians reported greater externalizing behaviors and more attention
difficulties compared to Groups 1 and 3. It may be that the highly dynamic developmental
trajectory or increased exposure or susceptibility to environmental stressors (as seen in Group 2)
is associated with an earlier onset of impairment in emotion regulation, while participants
undergoing more normative development are not at risk of NSSI until later in adolescence. Also,
the disruption in linearity seen in groups such as Group 2 could be indexing a disruption in
emotion regulatory processes in reaction to the onset of the pandemic at Time 2 and a return to
the participants’ normative levels by Time 4. No significant differences emerged between groups
in relation to pubertal status and sex at birth. However, female sex at birth was consistently
found to be associated with a later onset of NSSI (Cheng et al., 2021). Thus far, no significant
relationship exists between group membership and engagement across time points (Table A10).
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However, future work that includes later time points of this study may provide insights into the
risk for persistent engagement across multiple time points. Future work should investigate the
association between the differential effects of the COVID-19 pandemic and dynamic
developmental changes and emotion regulation difficulties, such as NSSI, to better understand
the significance of non-linear trajectories in neurodevelopment. Evidence indicates that stressors
in childhood and adolescence are associated with atypical and potentially non-linear
neurodevelopment (e.g., Brieant et al., 2021; Gee et al., 2013). Finally, work is needed that can
more precisely measure the age at which NSSI onsets (rather than the age when it is first
reported).

This study's results align with other work conducted in the ABCD study, which employs
person-centered analyses to investigate brain metrics in relation to psychopathology and broader
functioning. Huffman and Oshri (2022) used latent transition analyses with the first two time
points of data collection to identify patterns in regional brain reactivity in response to emotional
stimuli and assess how these patterns relate to working memory performance and
psychopathology. This study found distinct patterns in responsivity of the amygdala, ACC, and
insula, which were associated with differences in working memory performance but not
psychopathology. Lichenstein et al. (2022) used latent profile analysis of Baseline data to
identify distinct neurodevelopmental subgroups based on responsivity to neurocognitive tasks.
They found seven distinct response patterns associated with inhibition, reward seeking, and
emotional responsivity performance metrics. Pollmann et al. (2024) used k-means clustering and
latent basic growth models with the first three time points of data to identify groups based on
adverse experiences in relation to brain structural connectivity. They found that increased family
conflict was associated with increased structural connectivity and that lower socioeconomic
status and neighborhood safety were associated with decreasing structural connectivity across
study time points.

Variable-centered analyses revealed a pattern relating decreased Baseline SF reactivity
and greater risk for a history of NSSI engagement, which is novel in relation to prior work
characterizing biological alterations associated with NSSI. This finding could index a blunted
frontal response and, thus, less inhibition of the amygdala’s response to stressors, which could
result in a failure to inhibit prepotent stress response behaviors, such as NSSI. Decreased
Baseline SF reactivity was also associated with a later time point of the first report (Table Al11).
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The correlation analysis indicates that Baseline SF reactivity is inversely associated with age at
the first report of NSSI. Together, these findings may index a dynamic pattern of risk where, as
other elements of the brain’s stress response system undergo changes across adolescent
development, decreased SF reactivity is associated with increasing risk. The other analyses
investigating age at the first report of NSSI and engagement in NSSI across time did not yield
any significant findings related to SF reactivity. Prior work has linked heightened mPFC and
ventrolateral PFC activation to social stressors in adolescents with a history of NSSI (Groschwitz
et al., 2016). (Plener et al., 2012) found that participants with a history of NSSI had heightened
ACC reactivity to averse pictures compared to participants without a history of NSSI.
Considering more dorsal prefrontal structures has yielded some intriguing results. That is, work
by Dahlgren et al. (2018) and Zahid et al. (2022) showed that decreased dIPFC reactivity in
response to cognitive tasks was seen in participants with a history of NSSI compared to healthy
controls. Additionally, work indicates lower within-SF RSFC for adolescents with major
depressive disorder and NSSI (Huang et al., 2020). This is the first study to indicate that
reactivity in response to fearful or angry faces is related to attributes of NSSI and indicates that
this area is ripe for future investigation.

Variable-centered analyses also indicate that increasingly more negative CO-Amygdala
RSFC were associated with a greater risk of a history of NSSI engagement and the later time
point at the first report of NSSI (Table A12). As RSFC measures the degree to which regions are
activating in sync, this finding may index greater discordance between the CO and amygdala,
which, in concert with decreased frontal regional activation, may indicate that in the context of
stressors, frontal regulatory regions are failing to engage and inhibit limbic activity, producing
runaway stress responses that leave the individual at heightened risk for dysfunction. This builds
off of prior work, which indicated that more negative fronto-limbic RSFC is associated with
NSSI (Basgoze, Mirza, et al., 2021; Santamarina-Perez et al., 2019; Westlund Schreiner et al.,
2017). Though it was not hypothesized that CO-Amygdala RSFC would become more negative
across time points for typically developing youth (Cunningham et al., 2002; Gee, Gabard-
Durnam, et al., 2013; Perlman & Pelphrey, 2011), this finding supports the broader theory that
deficits in frontal regulatory control of the limbic system are related to risk for NSSI. The
remaining variable-centered analyses examining age at the first report of NSSI and the history of
NSSI engagement across time points did not yield any significant results (Tables A13-14). In
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sum, lower Baseline SF reactivity and increasingly more negative CO-Amygdala RSFC over
time appear to be risk factors for a history of NSSI engagement and older age at first report of
NSSI engagement, reinforcing that frontal regulatory control plays an important role in
determining risk for NSSI.

Across person-centered and variable-centered analyses, sex at birth and CBCL depression
scores were consistently related to NSSI outcomes. Consistent with prior work (Wang et al.,
2022), participants AFAB demonstrated heightened risk for NSSI engagement, older age at first
report of NSSI, later time point of first report of NSSI, and greater engagement across time
points. As expected, CBCL depression scores were highly related to a history of NSSI
engagement and engagement across time (Basgoze, Wiglesworth, et al., 2021). In addition,
CBCL depression scores were also associated with older age at first report of NSSI and later time
point of first report of NSSI. Notably, many of the findings above relating group membership
and brain metrics to attributes of NSSI engagement remained significant even when controlling
for CBCL depression scores. Further, correlation analyses indicated that CBCL scores are not
correlated with the brain metrics explored. Together, these results indicate that although NSSI
and depression are frequently comorbid and both share the underlying factor of negative affect,
there are diverging precursors, mechanisms, and outcomes; specifically, it seems that NSSI has
unique signatures in the brain stress system that result in failures in frontal regulatory control
over stress response rather than diffuse difficulties in mitigating negative emotions.

When examined in concert, the person-centered and variable-centered analyses offered
insights into neurodevelopmental processes related to NSSI risk. Person-centered analyses
identified developmental trajectories with significant differences in the age at the first report of
NSSI, and these groups differed significantly in Baseline values of all brain metrics examined as
well as the slope of change of amygdala and SF reactivity. However, all demonstrated
increasingly more negative CO-Amygdala RSFC. Indeed, Group 2 has significantly decreased
SF reactivity compared to Groups 1 and 3, consistent with the variable-centered findings, which
showed that lower Baseline SF reactivity is particularly relevant to increased risk for a history of
NSSI engagement and later first report of NSSI. Together, these findings may indicate that
different patterns of alterations in the brain’s stress system are associated with different attributes
of NSSI. In this study, person-centered analyses were able to identify meaningful heterogeneity
in neurodevelopmental patterns associated with the age at first report of NSSI, among them that

39


https://www.zotero.org/google-docs/?wGW6wL
https://www.zotero.org/google-docs/?wGW6wL
https://www.zotero.org/google-docs/?MSnXXN

the group with lower SF reactivity, low amygdala reactivity, and more negative CO-Amygdala
RSFC at Baseline is at heightened risk for younger age at first report of NSSI. Though the
person-centered derived groups all showed more negative CO-Amygdala RSFC, the variable-
centered analyses suggest that there are meaningful differences in this slope of change for
participants with a history of NSSI and that this slope is also related to the time point of the first
report of NSSI. Though no patterns relating amygdala reactivity to NSSI attributes emerged in
the variable-centered analyses, person-centered analyses indicate that different trajectories in
amygdala reactivity may be meaningfully related to age at the first report of NSSI, with stable
reactivity over time associated with older age at the first report of NSSI and dynamic changes
associated with an earlier age at the first report of NSSI. The unique strengths and weaknesses of
each analytic strategy allowed for different insights; person-centered analyses were able to assess
the interplay between stress system components more directly and were able to examine all time
points simultaneously but may not have been able to identify strong signals among the noise
introduced by variability in the methods of gathering biological metrics. Meanwhile, Variable-
centered analyses could identify patterns despite the variability but could not directly assess
interplay, within-group heterogeneity, or multiple time points simultaneously. Indeed, the two
modes of analysis work in concert to provide greater nuance in the relationship between frontal
regulatory control of the amygdala and NSSI attributes than was previously seen.
Limitations

The present study has its limitations. (1) Issues emerged in both person-centered and
variable-centered analyses due to missing data due to attrition and partial data availability for the
most recent time point. As such, only a subsample of participants with more than half of brain
data points were included in this study. Prior work has demonstrated differential attrition from
the ABCD sample due to participant race, parental education levels, and study site (Feldstein
Ewing et al., 2022). When compared using the methods described in Feldstein Ewing et al.
(2022), subsample membership was predicted by age at Baseline, age at Time 2, age at Time 4,
scanner platform (potentially due to different MRI scan pre-processing pipelines), and family
income. Low family income is a risk factor for NSSI engagement (Liu, 2023), so future work
should directly investigate this pattern in the ABCD study. Given these findings, the
generalizability of the present findings to the broader ABCD sample and adolescents at large
may be restricted. Sex at birth, age at Times 1 and 3, site ID, and race did not impact the
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likelihood that a participant was in the subsample. (2) The presently available data only
encompasses the early period of adolescent development and cannot give insights into adolescent
development as a whole. However, future data releases from ABCD are anticipated to expand the
age range represented. (3) Much of the prior literature on NSSI examined specific subregions of
the PFC, such as the mPFC, dorsolateral PFC, and ventrolateral PFC. The preprocessed
functional activation data did not contain such fine-grained parcellations of the PFC, so the
larger SF parcellation was used. This may impair the direct comparison of present findings with
prior literature. (4) Much of the prior work on NSSI has examined PFC-amygdala RSFC to index
the fronto-limbic RSFC implicated in stress processing. This specific combination of regions is
not available in the pre-processed RSFC data. As such, CO-Amygdala RSFC was used as an
approximation of fronto-limbic connectivity, as has been done by other work in this sample
(Brieant et al., 2021; Thijssen et al., 2022). Ideally, these indexes of connectivity would more
closely map onto the regions examined in the context of task activation in order to better
compare patterns across modalities. (5) The methods used to capture slope for the variable-
centered analyses assume linear change across development. Future work examining normative
and psychopathological neurodevelopment patterns in adolescents should be conducted to
characterize these processes better. Additionally, similar variable-centered work that can account
for non-linear changes over time in relation to NSSI engagement should also be undertaken. (6)
The analytic framing of the person-centered and variable-centered analyses differed slightly as
person-centered analyses could simultaneously examine all time points of brain data. In contrast,
variable-centered analyses could only examine single metrics (i.e., the Baseline and the
composite slope metric). Additionally, person-centered analyses are able to interrogate all brain
metrics simultaneously to index the interplay between them. In contrast, variable-centered
analyses hold them in the same model but do not directly interrogate the relationship between
these metrics. This limits the ability to compare findings across analytic strategies directly. (7)
Two binary items were used to measure the history of NSSI engagement in the past two weeks
and the participant’s lifetime. Recent work has identified that this mode of assessing NSSI may
not capture all participants who have engaged in NSSI and that participants who do endorse
engagement on single items have heightened severity compared to those who would endorse on
behavioral checklists (Aspeqvist et al., 2024). This may mean that more adolescents within the
ABCD sample have engaged in NSSI but are being missed by current measurement strategies.
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Also, the current measurement strategy does not allow for investigation of the severity,
frequency, or recency of NSSI engagement. As such, we cannot directly measure the age at
which NSSI onset and must use the less precise age at the time point at which NSSI was first
reported to approximate onset. (8) The information available about medication use did not
provide enough detail to identify which participants were taking medications that could impact
the brain metrics of interest. (9) the onset of the COVID-19 pandemic may have significantly
impacted the measured brain metrics. However, we cannot assess what facet of this disruption
impacted the scan outcomes (i.e., were participants more stressed in general, were scanning
procedures different due to safety precautions, etc.).

Future Directions and Clinical Implications

Future work should employ both person-centered in addition to traditional variable-
centered approaches to gain previously inaccessible insights into neurodevelopment and NSSI.
Future studies should also employ more nuanced measures of NSSI, such as recency, severity,
and frequency of engagement. Future work should look at periods later in adolescent
development and should consider other brain areas implicated in psychopathology, such as the
salience network (Menon, 2011; Uddin, 2015) or the cognitive control network, which has been
implicated in NSSI and has been shown to undergo significant shifts across adolescence
(Basgoze et al., 2023; Luna, 2009). More work should be done to characterize patterns relating
SF reactivity to NSSI risk, as this is a novel finding. Follow-up work investigating the impact of
dynamic changes in neural functioning as well as factors known to impact neurodevelopment,
such as medication use, puberty, and early life adverse experiences on risk for NSSI, would be of
interest.

The current study highlights the potential importance of frontal regulatory control in risk
for NSSI and identifies potential patterns of development of these regions that may be important.
Understanding these patterns may allow practitioners to provide additional support for emotion
regulation skills for children demonstrating highly dynamic change or Blunted Frontal
Regulatory Control trajectory. Interventions such as Dialectical Behavior Therapy could reduce
behavioral and emotional dysregulation, resulting in a heightened risk of engaging in
maladaptive emotion regulation techniques like NSSI (Glenn et al., 2019; Linehan & Kehrer,
1993). Additionally, psychopharmacological interventions such as selective serotonin reuptake
inhibitors, atypical antipsychotics, opioid antagonists, and N-acetyl cysteine could disrupt
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dysfunctional neural stress processing patterns (Westlund Schreiner et al., 2023). More work is
needed to probe the efficacy of reducing NSSI through family-focused interventions that reduce
interpersonal dysfunction and CBT by promoting adaptive problem-solving (Westlund Schreiner
etal., 2023).
Conclusion

This study investigated neurodevelopmental patterns related to the history of NSSI
engagement in a large community sample of adolescents between the ages of 9 and 14. For the
first time, the present study used person-centered analysis to identify distinct patterns of
development of frontal regulatory control over the amygdala, which is associated with attributes
of NSSI. Additionally, it was found for the first time that blunted frontal activation and
decreasing fronto-limbic resting state functional connectivity over time are risk factors for NSSI
engagement. This work is the first to employ both person-centered and variable-centered
analyses to expand and replicate prior work on these phenomena. These findings could inform
future interventions for NSSI to avert the harm incurred by the behaviors themselves as well as

the risk of future suicidality.
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3. Longitudinal Analysis of Stress System Development and Non-Suicidal Self-Injury in a
High-Risk Sample
Introduction
Overview

Non-suicidal self-injury (NSSI) is the deliberate harming of oneself without the intention
of dying (Plener et al., 2015) and is thought to be used to manage distress (Klonsky, 2007). Prior
work points to alterations in the brain and body’s threat processing systems being implicated in
NSSI (e.g., Basgoze, Mirza, et al., 2021; Brafas et al., 2021; Kaess et al., 2012; Plener et al.,
2017). Understanding the biological correlates of this behavior can give insight into the critical
points of dysfunction in the stress system, which increases vulnerability to NSSI. A paucity of
research considers how these biological processes unfold over time in the context of NSSI. The
present study will explore the functioning within and between these systems using person-
centered and variable-centered analyses to facilitate the identification of multiple pathways to
NSSI. Identifying these relationships may highlight avenues for intervention (Westlund
Schreiner et al., 2017).

Non-suicidal self-injury (NSSI) as a maladaptive stress response

NSSI usually onsets between 12 and 14 years old (Cipriano et al., 2017). and is very
common in adolescence, with an estimated 17.59% of adolescents (12-18 year-olds) engaging
(Monto et al., 2018). Adolescence is a time of dramatic shifts in social, emotional, behavioral,
and physical landscapes (Somerville et al., 2010), which may contribute to heightened risk for
engagement during this developmental period. NSSI is a transdiagnostic form of
psychopathology that frequently co-occurs with depressive symptoms, anxiety symptoms, and
suicidal thoughts and behaviors (Basgoze, Wiglesworth, et al., 2021; Klonsky, 2007). In addition
to the direct risk of serious injury, NSSI is also associated with a heightened risk for future
suicidal thoughts and behaviors (Franklin et al., 2016). Further, those with a history of persistent,
repetitive NSSI had higher rates of ongoing self-injury and difficulties in emotion regulation at
about two years and ten years later (Daukantaité et al., 2021; Masi et al., 2023). Additionally,
engagement in more dangerous modes of NSSI was associated with greater long-term
impairment (Ammerman et al., 2018). Given the significant impact and associated risks of this
behavior in adolescents, understanding the developmental and greater biological landscape
underpinning NSSI may provide new opportunities for interventions targeting the biological

mechanisms instantiating NSSI (Westlund Schreiner et al., 2017).
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In the face of stressors, neural and endocrine stress systems work together to interpret the
environment and form an appropriate response. These systems are complex and replete with
feedback mechanisms that facilitate short- and long-term adaptation to the frequency and
severity of stressors (for review: McEwen, 2007). The hypothalamic pituitary adrenal (HPA) axis
coordinates the responses of the autonomic nervous and immune systems. A crucial component
of this process is the release of glucocorticoids, specifically cortisol, which play an important
role in managing how energy is distributed throughout the body (Herman, 2022; Leistner &
Menke, 2020). The brain conducts integrative, higher-order analyses of signals from the stressful
environment, including multimodal sensory information, which guides physiological and
behavioral responses (McEwen, 2007). Adaptive responses to threats require proper coordination
within and between each system. Failures in the intra- and inter-system feedback mechanisms
can produce inadequate, excessive, or prolonged stress responses, leaving the individual
vulnerable to maladaptive responses and psychopathology (Faravelli et al., 2012; van Oort et al.,
2017).

The Brain’s Stress System and NSS1
Background

The brain interprets external and internal stimuli in an integrative and interactive process
involving many disparate brain regions. A crucial structure within networks that subserve these
processes is the amygdala, which combines information from sensory, memory, and arousal
centers (for review: LeDoux, 2003; Ulrich-Lai & Herman, 2009). This process provides the
capacity to identify potentially threatening stimuli and recruit other components of the stress
system. Some regions that receive such output include the prefrontal cortex (PFC), locus
coeruleus, and hippocampus (Winklewski et al., 2017). In a threatening context, the PFC is
thought to exert an inhibitory effect on the amygdala and other components of the stress system
to moderate the intensity and length of stress responses (Willner, 2016; Winklewski et al., 2017).
Within the PFC, the medial PFC (mPFC) is crucial to integrating information and coordinating
outputs from the whole PFC (Gold, 2015). The amygdala also provides input to endocrine
systems responsible for managing bodily responses to stressors, including the HPA axis
(McEwen, 2007). The relationships between the amygdala, PFC, and HPA axis are particularly
relevant to the normative and pathological functioning of the stress systems (Ulrich-Lai &
Herman, 2009).
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Normative Developmental Changes in the Brain’s Stress System

Many neural changes occur as a part of adolescent development, creating conditions that
increase the vulnerability of the brain’s stress system to dysfunction (Giedd et al., 1999, 2009;
Paus et al., 2008). Changes occurring in networks involving the PFC appear particularly relevant
to NSSI. During adolescence, there is an increase in structural and functional connectivity
between the PFC and amygdala, and, with it, an increase in frontal regulatory control over the
brain’s stress response (Cunningham et al., 2002; Gee, Gabard-Durnam, et al., 2013; Perlman &
Pelphrey, 2011; Silvers et al., 2015; Swartz et al., 2014). At the same time, the PFC and the
amygdala have been shown to become more responsive to stressful stimuli (Casey, 2015;
Yurgelun-Todd & Killgore, 2006). Together, these changes suggest that the PFC’s role as the
modulator of the stress response becomes more important in the context of normative adolescent
development.
Variable-Centered Findings of Alteration in the Brain’s Stress System Associated with NSSI

When examining individuals with a history of engaging in NSSI, alterations in regions in
the central stress system have been found. Decreased fronto-limbic resting state functional
connectivity (RSFC) has been consistently found in those who engage in NSSI compared to
those without a history of NSSI and healthy controls (Basgoze, Mirza, et al., 2021; Santamarina-
Perez et al., 2019; Westlund Schreiner et al., 2017). Findings relating to amygdala activation in
response to emotionally evocative stimuli have been mixed (for review: Braiias et al., 2021).
Compared to those without a history of NSSI, Plener et al. (2012) found heightened amygdala
activation in female adolescents, Mayo et al. (2021) and Westlund Schreiner et al., (2017) found
no difference in female adolescents, and (Hooley et al., 2020) found heightened activation in
female adults with a history of NSSI. Thus far, only a few studies have explored the possibility
of within-group heterogeneity in amygdala reactivity. Basgoze, Mirza, et al. (2021) showed that
adolescents with moderate NSSI had heightened amygdala activation compared to those with no
history of NSSI or a history of mild NSSI. Further, no statistically significant differences were
found when comparing the group with severe NSSI to the other groups (Basgoze, Mirza, et al.,
2021). Additionally, Carosella, Mirza, et al. (2023) showed that amygdala reactivity was higher
in participants who persisted in NSSI after the onset of the COVID-19 pandemic compared to
participants with a history of NSSI who did not engage during the pandemic and participants
who had no history of NSSI. Together, these results indicate that the amygdala likely plays an
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important role in determining risk for NSSI engagement, severity, and persistence. However,
more work is needed to understand what that role might be.

The PFC has also been shown to have alterations in functioning in adolescents with a
history of engaging in NSSI. In the context of a social evaluative stress task, adolescents who
were depressed and had a history of NSSI demonstrated increased activation in medial and
ventrolateral PFC compared to adolescents with depression with no history of NSSI and healthy
controls (Groschwitz et al., 2016). In a task probing attentional inhibition, women with a history
of NSSI demonstrated decreased dIPFC activation compared to healthy controls. Further,
decreased dIPFC activation was associated with decreased emotional control and increased
impulsivity (Dahlgren et al., 2018). Given that the mPFC is central to the coordination of all
other PFC regions and other elements of the stress system, further work is needed that focuses on
the mPFC and its role in regulating the degree of the amygdala’s response to stress. Thus far,
there is a paucity of longitudinal research and investigation of within-group heterogeneity in
brain metrics related to NSSI.

The HPA Axis’ Stress System
Background

The HPA axis releases cortisol persistently, with levels varying as a function of time of
day and environmental and internal conditions (Spencer & Deak, 2017; Stalder & Kirschbaum,
2020). Integral to the proper functioning of this system are many intra-HPA axis feedback
mechanisms that work to titrate the amount of cortisol being distributed to the body. When
facing a stressor, the production of cortisol increases dramatically, prompting the engagement of
negative feedback mechanisms, which eventually cause the cortisol concentration to return to
basal levels, usually about 60-90 minutes after stress exposure (Spencer & Deak, 2017; Taborsky
et al., 2021). Cortisol levels can be measured in peripheral bodily fluids and tissues such as
saliva, blood, and hair (Stalder & Kirschbaum, 2020). Salivary cortisol is frequently used, as it
affords temporally specific metrics of HPA axis reactivity without invasive procedures.
Measuring cortisol levels in reaction to a stressor offers an index of the health of the HPA axis’
stress response (Kaess et al., 2012; Klimes-Dougan et al., 2019; Plener et al., 2017; Spencer &
Deak, 2017). Much of the work examining reactive cortisol levels in those with NSSI has
employed the Trier Social Stress Test (TSST; Kirschbaum et al., 1993). In this paradigm,
participants are asked to prepare and give a speech about themselves to a panel of impassive
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judges and then verbally complete a difficult cognitive task with corrective feedback
(Kirschbaum et al., 1993).
Normative Developmental Changes in the HPA Axis’ Stress System

Adolescent development is marked by an increase in the HPA axis's reactivity to stressors
(Gunnar et al., 2009; Klimes-Dougan et al., 2001; Stroud et al., 2009). The increase in stress
responsivity and cortisol availability can make the HPA axis's feedback mechanisms more open
to adulteration, leaving the system unable to maintain optimum levels of stress responses.
Variable-Centered Findings of Alterations in the HPA Axis’ Stress System Associated with NSSI

Individuals with a history of NSSI have consistently been shown to display blunted HPA
axis reactivity in response to this stressor compared to their peers without a history of NSSI
(Kaess et al., 2012; Klimes-Dougan et al., 2019; Plener et al., 2017). Further, work has
demonstrated that compared to their peers with major depressive disorder (MDD) but no history
of NSSI and healthy controls, those with MDD and NSSI have significantly lower HPA axis
responses, pointing to a mechanism that differentiates NSSI from other highly comorbid forms of
psychopathology (Klimes-Dougan et al., 2019). Basgoze, Mirza, et al. (2021) found that among
the group of adolescents with a history of NSSI, those with a history of severe NSSI showed a
significantly lower level of reactive cortisol compared to those with a history of mild NSSI or no
history of NSSI. By contrast, while there were subtle differences in the patterns, those with a
history of moderate NSSI did not show significant differences compared to those with no history.
Another study employing the same sample demonstrated that there may be a bimodal distribution
of HPA axis reactivity in adolescents who persisted with NSSI engagement during the COVID-
19 pandemic, as is demonstrated in Figure 10. Participants who persisted in NSSI showed
significantly higher or lower HPA axis responsivity than those who desisted engagement or had
no history of NSSI (Carosella, Mirza, et al., 2023). Together, these studies may indicate that
though a pattern of blunted responses to stressors seems reliable in this population as a whole,
there is likely meaningful within-group heterogeneity. Further work is needed to explore this
within-group heterogeneity and the role of longitudinal changes in the HPA axis in instantiating
risk for NSSI.
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Figure 10. HPA Axis Reactivity by NSSI Persistence Group from Carosella, Mirza, et al. (2023)
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Interplay Between the Brain and HPA Axis’ Stress Systems

Examining the brain and HPA axis’ stress processing in isolation from each other has
yielded some reproducible patterns of dysfunction that are related to NSSI. However, more work
is needed to delineate the biological processes that instantiate this form of maladaptive emotion
regulation. The brain and HPA axis are highly integrated (Figure 11); the HPA axis relies on the
input from the amygdala to determine the degree of stress response required for the situation, and
the brain reacts to changes in cortisol levels (Herman, 2020; Spencer & Deak, 2017; Stalder &
Kirschbaum, 2020). Examining these two systems independently does not allow for exploring
unique combinations of response patterns and potential compensatory changes that may occur in
one system in response to alterations in the other. Analyzing the interplay between these systems
is crucial to understanding the dynamics at play in internalizing disorders (Carosella et al., in
preparation). Thus far, the limited literature on brain-HPA axis interplay in the context of NSSI

indicates that HPA axis reactivity is associated with regional brain volume, functional brain
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activation, and connectivity (e.g., Basgoze, Mirza, et al., 2021; Carosella, Mirza, et al., 2023;
Thai et al., 2021). In a sample of adolescents assigned female sex at birth (AFAB) oversampled
for NSSI, participants with a history of severe NSSI had both more negative amygdala-mPFC
RSFC and lower HPA axis reactivity compared to participants with moderate, mild, or no history
of NSSI (Basgoze, Mirza, et al., 2021). In participants with a history of depression and NSSI, it
was found that higher amygdala-dorsomedial PFC RSFC was associated with decreased HPA
axis reactivity compared to participants with depression and no NSSI and healthy controls (Thai
et al., 2021). Finally, increased amygdala reactivity to stressors and increased HPA axis
reactivity were seen in participants who persisted in NSSI in the context of the COVID-19
pandemic compared to participants who desisted or never engaged (Carosella, Mirza, et al.,
2023). These works, alongside studies considering interplay in other populations, are beginning
to build the argument that atypical aggregate functioning across the brain and HPA axis ’ stress
systems may be important in instantiating risk for NSSI rather than dysfunction in the separate

systems.
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Figure 11. Interplay Between the Brain and HPA Axis’ Stress Systems for the BRIDGES Study
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Person-Centered Analyses
Work examining the interplay between the brain and the HPA axis has typically used
variable-centered analytic techniques to compare groups of participants (e.g., examining
differences between those with and without a history of NSSI engagement). Such analyses are at
risk for masking meaningful within-group differences and thus far have yielded only a few
consistent findings relating alterations with the brain and HPA axis with NSSI. Recent work has
begun to employ person-centered analytic techniques to explore multiple pathways to risk for
and resilience from NSSI (Bendezu et al., 2022; Carosella, Wiglesworth, Bendezu, et al., 2023;
Wiglesworth et al., 2023). Bendezu and colleagues (2022) employed person-centered analyses to
identify groups of self-reported experience of stress, observer-reported expression of stress, and
HPA axis reactivity to stress in the context of the TSST in adolescents with and without a major
depressive disorder diagnosis. They found that those with discordant responses (high experience,
high expression, and low HPA axis reactivity) were more likely to have a lifetime history of
NSSI. This study also found relationships between group membership and amygdala-
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ventromedial PFC RSFC. Recent work with a sample of adolescent females at heightened risk
for maladaptive emotion regulation again examined experience, expression, and HPA axis
responsivity in the context of the TSST using the same analytic methods and similarly found that
the discordant (high experience, high expression, and low HPA axis responsivity) group was
associated with heightened risk of NSSI (Carosella, Wiglesworth, Bendezu, et al., 2023). This
study did not, however, identify any differences between groups in relation to the amygdala or
mPFC reactivity to stress or amygdala-mPFC RSFC. A follow-up study found that this
discordant group demonstrated less resilience over time than the more concordant groups,
including a group with similarly low HPA axis reactivity (Wiglesworth et al., 2023). Thus far,
this work has shown promise to provide novel views of the psychological and biological patterns
that instantiate risk for NSSI. Applying these methods to directly interrogate the interplay
between the brain and the HPA axis is needed to test the theory that alterations in intra-stress
system functioning play an important role in instantiating NSSI.
Aims

This study will employ a sample of adolescents oversampled for a history of NSSI from
the Brain Imaging Development of Girls' Emotion and Self (BRIDGES) Study (see Basgoze,
Mirza, et al., 2021; Nair et al., 2023). This study collected neuroimaging, repeated cortisol
samples in the context of the TSST, and particularly comprehensive self and parent-reported
metrics of NSSI engagement at three time points, each about one year apart. The BRIDGES
study recruited a wide range of adolescents (ages 12-17), which will facilitate the investigation
of the biological underpinnings of NSSI across the period of adolescent neurodevelopment. The
study oversampled for NSSI; about % of participants had a recent history of engagement at the
time of recruitment, while the remaining third did not (though they were not necessarily free
from psychopathology). Additionally, this sample was composed solely of participants AFAB,
both because NSSI is more common in female adolescents (Wang et al., 2022) and to decrease
the amount of sex-related variance in neurodevelopment. Four different indexes were used to
capture participant NSSI engagement: (1) the history of NSSI engagement, (2) the severity of
NSSI (based on the frequency of NSSI and injury), (3) the estimated total number of lifetime
episodes of NSSI and (4) NSSI engagement across time points. The purpose of this study was to

characterize the neural and HPA axis developmental patterns across time that relate to
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engagement in NSSI using both person-centered and variable-centered analyses. See Table 8 for
demographic information.
Aim 1

To use person-centered analytic approaches to identify distinct trajectories of
neurodevelopment in the brain’s stress system (activation of the amygdala and mPFC in response
to evocative stimuli and amygdala-mPFC RSFC) with HPA axis (cortisol levels in response to
TSST). Though multiple trajectories will be permitted, it is hypothesized that among them will
be the Normative Development group, which is typified by decreased amygdala reactivity,
increased mPFC reactivity, increasingly more negative amygdala-mPFC RSFC, and increased
HPA axis reactivity. Another hypothesized group is the Blunted Frontal Regulatory Control
trajectory, which would be typified by increasing amygdala reactivity, decreasing mPFC
reactivity, increasingly more negative amygdala-mPFC RSFC, and increasing HPA axis
reactivity. A third hypothesized group is the Heightened Frontal Regulatory Control trajectory,
typified by decreased amygdala reactivity, increased mPFC reactivity, slightly more negative
amygdala-mPFC RSFC, and decreased HPA axis reactivity. Hypothesized groups are shown in
Figure 12.
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Figure 12. Diagram of Hypothesized Interplay Developmental Trajectories for the BRIDGES
Study
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Aim 2

To assess whether the neurodevelopmental trajectory groups identified in Aim 1 are
related to the four indices of NSSI. It is hypothesized that following the Heightened and Blunted
Frontal Regulatory Control trajectories will be at the highest risk for engagement in NSSI and
highest severity of NSSI. Analyses centering the number of lifetime episodes of NSSI and NSSI
engagement across time points are exploratory as there is limited prior work exploring biological
signatures and these metrics. Given the high rate of comorbidity between NSSI and depression,
follow-up sensitivity analyses will be conducted using depression symptom severity as a
covariate to determine if any observed patterns are uniquely associated with NSSI.
Aim 3

To employ variable-centered analyses to assess if changes in amygdala reactivity, mPFC
reactivity, amygdala-mPFC RSFC, and HPA axis reactivity are related to the four indices of
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NSSI. Because the person-centered analyses account for both baseline and slope attributes of the
biological metrics, both attributes will be explored in the following variable-centered analyses. It
is hypothesized that more increasingly negative RSFC and lower HPA axis reactivity will be
seen more frequently in those engaging in NSSI than those not engaging in NSSI. Similarly, it is
hypothesized that more negative RSFC and lower HPA axis reactivity will be associated with
heightened severity of NSSI. Analyses considering the number of lifetime episodes of NSSI and
NSSI engagement across time points are exploratory as there is limited to no prior work
examining neural signatures and these metrics. While no directional predictions are made
because of the mixed/null findings in the literature, we will examine all four indices of NSSI in
relation to amygdala activation. Given the high rate of comorbidity between NSSI and
depression, follow-up sensitivity analyses will be conducted using depression symptom severity
as a covariate to determine if any observed patterns are uniquely associated with NSSI. The
analyses investigating Time 1 brain and HPA axis metrics in relation to the history of NSSI
engagement, severity of NSSI engagement, and number of lifetime episodes will conceptually
replicate work published in (Basgoze, Mirza, et al., 2021), though the present analyses employed
imputation, do not examine each hemisphere separately, and combined the severity sub-groups
differently. This was aimed to allow for the direct comparison of person-centered and variable-
centered analytic findings within the same study.
Significance

The present cross-sequential longitudinal study employs a unique sample of youth at
heightened risk for NSSI and includes multilevel data from many points across adolescence,
biological measures that are ideal for investigating the interplay between the brain and HPA
axis’s stress systems, and particularly rich metrics of NSSI engagement. While some work has
been conducted to address relevant questions in this data set (e.g., Basgoze et al., 2021, 2023;
Carosella et al., 2023; Nair et al., 2023), this study represents the first attempt to use person-
centered analyses in addition to variable-centered analyses to investigate the role of interplay in
the instantiation of risk for NSSI. In this way, this study could simultaneously provide novel
evidence of patterns of the development of interplay across adolescence related to risk for NSSI
and afford insights into the robustness of extant variable-centered findings in a longitudinal
model. Findings from this study may have important implications for efforts that would help
advance understanding of NSSI and contribute to ways to alleviate suffering.
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Methods
Sample

Adolescents (ages 12-17) assigned female sex at birth (AFAB) were recruited from
around the Minneapolis/St. Paul area to participate in a longitudinal study of NSSI. See Basgoze,
Mirza, et al. (2021) and Nair et al. (2023) for a detailed description of study procedures. See
Table 8 for demographic information on this sample. Multiple imputation by chained equations
(Azur et al., 2011; Buuren & Groothuis-Oudshoorn, 2011) was conducted on all data except
NSSI indices to address missingness due to issues including COVID-19 pandemic-related

attrition and scanner error. Notably, (Basg6ze, Mirza, et al., 2021) did not employ imputation.
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Table 8. Demographic Characteristics for the BRIDGES Sample

Mean Age (SD)

Time 1 (n=164) 14.97 (1.20)
Time 2 (n=127) 16.21 (1.25)
Time 3 (n=97) 17.26 (1.25)

Gender Identity N(%o)

Girl 108 (65.9%)
Boy 3(1.8%)
Non-Binary/Other 16 (6.1%)

Missing

37 (22.6%)

Racial and Ethnic Identities N(%o)

American Indian/Alaska Native 1 (0.7%)
Asian 1 (0.7%)
Black 5 (3.0%)
White 132 (80.5%)

More than One Race

21 (12.8%)

Other

1 (0.7%)

Ethnic ldentities N(%0)

Hispanic or Latino

19 (11.6%)

Family Income N(%0)

Under $5,000-$24,999

9 (5.5%)

$25,000-$59,999

33 (20.1%)

$60,000-$89,999

25 (15.2%)

$90,000-$179,999

62 (37.8%)

Over $180,000

34 (20.7%)

Don’t Know

1 (0.6%)

Clinical Attributes N(%b)

Taking psychotropic medication

77 (47.0%)

History of NSSI Engagement

110 (67.1%)
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Measures
Demographic Data

The participant’s parent or guardians completed a form to report sociodemographic
information, including the participant’s date of birth, family income, and race and ethnicity.
Time 1 metrics are used throughout this study, except participant age and gender identity.
Participants and parents reported on participant gender identity as a part of the diagnostic
evaluation (Kiddie-Schedule of Affective Disorders, Computerized Version; Kaufman et al.,
2021), and the most recently available participant report was used. Parent-reported gender
identity was used when the participant did not provide this information. Early versions of the
assessment did not ask about gender identity, so a significant portion of this data is missing.
Functional Activation to Emotionally Evocative Stimuli

Participants completed a task (Hariri et al., 2002) in the context of fMRI scans. The task
was implemented using E-prime software (Schneider et al., 2012). Using a mirror, task stimuli
were projected onto a screen inside the scanner's bore. For the matching of emotional faces
condition, stimuli consisted of black-and-white photographs of human faces depicting anger and
fear (Ekman & Friesen, 1976). For the control condition, stimuli consisted of horizontal and
vertical ellipses of neutral colors. Participants were instructed to look at the picture in the top
row, and, using a response box, they selected one of the two pictures in the bottom row that
matched the top row. In the control block, they were asked to match the shapes; in the affective
block, they matched the emotions of the faces. The task consisted of 13 counterbalanced blocks,
24 seconds each: five face-matching blocks, five shape-matching blocks, and three blocks where
participants viewed a fixation cross. This well-established task has been widely used to probe
threat-related amygdala reactivity (Gerin et al., 1992; Swartz et al., 2014) because the facial
expressions of negative and high arousal affect (such as the fear and anger faces in the task)
prompt robust engagement of the amygdala (Hariri et al., 2002).

FSL FMRI Expert Analysis Tool (Woolrich et al., 2001) was used to conduct a regression
analysis measuring neural activation at each parcel of the brain during the emotion-matching
task. We included two explanatory variables (emotion face and shape conditions). Our contrast
of interest was emotion > shape. The produced emotion > shape z-score statistical maps in
matrix form were projected back to CIFTI space for further analyses. Average z-scores for gray
ordinates within the left and right amygdala and mPFC for the emotion > shape contrast were
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extracted for further analyses. The mPFC (parcellations 10v, 10r, p32, s32, 9m, p32pr, a32pr,
d32, 8BM) regions were identified using the Glasser multi-modal parcellation guide (Glasser et
al., 2016). Bilateral regions were averaged to produce a singular bilateral value for both the
amygdala and mPFC. Notably, (Basgoze, Mirza, et al., 2021) examined each hemisphere
separately.

Resting State Functional Connectivity

Participants underwent a 12-minute (912 volume) resting-state scan during which they
were instructed to stay awake, keep their eyes open and focused on a fixation cross, and “not
think about anything in particular.” The CIFTI-space gray-ordinate-wise time series were used to
create an average time series for each of the Glasser and Harvard-Oxford parcellations. Then, the
average time series from the bilateral amygdala and mPFC were extracted, cross-correlated, and
Fisher’s z-transformed to yield z-scores representing the connection between the amygdala and
mPFC. The mPFC (parcellations 10v, 10r, p32, s32, 9m, p32pr, a32pr, d32, 8BM) regions were
identified using the Glasser multi-modal parcellation guide (Glasser et al., 2016). Bilateral
regions were averaged to produce a singular bilateral value for amygdala-mPFC RSFC. Notably,
(Basgoze, Mirza, et al., 2021) examined each hemisphere separately.

HPA Axis Reactivity

HPA axis reactivity was captured in the context of a modified TSST (adapted from the
classic TSST [Kirschbaum et al., 1993]), during which participants were asked to give an
introduction speech and perform verbal arithmetic calculations while being observed by two
examiners trained to remain neutral and to avoid giving reassurance or feedback based on a
validated measure of the procedure used by that reliably elicit a stress response in female youth
(Yim et al., 2010, 2015). Participants were scheduled to complete the TSST between 1 and 4 pm
and were instructed not to eat, drink, smoke, or brush their teeth within the hour before providing
saliva samples.

Five cortisol measurements were collected during the procedure: CORT1 pre-task,
CORT2 immediately after the speech and math section (+15 minutes), CORT3 at +30 minutes,
CORT4 at +45 minutes, and CORTS5 at +60 minutes. For each saliva sample, participants pushed
their saliva through a straw and into a 1.5 ml vial (passive drool method). Samples were labeled
and stored in a —25 °C freezer until they were shipped to Universitat Trier in Trier, Germany, for
analysis. Researchers used assay methods consistent with (Dressendorfer et al., 1992). Cortisol
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values at three standard deviations above the mean were winsorized to be within three standard
deviations of the mean for all analyses. In addition to the five individual cortisol values (CORTL,
CORT2, CORT3, CORT4, CORTS5) measured over the course of the TSST, we also computed
the area under the curve with respect to increase and used it as the primary summary index for
physiological response following prior work (Klimes-Dougan et al., 2019). This index assessed
the relative increase in cortisol evoked by the stressor irrespective of the basal level prior to the
task (Pruessner et al., 2003) and was assessed as a measure of HPA axis reactivity.

NSSI Engagement

Participant self-reported and parent-reported responses on the Schedule for Affective
Disorders and Schizophrenia for School-Age Children-Computerized Version (Barch et al.,
2018; Kaufman et al., 1997, 2021) were used to measure NSSI engagement. Participants and
their parents were asked, “Sometimes when kids get upset or feel numb, they may do things to
hurt themselves, like scratching, cutting, or burning themselves. In the past two weeks, how
often [have you/has your child] done any of these things or other things to try to hurt
[yourself/themselves]?” to assess for present NSSI engagement and “Was there ever a time in the
past when [you/your child] did things to hurt [yourself/themselves] on purpose because
[you/they] were upset, like cut, scratch or burn [yourself/themselves]?” to assess past instances
of NSSI.

Participants also completed the Self-Injurious Thoughts and Behaviors Interview (SITBI;
Nock et al. 2007), a clinician-administered measure of lifetime thoughts of and engagement in
self-injurious thoughts and behaviors. Participants were asked to report on the frequency of NSSI
in their lifetime, past year, and past month. The SITBI also assesses the severity of each thought
or behavior endorsed, on average and at the worst point, as well as whether they received
medical treatment due to self-injury.

History of NSSI Engagement. Affirmative response(s) by the parent or the child on the
KSADS or the SITBI were coded as “1,” while negative responses by both parent and child
across all time points were coded as “0”.

Severity of NSSI engagement. Three groups were created based on both the number of
episodes and the severity of NSSI engagement: No NSSI (no history of NSSI, coded as “0”),
Mild/Moderate NSSI (unlimited episodes of NSSI with no tissue damage or four or more past
episodes of NSSI, with frequency less than once per month, and with significant tissue damage,
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coded as “1”’); and Severe NSSI (four or more past episodes of NSSI, with frequency greater
than once per month, and with significant tissue damage, coded as “2”). The highest severity of
NSSI engagement assigned across all study data points was used for the following analyses. In
contrast, (Basgoze, Mirza, et al., 2021) grouped participants with No NSSI and Mild NSSI
(fewer than four past episodes involving significant tissue damage or unlimited NSSI episodes
with no tissue damage) together while keeping Moderate NSSI and Severe NSSI disaggregated.

Number of Lifetime Episodes of NSSI. Participants were asked to report their estimated
lifetime number of episodes of NSSI engagement. The reported number of lifetime episodes at
Time 1 was used for this study. A log transformation was performed to address the significant
skew in this variable.

NSSI Engagement Across Time Points. A binary metric indicating whether or not NSSI
engagement occurred in the past year was captured at each time point.
Depression Symptom Severity

Participants completed the Beck Depression Inventory-11 (BDI; Beck et al., 1996) at
every time point. This 21-item self-report inventory measures the severity of depression in
adolescents and adults. Sum scores, with higher scores indicating greater symptom severity, were
used. The scores from the first time point were used for the Aim 3 Time 1 analyses, while the
mean score from across all available time points was used for Aim 2 analyses and Aim 3 slope
analyses.
Analytic Plan

The same metrics will be used across person-centered and variable-centered analyses,
though the different analytic methods frame questions slightly differently. Person-centered
analyses (Aims 1 and 2) can simultaneously look at all time points for all metrics, allowing for
the direct investigation of interplay across time. Variable-centered analyses (Aim 3) are able to
look at the individual metrics separately within the same model and are only able to examine one
time point (i.e., Baseline) or a composite measurement formed from data across time points (i.e.,
slope).
Aim 1

Multi-Trajectory Modeling (Nagin et al., 2018) was conducted using the “gbmt” package
(Magrini, 2022) in R (R Core Team, 2023a). Model variables include amygdala activation in the
Hariri task, mPFC activation in the Hariri task, and amygdala-mPFC RSFC from Time 1, Time
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2, and Time 3. Models were run with and without HPA axis reactivity. The number of derived
groups was determined based on model fit statistics (including AIC, BIC, and posterior
probability) as well as parsimony as described in (Nagin, 2005). Once the optimum number of
groups was identified, the number of polynomial degrees was determined using the same process
of iterative model creation and comparison of model fit statistics. The resulting model fit
statistics are shown in Table B1. The resulting groups represent neurodevelopmental trajectory
groups and are shown in Figure 13. Analyses were repeated without the inclusion of HPA axis
reactivity (see Appendix B).

Aim 2

Four models were run to assess if neurodevelopmental trajectory groups were related to
NSSI variables. Covariates include age at each time point. Follow-up sensitivity analyses were
conducted using the BDI score as a covariate for all four models. All analyses were repeated
using the groups created without HPA axis reactivity (see Appendix B).

History of NSSI Engagement. Binomial regressions were conducted using the “Ime4”
package in R (Bates et al., 2015) to assess whether any neurodevelopmental trajectory groups are
associated with a greater number of individuals endorsing a history of NSSI engagement.
Follow-up group comparisons were conducted using pairwise t-tests with a Bonferroni correction
using the “stats” package in R (R Core Team, 2023b).

Severity of NSSI Engagement. Ordinal Logistic regressions were conducted using the
“MASS” package in R (Ripley et al., 2024) to assess whether any neurodevelopmental trajectory
groups are associated with greater severity of NSSI engagement. Follow-up group comparisons
were conducted using pairwise t-tests with a Bonferroni correction using the “stats” package in R
(R Core Team, 2023Db).

Number of Lifetime Episodes of NSSI. Linear regressions were conducted using the
“stats” package in R (R Core Team, 2023b) to assess if any neurodevelopmental trajectory
groups are associated with the number of lifetime episodes of NSSI. Follow-up group
comparisons were conducted using pairwise t-tests with a Bonferroni correction using the “stats”
package in R (R Core Team, 2023b).

NSSI Engagement Across Time Points. Multilevel binomial logistic regressions were
conducted using the “Ime4” package in R (Bates et al., 2015) in which past year engagement in
NSSI was the dependent variable, group membership and year were the independent variables,
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and individual ID number was a random intercept were conducted to assess if any
neurodevelopmental trajectory groups were associated with NSSI engagement across time
points. Follow-up pairwise Chi-Squared tests were conducted to assess for group differences
using the “stats” package in R (R Core Team, 2023b).

Aim 3

History of NSSI Engagement. Binomial regressions were conducted using the “Ilme4”
package in R (Bates et al., 2015) to assess whether any patterns in brain and HPA axis metrics
were related to engagement in NSSI.

Severity of NSSI Engagement. Ordinal regressions were conducted using the “MASS”
package in R (Ripley et al., 2024) to assess whether any patterns in brain and HPA axis metrics
were related to the severity of NSSI engagement.

Number of Lifetime Episodes of NSSI. Linear regressions were conducted using the
“stats” package in R (R Core Team, 2023b) to assess if brain and HPA axis metrics are
associated with the number of lifetime episodes of NSSI.

NSSI Engagement Across Time Points. Multilevel binomial logistic regressions were
conducted using the “lme4” package in R (Bates et al., 2015), in which past year engagement in
NSSI was the dependent variable, group membership and year were the independent variables,
and individual ID number was a random intercept to assess if any of the brain and HPA axis
metrics were related to engagement in NSSI across time points.

Time 1: Time 1 amygdala reactivity, mPFC reactivity, amygdala-mPFC RSFC, and HPA
axis reactivity were modeled in relation to NSSI variables. Time 1 age was included as a
covariate. Follow-up sensitivity analyses were conducted with the BDI score included as a
covariate. All analyses were repeated without HPA axis reactivity included as a covariate (see
Appendix B.)

Slope: To compare the change in brain metrics across time points in relation to NSSI
variables, the slope of change in each metric was found for each participant by finding the
difference between the most recently available data and the Time 1 data and dividing the
difference by the change in age (in months). Covariates Time 1 age, Time 2 age, Time 3 age.
Follow-up sensitivity analyses were conducted with the BDI score included as a covariate. All

analyses were repeated without HPA axis reactivity included as a covariate (see Appendix B.)
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Results
Aim 1 Results

Model fit statistics are shown in Table B1. It was found that two polynomial degrees
produced the most ideal model fit statistics. The 6 group solution demonstrated the best fit
statistics and is explored below. The model fit statistics, and resulting groups for the solutions
without the inclusion of HPA axis reactivity are shown in Table B2 and Figure B1. The overlap
between the solutions with and without the inclusion of HPA axis reactivity is shown in Figure
B2.

In the six group solution shown in Figure 13, Group 1 (n=29) is characterized by largely
stable amygdala reactivity, decreased mPFC reactivity, dramatically decreased amygdala-mPFC
RSFC, and dramatically increased HPA axis reactivity. Group 2 (n=20) is characterized by
dramatically decreased amygdala reactivity, decreased then increased mPFC reactivity,
decreased then increased amygdala-mPFC RSFC, and increased HPA axis reactivity. Group 3
(n=16) is characterized by increased amygdala reactivity, dramatically decreased mPFC
reactivity, stable amygdala-mPFC RSFC, and increased HPA axis reactivity. Group 4 (n=30) is
characterized by stable amygdala and mPFC reactivity, decreasing amygdala-mPFC RSFC and
HPA axis reactivity. Group 5 (n=29) is characterized by stable amygdala reactivity, dramatically
increased mPFC reactivity, decreased then stable amygdala-mPFC RSFC, and dramatically
decreased HPA axis reactivity. Group 6 (n=40) is characterized by stable amygdala reactivity,
increasing mPFC reactivity, dramatically increased amygdala-mPFC RSFC, and dramatically
decreased HPA axis reactivity. Groups were examined to determine if differences existed in
demographic attributes. No differences were found between groups: race (¥?=36, p=0.07),
ethnicity (y?=7, p=0.2), income (¥°=18, p=0.6), age at Time 1 (F=0.67, p=0.65), age at Time 2
(F=0.95, p=0.45), age at Time 3 (F=1.42, p=0.22), psychotropic medication status (y°=7, p=0.2).
Group 1 was selected as the reference group because it represents the most median group, with

the least number of extreme data points, and is a relatively large group.
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Figure 13. Person-Centered Derived Groups with HPA Axis Reactivity for the BRIDGES Study
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Aim 2 Results

Table 9. History of NSSI Engagement by Group with HPA Axis Reactivity for the BRIDGES

Study
Without BDI Score With BDI Score
Coefficient OR (CI) OR (CI)
Intercept 0.118 (0.001, 19.442) 0.041 (0.000, 20.51)

Group 2 Membership

0.645 (0.118, 3.026)

0.929 (0.132, 5.96)

Group 3 Membership

0.245 (0.049, 0.934)

0.265 (0.041, 1.43)

Group 4 Membership

0.361 (0.068, 1.542)

0.768 (0.119, 4.34)

Group 5 Membership

0.342 (0.067, 1.360)

0.537 (0.086, 2.86)

Group 6 Membership

0.423 (0.078, 1.887)

0.911 (0.137, 5.35)

Time 1 Age 1.164 (0.337, 3.799) 0.599 (0.074, 4.11)
Time 2 Age 1.177 (0.282, 5.078) 2.339 (0.236, 26.97)
Time 3 Age 0.956 (0.458, 2.057) 0.822 (0.318, 2.16)
BDI Score 1.243 (1.156, 1.36)***

Note: OR=0dds Ratio; Cl=Confidence Interval, BDI=Beck Depression Inventory

66



Figure 14. History of NSSI Engagement by Group with HPA Axis Reactivity for the BRIDGES
Study
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Analyses exploring the relationship between person-centered derived group membership
and the history of NSSI engagement (Table 9, Figure 14) were not significant. Additionally, age
was not significantly associated with engagement in these analyses. Higher BDI scores were
significantly associated with a heightened likelihood of a history of NSSI engagement. The
pairwise comparison of the proportion of group members who engage in NSSI is shown in Table
B3. Figure 14 indicates some variability despite no significant differences in the regression and

pairwise analyses. The analyses conducted without the inclusion of HPA axis reactivity are
shown in Table B4-5 and Figure B3.
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Table 10. Severity of NSSI Engagement by Group with HPA Axis Reactivity for the BRIDGES

Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Group 2 Membership

0.716 (-1.394, 0.711)

0.587 (-1.654, 0.568)

Group 3 Membership

0.275 (-2.353, -0.264) *

0.256 (-2.480, -0.290)*

Group 4 Membership

0.536 (-1.728, 0.462)

0.814 (-1.358, 0.932)

Group 5 Membership

0.403 (-1.954, 0.113)

0.428 (-1.957, 0.233)

Group 6 Membership

0.556 (-1.692, 0.500)

0.723 (-1.476, 0.816)

Time 1 Age 0.518 (-1.609, 0.267) 0.268 (-2.438, -0.275)*
Time 2 Age 3.386 (0.114, 2.363)* 7.198 (0.740, 3.300)**
Time 3 Age 0.722 (-0.907, 0.252) 0.591 (-1.152, 0.082)
BDI Score 1.092 (0.059, 0.120)***

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *

indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Figure 15. Severity of NSSI Engagement by Group with HPA Axis Reactivity for the BRIDGES
Study
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Significant differences were found in the severity of NSSI engagement between person-
centered derived groups. In analyses examining the relationship between group membership and
severity of NSSI engagement (Table 10, Figure 15), Group 3 was associated with decreased
severity NSSI compared to the reference group (Group 1), both in the models with and without
BDI score. Higher Time 2 age was also significantly related to greater severity of NSSI
engagement in the model with and without the BDI score. Lower Time 1 age was associated with
higher severity of NSSI engagement in the model with BDI score included as a covariate. Higher
BDI scores were also associated with greater severity of NSSI engagement. Figure 15
demonstrates the distribution of NSSI severity of NSSI engagement across groups. Table B6
shows the distribution of the severity of NSSI engagement across groups and the pairwise
comparison of the severity of NSSI engagement between groups. No significant group
differences were found in the pairwise comparisons. Analyses conducted without the inclusion of

HPA axis reactivity are shown in Tables B7-8 and Figure B4.
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Table 11. Number of Lifetime Episodes of NSSI by Group with HPA Axis Reactivity for the

BRIDGES Study

Without BDI Score

With BDI Score

Coefficient Beta (SE) Beta (SE)
Intercept -2.256 (1.191) -2.214 (1.066) *
Group 2 Membership 0.102 (0.305) 0.084 (0.273)
Group 3 Membership -0.576 (0.298) -0.44 (0.267)
Group 4 Membership -0.515 (0.311) -0.223 (0.282)
Group 5 Membership -0.237 (0.3) -0.095 (0.27)
Group 6 Membership -0.17 (0.317) -0.001 (0.285)
Time 1 Age 0.211 (0.276) 0.017 (0.249)
Time 2 Age 0.00 (0.325) 0.184 (0.293)
Time 3 Age 0.077 (0.172) 0.028 (0.154)
BDI Score 0.041 (0.007) ***

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *

indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Figure 16. Number of Lifetime Episodes of NSSI by Group with HPA Axis Reactivity for the

BRIDGES Study
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Analyses examining the relationships between the number of lifetime episodes of NSSI

and group membership (Table 11, Figure 16) did not indicate any significant relationships. A

higher BDI score was also associated with a greater number of lifetime episodes of NSSI. Figure

16 demonstrates the distribution of the number of lifetime episodes of NSSI across groups. None

of the pairwise comparisons showed significant differences (Table B9). Analyses conducted

without the inclusion of HPA axis reactivity are shown in Tables B10-11 and Figure B5.
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Table 12. NSSI Engagement Across Time Points by Group with HPA Axis Reactivity for the

BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Intercept

15771.732 (3.109, 16.223)**

9120.376 (2.709, 15.528)**

Group 2 Membership

0.612 (-2.118, 1.135)

0.599 (-2.131, 1.107)

Group 3 Membership

2.788 (-0.680, 2.730)

2.472 (-0.753, 2.563)

Group 4 Membership

1.417 (-1.229, 1.926)

2.172 (-0.8080, 2.360)

Group 5 Membership

0.440 (-2.390, 0.746)

0.567 (-2.134, 1.001)

Group 6 Membership

0.322 (-2.846, 0.579)

0.364 (-2.713, 0.691)

Time Point 0.525 (-1.325, 0.035) 0.577 (-1.220, 0.121)
Age 0.654 (-0.857, 0.009) 0.614 (-0.921, -0.055)*
BDI Score 1.071 (0.017, 0.119)**

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Figure 17. NSSI Engagement Across Time Points by Group with HPA Axis Reactivity for the
BRIDGES Study
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Analyses examining the relationship between group membership and engagement in
NSSI across study time points (Table 12, Figure 17) indicated no significant group differences.
Notably, NSSI engagement decreased in almost every group across time, potentially indexing
resilience from NSSI. When the BDI score was included as a covariate, age was inversely
associated with NSSI engagement across time. A higher BDI score was also associated with
continued NSSI engagement across time. The distribution of engagement in NSSI across time
points between groups is shown in Figure 17. Pairwise comparisons revealed non-significant
group differences in the distributions of engagement across time (X?=15, p=0.1). Table B12
shows the proportion of each group engaging across time points. Analyses conducted without
HPA axis reactivity are shown in Tables B13-14 and Figure B6.
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Aim 3 Results

The average slope of change in amygdala reactivity was 0.280, mPFC reactivity was -
0.180, and amygdala-mPFC RSFC was -0.024 across participants. This indicates that, broadly,
amygdala reactivity is increasing while mPFC reactivity and amygdala-mPFC RSFC decrease,
though these trends are small and indicate a great deal of variability. The average BDI score
across time points was 15.301, which indicates moderate depressive symptoms in the sample as a
whole (Beck et al., 1996).

The Time 1 correlation table (Table B15) indicates that some brain and HPA axis metrics
are related to the history of NSSI engagement. History of NSSI engagement was significantly
related to Time 1 amygdala reactivity (positively), Time 1 amygdala-mPFC RSFC (negatively),
and Time 1 HPA axis reactivity (negatively). Further, the severity of NSSI engagement and the
number of lifetime episodes of NSSI reported at Time 1 were negatively related to Time 1
amygdala-mPFC RSFC and Time 1 HPA axis reactivity. Amygdala-mPFC RSFC was also
negatively associated with NSSI engagement at Time 2. Time 1 HPA axis reactivity was also
positively associated with Time 1 amygdala and mPFC reactivity. Time 1 age was found to be
associated with the severity of NSSI engagement (positively), number of lifetime episodes of
NSSI (positively), engagement at Time 1 (negatively), and amygdala-mPFC RSFC (negatively).
As expected, Time 1 amygdala reactivity was positively associated with mPFC reactivity. Time
1 BDI scores were positively associated with NSSI history, severity of NSSI engagement,
number of lifetime episodes of NSSI, and engagement at Time 1. In addition, it was found that
BDI scores were associated with Time 1 amygdala reactivity (positively), Time 1 amygdala-
mPFC RSFC (negatively), and Time 1 age (positively). As expected, the severity of NSSI
engagement was positively associated with NSSI history and the number of lifetime episodes of
NSSI. The number of lifetime episodes of NSSI was also associated with the history of NSSI and
engagement at Time 1, engagement at Time 2 was found to be associated with engagement at
Time 1 and Time 3.

The correlation between the slope of change variables (Table B16) indicates that the
change in mPFC reactivity is positively associated with the slope of change in amygdala
reactivity. Additionally, the slope of change in HPA axis reactivity was related to the slope of
change in amygdala reactivity (negatively) and amygdala-mPFC RSFC (positively) as well.
Time 1 age, Time 2 age, and Time 3 age were all related to the severity of NSSI engagement

74


https://www.zotero.org/google-docs/?clAr6U

(positively), number of lifetime episodes of NSSI (negatively), and NSSI engagement at Time 1
(negatively). As expected, the BDI score was positively associated with a history of NSSI
engagement, severity of NSSI engagement, number of lifetime episodes of NSSI, and
engagement at Time 1. Severity of NSSI engagement was also found to be associated with NSSI
engagement and the number of lifetime episodes of NSSI. The number of lifetime episodes of
NSSI was positively associated with NSSI engagement and engagement at Time 1. NSSI

engagement at Time 2 was positively associated with engagement at Time 1 and 3.
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Table 13. History of NSSI Engagement and Time 1 Stress System Metrics with HPA Axis
Reactivity for the BRIDGES Study

Without BDI Score With BDI Score
Coefficient OR (CI) OR (CI)
Intercept 0.957 (-4.985, 4.948) 0.548 (-6.328, 5.127)
Time 1 Amygdala Reactivity 1.253 (-0.033, 0.501) 1.068 (-0.240, 0.378)
Time 1 mPFC Reactivity 0.755 (-0.783, 0.212) 0.647 (-1.070, 0.166)
Time 1 Amygdala-mPFC RSFC |0.000 (-14.836, -1.890)* 0.079 (-10.171, 5.116)
Time 1 HPA Axis Reactivity 0.926 (-0.156, -0.008)* 0.995 (-0.383, 0.368)
Time 1 Age 1.090 (-0.237, 0.411) 0.957 (-0.139, 0.034)
Time 1 BDI Score 1.256 (0.141, 0.341)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001

Figure 18. History of NSSI Engagement History and Time 1 Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal
Axis; * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001;
Relationships are significant when BDI score is not included as a covariate.




Table 14. History of NSSI Engagement and Slope Stress System Metrics with HPA Axis

Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Intercept

0.020 (-8.971, 0.993)

0.007 (-11.131, 0.902)

Slope of Amygdala Reactivity

1.302 (-0.163, 0.696)

1.068 (-0.496, 0.682)

Slope of mPFC Reactivity

1.452 (-0.493, 1.262)

2.058 (-0.366, 1.902)

Slope of Amygdala-mPFC RSFC

0.012 (-14.219, 5.308)

0.216 (-13.310, 10.034)

Slope of HPA Axis Reactivity

1.052 (-0.017, 0.121)

1.029 (-0.050, 0.113)

Time 1 Age

1.287 (-0.961, 1.425)

0.725 (-2.342, 1.497)

Time 2 Age 0.988 (-1.395, 1.416) 1.723 (-1.597, 2.883)
Time 3 Age 1.090 (-0.635, 0.836) 1.011 (-0.919, 0.953)
Mean BDI 1.239 (0.142, 0.304)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;

RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 19. History of NSSI Engagement History and Slope Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex; RSFC=resting state
functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis; * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001

Variable-centered analyses examining the relationships between the Time 1 (Table 13,
Figure 18) and slope (Table 14, Figure 19) of brain and HPA axis metrics and the history of
NSSI engagement, few significant results were found, though lower Time 1 RSFC and HPA axis
reactivity were found to be significantly related to greater likelihood NSSI. These results were no
longer significant when the model included the BDI score as a covariate. A higher BDI score
was significantly related to the greater likelihood of reporting a history of NSSI engagement in
both models. Figures 18 and 19 demonstrate the distribution of brain metrics by history of NSSI
engagement. Analyses conducted without HPA axis reactivity are shown in Tables B17-18.
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Table 15. Severity of NSSI Engagement and Time 1 Stress System Metrics with HPA Axis

Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Time 1 Amygdala Reactivity

1.057 (-0.138, 0.253)

0.996 (-0.208, 0.202)

Time 1 mPFC Reactivity

0.811 (-0.598, 0.172)

0.754 (-0.674, 0.105)

Time 1 Amygdala-mPFC RSFC

0.000 (-13.711, -3.015)**

0.005 (-10.901, 0.191)

Time 1 HPA Axis Reactivity

0.911 (-0.159, -0.034)**

0.912 (-0.162, -0.029)**

Time 1 Age

1.097 (-0.162, 0.348)

1.047 (-0.213, 0.307)

Time 1 BDI Score

1.062 (0.036, 0.086)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 20. Severity of NSSI Engagement and Time 1 Stress System Metrics with HPA Axis

Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex; RSFC=resting
state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001; Relationship with HPA axis
reactivity is significant with and without BDI score included as a covariate; Relationship
with amygdala-mPFC RSFC is only significant when BDI score is not included as a

covariate.
Variable-centered analyses of TIme 1 metrics of brain and HPA axis functioning and

Time 1 Amygdala Reactivity
Time | mPFC Reactivity

Time 1 HPA Axis Reactivity

Time 1 Amygdala-mPFC RSFC

severity of NSSI engagement (Table 15, Figure 20) indicate that lower Time 1 amygdala-mPFC

RSFC and HPA axis reactivity were significantly related to higher severity of NSSI severity
when BDI score was not included as a covariate, but when BDI score was added as a covariate,

only HPA axis reactivity related significantly (BDI score also emerged as significant).
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Table 16. Severity of NSSI Engagement and Slope Stress System Metrics with HPA Axis

Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Slope of Amygdala Reactivity

1.306 (-0.069, 0.611)

1.232 (-0.151, 0.578)

Slope of mPFC Reactivity

1.185 (-0.524, 0.868)

1.288 (-0.465, 0.978)

Slope of Amygdala-mPFC RSFC

0.104 (-10.138, 5.569)

0.523 (-8.755, 7.399)

Slope of HPA Axis Reactivity

1.060 (0.003, 0.116)*

1.056 (-0.005, 0.117)

Time 1 Age

0.589 (-1.483, 0.409)

0.334 (-2.197, -0.078) *

Time 2 Age

2.602 (-0.146, 2.087)

4.924 (0.383, 2.895)*

Time 3 Age

0.884 (-0.697, 0.448)

0.752 (-0.900, 0.320)

Mean BDI Score

1.087 (0.055, 0.114)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 21. Severity of NSSI Engagement and Slope Stress System Metrics with HPA Axis

Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex; RSFC=resting
state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001; Relationship is only significant
when BDI score is not included as a covariate.
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Variable-centered analyses examining the slope of change of brain and HPA axis
reactivity in relation to the severity of NSSI engagement (Table 16, Figure 21) without BDI
score as a covariate, a more positive slope of change in HPA axis reactivity was significantly
related to heightened severity of NSSI engagement. When the BDI score was added as a

covariate, Time 1 age and Time 2 age were significant in addition to the BDI score (higher BDI

score associated with greater severity of NSSI engagement). Analyses conducted without HPA

axis reactivity are shown in Tables B19-20.
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Table 17. Number of Lifetime Episodes of NSSI and Time 1 Stress System Metrics with HPA

Axis Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient Beta (SE) Beta (SE)
Intercept -1.062 (1.143) -1.449 (1.036)
Time 1 Amygdala Reactivity 0.046 (0.056) 0.013 (0.051)
Time 1 mPFC Reactivity -0.015 (0.109) -0.043 (0.099)
Time 1 Amygdala-mPFC RSFC -3.679 (1.486)* -1.893 (1.377)
Time 1 HPA Axis Reactivity -0.03 (0.015)* -0.023 (0.014)
Time 1 Age 0.214 (0.074)** 0.197 (0.067)**
Time 1 BDI Score 0.04 (0.007)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;

RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 22. Number of Lifetime Episodes of NSSI and Time 1 Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study
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Note: Episode data is log transformed; NSSI=non-suicidal self-injury; mPFC=medial pre-frontal
cortex; RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001; Relationships are only significant
when BDI is not included as a covariate.

Variable-centered analyses examining the relationship between the number of lifetime
episodes of NSSI in relation to Time 1 brain and HPA axis metrics (Table 17, Figure 22) indicate
that lower Time 1 RSFC and HPA axis reactivity were related to a higher number of lifetime
episodes of NSSI, both when BDI score was and was not included as a covariate. Time 1 age was
also associated with a higher number of lifetime episodes of NSSI in the Time 1 model with and
without the inclusion of the BDI score. Higher BDI scores were also significantly associated

with a greater number of lifetime episodes of NSSI.
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Table 18. Number of Lifetime Episodes of NSSI and Slope Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient Beta (SE) Beta (SE)
Intercept -3.145 (1.178)** -2.859 (1.055)**
Slope of Amygdala Reactivity 0.177 (0.100) 0.111 (0.09)
Slope of mPFC Reactivity -0.006 (0.205) 0.009 (0.183)

Slope of Amygdala-mPFC RSFC

-3.252 (2.256)

-1.843 (2.032)

Slope of HPA Axis Reactivity

0.022 (0.016)

0.015 (0.015)

Age Time 1 0.24 (0.278) 0.047 (0.250)
Age Time 2 -0.076 (0.329) 0.102 (0.296)
Age Time 3 0.155 (0.174) 0.105 (0.156)

Mean BDI Score

0.041 (0.006)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 23. Number of Lifetime Episodes of NSSI and Slope Stress System Metrics with HPA

Axis Reactivity for the BRIDGES Study
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Note: Episode data is log transformed; NSSI=non-suicidal self-injury; mPFC=medial pre-frontal
cortex; RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;

* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
Analyses examining the relationship between the number of lifetime episodes of NSSI

and the slope of change of brain and HPA axis metrics (Table 18, Figure 23) did not yield any
significant findings, though higher BDI scores were significantly associated with a greater

number of lifetime episodes of NSSI. Analyses conducted without HPA axis reactivity are shown

in Table B21.
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Table 19. NSSI Engagement Across Time Points and Time 1 Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient OR (CI) OR (CI)
Intercept 7.563 (0.244, 3.803)* 2.546 (-0.945, 2.814)
Time Point 0.597 (-1.186, 0.156) 0.629 (-1.133, 0.206)

Time 1 Amygdala Reactivity

1.010 (-0.338, 0.359)

0.991 (-0.363, 0.345)

Time 1 mPFC Reactivity

1.723 (-0.144, 1.231)

1.573 (-0.241, 1.147)

Time 1 Amygdala-mPFC RSFC

366.476 (-3.657, 15.465)

5630.049 (-1.365, 18.637)

Time 1 HPA Axis Reactivity

0.985 (-0.138, 0.107)

0.994 (-0.132, 0.120)

Time 1 Age

0.491 (-1.456, 0.034)

0.463 (-1.520, -0.019)*

Time 1 BDI Score

1.047 (0.005, 0.088)*

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 24. NSSI Engagement Across Time Points and Time 1 Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex; RSFC=resting state
functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis; * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001

Analyses exploring the relationship between Time 1 metrics of the brain and the HPA

axis in relation to engagement in NSSI across time points (Table 19, Figure 24) did not yield any

significant findings. Lower Time 1 age was associated with greater NSSI engagement across

time points in the Time 1 model, with the BDI score included as a covariate. A greater Time 1

BDI score was also associated with greater engagement in NSSI across time points in the Time 1

model.
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Table 20. NSSI Engagement Across Time Points and Slope Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient OR (CI) OR (CI)
Intercept 10.385 (0.703, 3.977)** 2.281 (-0.916, 2.565)
Time Point 0.607 (-1.183, 0.185) 0.675 (-1.058, 0.271)

Slope of Amygdala Reactivity

1.099 (-0.515, 0.703)

0.982 (-0.623, 0.586)

Slope of mPFC Reactivity

0.957 (-1.309, 1.221)

1.067 (-1.171, 1.301)

Slope of Amygdala-mPFC RSFC

0.025 (-17.139, 9.723)

0.010 (-17.605, 8.406)

Slope of HPA Axis Reactivity

1.025 (-0.073, 0.124)

1.017 (-0.078, 0.111)

Age

0.474 (-1.484, -0.009)*

0.433 (-1.563, -0.113)*

Mean BDI Score

1.072 (0.018, 0.121)**

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Figure 25. NSSI Engagement Across Time Points and Slope Stress System Metrics with HPA
Axis Reactivity for the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; mPFC=medial pre-frontal cortex; RSFC=resting state
functional connectivity; HPA=Hypothalamic Pituitary Adrenal Axis; * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001

Analyses examining the relationship between slope metrics of the brain and HPA axis

functioning in relation to engagement in NSSI across time points (Table 20 and Figure 25) did

not yield any significant findings. Younger age was associated with greater engagement in NSSI

across time points in NSSI both with and without the inclusion of the BDI score as a covariate. A

greater mean BDI score was also associated with greater engagement in NSSI across time points.

Analyses conducted without HPA axis reactivity are shown in Tables B22-23.

90



Discussion

This study set out to leverage person-centered analyses, in addition to traditional
variable-centered analytic techniques, to explore alterations in the interplay in stress responses
between the brain and body. This was done in a longitudinal sample of adolescents, all AFAB,
who were overrepresented by those with a history of NSSI. This study collected multi-modal
metrics of biological signatures of the functioning of the brain and HPA axis’ stress systems, as
well as highly detailed reports of the characteristics of NSSI engagement. This allowed for in-
depth, nuanced analyses of a variety of NSSI indices, including history of NSSI engagement,
severity of NSSI engagement, number of lifetime episodes of NSSI, and engagement in NSSI
across study time points. Some of the variable-centered analyses conceptually replicated prior
work in this sample. However, no prior studies have simultaneously investigated the longitudinal
interplay between the brain and the HPA axis with such extensive measures of NSSI using both
person-centered and variable-centered analytic techniques.

Person-centered analyses identified six groups with distinct trajectories of the
development of brain-HPA axis interplay. Group 1 partially resembled the hypothesized Blunted
Frontal Regulatory Control trajectory, except it was anticipated that amygdala reactivity would
decrease. Group 2 almost resembles the pattern of the hypothesized Normative Development
group, though it was anticipated that amygdala-mPFC RSFC would become more negative
across time points. Group 3 partially resembles the hypothesized Blunted Frontal Regulatory
Control trajectory, though it was anticipated that amygdala-mPFC RSFC would become more
negative across time points. Groups 4 and 5 differed from all of the hypothesized profiles. Group
6 was the largest group and almost resembles the hypothesized Heightened Frontal Regulatory
Control trajectory, though it was anticipated that amygdala-mPFC RSFC would become more
negative across time points. Notably, many of the trajectories did not demonstrate linear change
over time, as was expected. There is some evidence to suggest that amygdala reactivity to
stressful stimuli undergoes non-linear changes across adolescence (Ahmed et al., 2015),
however, more work is needed to characterize non-linearity in the development of other brain
metrics (mPFC reactivity to stressful stimuli and amygdala-mPFC RSFC) and HPA axis
reactivity.

Person-centered derived groups gave some insight into heterogeneity among adolescents
with a history of NSSI. These groups did not differ significantly in the rate of endorsement of a
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history of NSSI, though they did, however, differ based on the severity of NSSI engagement.
Person-centered analyses may not have been able to differentiate participants at heightened risk
for NSSI engagement because of the limited variability in the metric as the large majority of the
participants in this study had a history of NSSI engagement, however, there was variability in the
severity of NSSI engagement. Indeed, Group 3 demonstrated a different distribution of severity
of NSSI engagement, while Group 1 included very few members in the “never” category, and the
vast majority were split evenly between the “mild/moderate” and “severe” categories, potentially
indicating that while this group did not differ significantly from others in rate of reporting NSSI,
it may be at heightened risk for more severe NSSI. Group 3 (close to the Blunted Frontal
Regulatory Control trajectory) demonstrated almost even distribution across all three severity
categories. This seems to indicate that there is meaningful heterogeneity between the two groups
resembling the Blunted Frontal Regulatory Control trajectory despite their similar patterns of
development. It seems that the central differences between Groups 1 and 3 are in changes in
brain metrics across time points; Group 1 demonstrated stable amygdala reactivity, decreasing
SF reactivity, and increasingly more negative amygdala-mPFC RSFC as well as significantly
heightened risk for severe NSSI compared to Group 3, which showed increasing amygdala
reactivity, decreased SF reactivity, and stable amygdala-mPFC RSFC and significantly more
mild/moderate NSSI. Indeed, for individuals with decreasing SF reactivity to stressful stimuli,
having discordance between frontal and limbic regions, as seen in Group 1, may index runaway
stress responses that are not adequately inhibited by frontal regions. In the case of Group 3, the
impact of decreased SF reactivity seems to be buffered by the stability of the RSFC between
frontal and limbic regions. This indicates that examining amygdala-mPFC RSFC in the context
of regional activation could be especially important in understanding the risk of heightened
severity of NSSI.

Evidence shows that the relationship between stress system functioning and NSSI may
look slightly different if person-centered groups were derived using only brain metrics. Person-
centered analyses were repeated without including HPA axis reactivity. The overlap in group
membership between the groups that did not include HPA axis reactivity and those that did
(Figure B1; Groups are shown in Figure B2) is very limited, except for Group 3. Group 3, made
with HPA axis reactivity, contains almost the entirety of the Group 3 made without HPA axis
reactivity, with the addition of a few members from Group 1 made without HPA axis reactivity.
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Group 3 partially resembles the hypothesized Blunted Frontal Regulatory Control trajectory
when made with and without HPA axis reactivity. Multi-trajectory modeling has previously been
criticized for the potential of spurious findings (Mésidor et al., 2022), but the finding of near-
perfect replication of a group gives greater confidence that these analytic methods are indeed
identifying meaningful variance in stress system functioning. Overall, it seems that the addition
of HPA axis reactivity significantly affects the patterns identified by person-centered analyses,
though it is unclear whether groups of brain-HPA axis interplay provide greater insights into risk
for NSSI than are afforded by the groups made by using brain metrics alone.

When comparing results relating metrics of NSSI engagement between person-centered
derived groups made with and without HPA reactivity, different insights emerge; the groups
made with HPA reactivity showed no significant differences in terms of the lifetime number of
episodes of NSSI as well as NSSI engagement across time points, however, there were
significant differences found between groups made without HPA axis reactivity (see Tables B10-
14 and Figures B5-6). When examining the severity of NSSI engagement, it was found that
groups with trajectories resembling the hypothesized Blunted Frontal Regulatory Control
trajectory, the Heightened Frontal Regulatory Control trajectory, and an unexpected profile that
indexed a breakdown in frontal regulatory control all showed less severe NSSI compared to a
group with blunted mPFC reactivity and highly dynamic change in amygdala-mPFC RSFC.
Additionally, the group mirroring the Blunted Frontal Regulatory Control trajectory reported
fewer lifetime episodes of NSSI compared to the group with blunted mPFC reactivity and
dynamic change in amygdala-mPFC RSFC. Finally, it was also found that the group mirroring
the Normative Development trajectory showed decreased engagement across time points
compared to the group with blunted mPFC reactivity and highly dynamic amygdala-mPFC
RSFC. When looking across analyses investigating person-centered derived groups related to all
metrics of NSSI engagement, the inclusion of HPA axis reactivity results in fewer significant
findings. It may be that the variance introduced by using cross-system measures captured in the
context of different stress induction paradigms and frequently on different days is too great to
allow for the identification of meaningful patterns of response. Future work that concurrently
collects brain and HPA axis reactivity in the context of the same stress induction paradigm may
be helpful to assess whether person-centered analyses of brain-HPA axis interplay can provide
greater insights into risk for NSSI.
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Variable-centered analyses relating Time 1 biological metrics and NSSI engagement
found that more negative Time 1 amygdala-mPFC RSFC and lower HPA axis reactivity were
both associated with a greater risk of NSSI engagement, though this relationship did not remain
significant when controlling for BDI score. These patterns could index discordance between
frontal and limbic regions (more negative RSFC) and an inappropriately modest body-wide
stress response (HPA axis reactivity). This is congruent with work that established that blunted
fronto-limbic RSFC (in this same sample [Basgoze, Mirza, et al., 2021] and other samples
[Santamarina-Perez et al., 2019; Westlund Schreiner et al., 2017]) and HPA axis reactivity
(Kaess et al., 2012; Klimes-Dougan et al., 2019; Plener et al., 2012) are consistently related to
NSSI engagement. Variable-centered analyses of the relationship between Time 1 biological
metrics and severity of NSSI found that more negative Time 1 amygdala-mPFC RSFC and HPA
axis reactivity both emerged as significantly related to increased severity, though only HPA axis
reactivity remained significant when BDI score was added as a covariate. This replicates prior
work in the same sample, which demonstrated that more negative RSFC and blunted HPA
reactivity were associated with greater severity of NSSI (Basgoze, Mirza, et al., 2021). The loss
of significant findings relating amygdala-mPFC RSFC with the severity of NSSI when BDI
score was included as a covariate should be considered in the context of prior work by Westlund
Schreiner et al., (2017), which showed that in participants with Major Depressive Disorder and
NSSI, there was no association ventromedial PFC-amygdala RSFC and HPA axis reactivity and
an inverse relationship between dorsomedial PFC-amygdala RSFC and HPA axis reactivity. The
difference potentially indicates meaningful subregional differences and/or different biological
signatures underlying NSSI in those with Major Depressive Disorder compared to those with
NSSI in general. The finding that lower Time 1 HPA axis reactivity was also associated with
increased severity builds on prior work, indicating that blunted HPA axis reactivity is associated
with heightened risk for NSSI (Basgoze, Mirza, et al., 2021; Kaess et al., 2012; Klimes-Dougan
etal., 2019; Plener et al., 2012). The variable-centered analyses investigating Time 1 interplay
metrics in relation to the number of NSSI episodes indicated that more negative amygdala-mPFC
RSFC and HPA axis reactivity are both associated with a higher number of episodes of NSSI,
though this did not remain significant when controlling for the BDI score. This adds texture to
prior findings linking amygdala-mPFC RSFC to the severity of NSSI in this sample, as severity
metrics take into account the number of episodes of NSSI (Basgoze, Mirza, et al., 2021).
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Examining the slope metrics of the brain and HPA axis offers a few novel insights into
biological alterations in NSSI. The slopes derived for the variable-centered analyses
demonstrated a novel pattern; the slope of change in amygdala reactivity was positively
correlated with the slope of change in mPFC reactivity. This is opposite to what would be
expected in a normative sample based on prior literature characterizing the increase in frontal
reactivity to stressful stimuli (Yurgelun-Todd & Killgore, 2006) and the increasing inhibitory
input to the amygdala via frontal regions (Cunningham et al., 2002; Gee, Gabard-Durnam, et al.,
2013; Perlman & Pelphrey, 2011; Silvers et al., 2015; Swartz et al., 2014). This unexpected
pattern may be indexing this sample's ongoing dysfunctional developmental processes, as % of
participants had a history of NSSI. No significant results emerged when examining the
relationship between the slope of change in brain and HPA axis metrics and the history of NSSI
engagement. When examining the slope of change of biological metrics in relation to severity of
NSSI, increasing HPA axis reactivity was shown to be associated with greater severity of NSSI,
though this relationship did not remain significant when BDI score was added as a covariate.
This may be indicative that while participants with severe NSSI have lower levels of HPA axis
reactivity early in adolescence, HPA axis reactivity may increase to be more similar to their
peers as adolescent development progresses, in line with work indicating that recalibration of
HPA axis functioning occurs in adolescents exposed to early life stressors (Gunnar et al., 2019;
Perry et al., 2022). Variable-centered analyses examining NSSI engagement across time and
Time 1 and slope of change of biological metrics yielded no significant findings (including when
run without HPA axis reactivity, Tables B22 and B23). It is notable that when examined across
time points, the variance of the distribution of HPA axis reactivity increased significantly in the
group that reported engaging in NSSI, potentially adding credence to the theory that participants
with severe NSSI at Time 1 demonstrate increasing HPA axis reactivity across time points but
that the NSSI group as a whole does not, causing the effect to be washed out in these analyses.

Across person-centered and variable-centered analyses, BDI scores were consistently
related to NSSI metrics such that higher scores were associated with higher likelihood of
engaging in NSSI, higher severity of NSSI, more episodes of NSSI, and more engagement in
NSSI across time points. In the person-centered analyses conducted without HPA axis reactivity,
the addition of the BDI score as a covariate did not cause any significant findings to disappear,
while the addition of BDI scores resulted in more relationships to be significant. This may
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indicate that the profiles differ significantly in relation to NSSI metrics but that they have similar
levels of depressive symptoms, which obfuscated patterns when the BDI score was not included.
The opposite pattern emerged from the variable-centered analyses; many, though not all, of the
significant relationships disappeared when the BDI score was added as a covariate. This may
indicate that the patterns identified in the variable-centered analysis index general negative affect
or emotion dysregulation, less so NSSI specifically. The relationship that remained significant
was between decreased HPA axis reactivity and the severity of NSSI engagement, highlighting
the importance of this relationship. Together, these patterns may indicate that although NSSI and
depression are highly comorbid, there seem to be unique signatures in the brain and body’s stress
systems that relate to the particular type of difficulty in emotion regulation.

Age was also related to NSSI metrics sporadically across person-centered and variable-
centered analyses. Age at Time 1 and 2 was associated with the severity of NSSI in both sets of
analyses, with lower age at Time 1 and higher age at Time 2 associated with higher severity of
NSSI. Age at Time 1 was also associated with the number of episodes of NSSI in the variable-
centered Time 1 analyses, with lower age associated with a higher number of lifetime episodes of
NSSI. In both person-centered and variable-centered analyses, lower age was associated with
more engagement in NSSI across time. Taken together, it seems that starting the study at a
younger age was associated with heightened severity of NSSI, higher number of episodes of
NSSI, and increased engagement in NSSI across time. Given that this sample is not
representative of the general population of adolescents but instead over-recruited participants
based on recent history of NSSI, it is difficult to draw broad inference, but it may be that these
findings join with the body of work indicating that engaging in NSSI earlier is associated with
more severe and repetitive NSSI (Ammerman et al., 2018). The finding linking higher age at
Time 2 with heightened severity may reflect a more prolonged period between the first and
second visit due to difficulty scheduling participants with more acute impairments.

When looking across person-centered and variable-centered analyses, more negative
amygdala-mPFC RSFC was repeatedly significantly related to risk for NSSI engagement,
severity of NSSI, and number of episodes of NSSI. In the context of normative development,
there is a shift from positive to negative amygdala-mPFC RSFC, indexing the mPFC taking on
an inhibitory role over the amygdala (Gee, Humphreys, et al., 2013). However, more negative
amygdala-mPFC has been repeatedly shown to occur in adolescents with a history of NSSI
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compared to those without (Basgoze, Mirza, et al., 2021; Santamarina-Perez et al., 2019;
Westlund Schreiner et al., 2017), which may index an inappropriately over- or under-active
inhibitory activity from the mPFC. In the context of heightened amygdala reactivity, more
negative amygdala-mPFC RSFC could index runaway threat signals, resulting in behavior
responses out of proportion with the actual threat. In the context of blunted amygdala reactivity,
more negative amygdala-mPFC RSFC could index excessive mPFC reactivity and thus
exaggerated frontal inhibitory control over threat responses, resulting in a disproportionately low
threat response for the stimuli. Indeed, in this study, amygdala reactivity was potentially
implicated in the person-centered analyses, while variable-centered analyses also repeatedly
implicated HPA axis reactivity in risk for engagement, severity, and number of episodes, though
this metric did not seem central in person-centered findings. There were many more significant
findings relating person-centered group membership to NSSI metrics when HPA axis reactivity
was not included. In this instance, the variable-centered analyses do not seem impacted by the
confounds of different systems, stress induction paradigms, and study visit dates as the person-
centered analyses appear to be. Person-centered and variable-centered analytic techniques each
have their own strengths and weaknesses. Indeed, person-centered analyses allow for a more
direct assessment of the interplay between metrics and are able to include all time points in the
same model. At the same time, person-centered analyses seemed to have greater difficulty
parsing meaningful signals from the noise introduced by measurement-related variability.
Variable-centered analyses seemed to be better able to overcome measurement-related variability
to identify patterns but were not able to probe the interplay between metrics or hold multiple
time points simultaneously. Indeed, these analytic strategies complement each other and
underscore the importance of frontal regulatory control in many attributes of NSSI,
complementing each other by providing insights not seen in the other.

When comparing findings relating biological metrics with different measures of NSSI,
some patterns emerged. It seems that the person-centered derived groups did not distinguish
between groups of adolescents who did or did not report a history of NSSI engagement, but they
did identify patterns of development that were uniquely related to the severity of NSSI, and when
made without HPA axis reactivity, number of episodes of NSSI and engagement across time
points as well. This may mean that the groups are more appropriate for predicting the chronicity
and the severity of NSSI than the presence or absence of NSSI, though the limited variability in
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the history of NSSI engagement in this sample may be obfuscating this pattern. Still, this work is
the first to examine nuanced attributes of NSSI using person-centered methods. The variable-
centered analyses successfully replicated prior work demonstrating the link between alterations
in amygdala-mPFC RSFC and HPA axis reactivity and NSSI engagement history and severity of
NSSI. Additionally, this study found for the first time that more positive change in HPA axis
reactivity across adolescence is related to NSSI severity. Results relating amygdala-mPFC RSFC
and HPA axis reactivity to the number of NSSI episodes are also novel. The examination of
more nuanced metrics of NSSI is starting to help disentangle which biological metrics may be
related to unique attributes of NSSI. When examined in relation to the interplay between the
brain and HPA axis’ stress systems, the present results seem to indicate that stable amygdala
reactivity in conjunction with increasingly more negative amygdala-mPFC RSFC may
correspond with more significant dysfunction than increasing amygdala reactivity with stable
amygdala-mPFC RSFC; it may be that the inhibition over the amygdala is more important in
determining risk of dysfunction than the actual reactivity of the amygdala itself. Additionally, it
was repeatedly found that more negative amygdala-mPFC RSFC, in conjunction with blunted
HPA axis reactivity, was associated with heightened NSSI metrics, indicating that in conjunction
with lower frontal inhibition over the amygdala, having inappropriately low endocrine
responsivity to stress is particularly risky (Thai et al., 2021). It may be that individuals with this
profile demonstrate less adaptive stress response behaviors because their bodies are failing to
muster the appropriate endocrine response (HPA axis reactivity; Faravelli et al., 2012; Plener et
al., 2017) while simultaneously not applying the appropriate “brakes” to the amygdala’s stress
responses (amygdala-mPFC RSFC; Casey et al., 2011; Perlman & Pelphrey, 2011; van Oort et
al., 2017).
Limitations

This study should be interpreted in light of some limitations. (1) There was a great deal of
attrition and disruption in data collection due to the COVID-19 pandemic across time points.
Additionally, there may have been selective attrition for participants with heightened difficulties
in emotion regulation (Nair et al., 2023). The use of multiple imputation and the inclusion of age
as a covariate in all analyses was aimed to address this issue. (2) This study did not account for
factors such as medication use, experience of adverse events in childhood, genetic predisposition
to maladaptive emotion regulation, and the differential effects of the COVID-19 pandemic,
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which could impact biological functioning and risk of NSSI. (3) This study relied on participant
self-report of NSSI engagement attributes, which could be subject to recall bias and perceived
social pressure to appear more or less impaired (Aspeqvist et al., 2024). Additionally,
participants frequently struggled to adequately quantify the number of episodes they had engaged
in and provided rough estimates. Despite these drawbacks, we believe there is still a great deal of
value in examining these data. (4) The present study had a cross-sequential or accelerated
longitudinal design such that some participants were recruited at early stages of adolescent
development (12 years old) while others were recruited at much later stages (16 years old).
Though age was controlled for in all analyses, the observed trajectories could be capturing
participants at very different points in adolescent development. (5) The methods used to index
the slope of change for the variable-centered analyses assume linear change across development,
though emerging work indicates that not all development during this period is linear (Ahmed et
al., 2015; Giedd et al., 2002). (6) The analytic framing of the person-centered and variable-
centered analyses differed slightly as person-centered analyses were able to simultaneously
examine all time points of brain and HPA axis data, while variable-centered analyses were only
able to examine single metrics (i.e., Time 1 and the composite slope metric). Additionally,
person-centered analyses are able to interrogate all brain and HPA axis metrics simultaneously to
index the interplay between them, while variable-centered analyses hold them in the same model
but do not directly interrogate the relationship between these metrics. This limits the ability to
compare findings across analytic strategies directly. (7) This sample included only individuals
AFAB and the majority were non-Hispanic White from an upper Midwestern state. Thus,
findings may not generalize to the broader population of adolescents. (8) This study oversampled
for a history of NSSI, thus limiting the variability in this metric to allow for the investigation of
within-group heterogeneity. This may also limit the ability to detect differences between those
with and without a history of NSSI. A larger sample with more variability in the history of NSSI
engagement may be more ideal for person-centered analyses aimed to identify patterns related to
the risk of having a history of NSSI engagement.
Future Directions and Clinical Implications
Future work should continue exploring within-group heterogeneity by using person-

centered analytic methods and traditional variable-centered methods. Also, examining the
interplay between the brain and HPA axis’ stress systems holds promise in comprehensively
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capturing the developmental processes underlying risk for NSSI. Future work that concurrently
examines brain regional reactivity in the context of the same stressor as HPA axis stress
reactivity could provide clearer insights into the role of intra-brain and inter-system coordination.
Future work should also consider the function of NSSI in relation to biological metrics, as it may
be that different functions of NSSI (i.e., self-care or communication; Nock et al., 2007b) are
associated with different biological alterations. Ideally, these findings should inform treatment
studies examining the efficacy of treatment modalities that address multi-system integration and
recalibration (ex, Kallianta et al., 2021; for review: Slopen et al., 2014). Notably, Dialectical
Behavior Therapy has been shown to alter patterns of functioning in regions implicated in frontal
regulatory control in adults with borderline personality disorder (Ruocco et al., 2016). Further, it
has been found that adolescents with more negative RSFC between the amygdala and PFC
showed the greatest decreases in NSSI following modified DBT (Santamarina-Perez et al.,
2019). Pharmacological interventions such as selective serotonin reuptake inhibitors, atypical
antipsychotics, opioid antagonists, and N-acetyl cysteine have been shown to decrease
engagement in NSSI, however, the precise biological mechanisms for these effects are yet to be
characterized (Westlund Schreiner et al., 2023). Further work is needed to identify how novel
insights about dysfunctional brain-HPA axis interplay can be leveraged to improve treatment
efficacy, as very few options are available to address NSSI (Glenn et al., 2019).
Conclusion

This study investigated developmental patterns in brain-HPA axis interplay across
adolescence, which relate to NSSI in a unique, high-risk sample using longitudinal, multi-level
metrics. Findings indicate that there are distinct patterns of blunted frontal regulatory control
over the stress system which are associated with NSSI severity, which is novel, that more
negative amygdala-mPFC RSFC is associated with increased risk of NSSI, increased severity of
NSSI, and increased number of episodes of NSSI (a conceptual replication of prior work in this
sample), that decreased HPA axis reactivity is associated with increased risk of NSSI and
increased severity of NSSI (a conceptual replication of prior work in this sample) and that a
greater slope of change in HPA axis reactivity is also associated with increased severity of NSSI
as well. This work is the first to employ both person-centered and variable-centered analyses to

explore the role of brain-HPA axis interplay to expand upon and replicate prior work. These
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findings call for future work centering brain-HPA axis interplay and provide insights into

potential points of intervention.

101



4. General Discussion

The current studies undertook multilevel, longitudinal analyses of the development of the
biological stress systems in relation to metrics of NSSI in a community-representative sample of
early adolescents and a sample overrepresented for a history of NSSI that spanned the entire
adolescent period. In both studies, Aim 1 was to use person-centered analytic techniques to
identify distinct patterns of developmental trajectories of the interplay between biological stress
system metrics. In the first study, a five group model was selected; in the second study, a six
group model was selected. Aim 2 was to test if these person-centered derived profiles were
associated with metrics of NSSI. In the first study, significant differences in age at first report
were found between a group characterized by highly dynamic developmental change and a group
that resembled the hypothesized Normative Development trajectory. Though these groups did
not differ significantly in the proportion of participants reporting a history of NSSI, the highly
dynamic group was found to have a significantly younger age at first report of NSSI as well as
increased externalizing behaviors and attention problem and had more Time 2 visit occurring
after the onset of the COVID-19 pandemic compared to the group resembling the Normative
Development trajectory. This is the first evidence of neurodevelopmental patterns associated
with differences in the age at which NSSI is first reported (though it is notable that we could not
directly measure the age of onset of NSSI). In the second study, despite having no significant
differences in the proportion of group members reporting a history of NSSI to the hypothesized
Blunted Frontal Regulatory Control trajectory, group differences emerged when accounting for
severity by classifying participants as none, mild/moderate, and severe NSSI. Person-centered
analyses in both studies failed to create groups that differed on the history of NSSI engagement.
Some possible explanations are that other metrics of brain and HPA functioning may be better
able to distinguish between those with and without a history of NSSI or that there is too much
heterogeneity in the biological pathways that leave individuals vulnerable to NSSI engagement
to view this construct as a single uniform group. Indeed, the findings relating more nuanced
metrics of NSSI (age at first report, severity) with group membership highlight that the person-
centered derived groups differ meaningfully, even if not on the binary metric of history of NSSI
engagement. Though none of the Aim 2 a priori hypotheses were directly supported, both studies
provide evidence of distinct patterns of stress system development associated with meaningful
heterogeneity among adolescents reporting NSSI engagement. Additionally, these analyses are
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the first to use person-centered methodology to explore the relationship between adolescent
biological development and NSSI engagement.

Aim 3 of both studies involved using variable-centered analyses to explore the alterations
in the brain and, in the case of the second study, the HPA axis in relation to NSSI. The first study
found that decreased frontal reactivity to emotional faces and decreased slope of change of
fronto-limbic RSFC were associated with an increased risk of reporting NSSI. The second study
found that decreased fronto-limbic RSFC at Time 1 was associated with an increased risk of
engaging in NSSI, increased severity of NSSI, and an increased number of episodes of NSSI,
that decreased HPA axis reactivity at Time 1 was associated with an increased risk of NSSI and
increased severity of NSSI, and that more positive change in HPA axis reactivity across time
points was associated with increased severity of NSSI. The consistency of findings relating
blunted fronto-limbic RSFC with NSSI engagement across studies adds to the robustness of this
pattern seen in other studies (Basgoze, Mirza, et al., 2021; Santamarina-Perez et al., 2019;
Westlund Schreiner et al., 2017) and is consistent with hypotheses. The findings relating blunted
fronto-limbic RSFC with other metrics of NSSI are novel, consistent with hypotheses, and add to
our understanding of the important role that frontal regulatory control plays in determining the
severity and repetitiveness of NSSI. Findings relating more positive change in HPA axis
reactivity over time with increased severity of NSSI is novel and incongruent with hypotheses
but may indicate that the HPA axis reactivity of individuals with severe NSSI undergoes
recalibration during adolescence, as has been seen in adolescents who experienced early life
stressors (Gunnar et al., 2019; Perry et al., 2022). Finally, the findings relating lower frontal
reactivity with increased risk for NSSI are novel but consistent with hypotheses based on the
theory that risk for NSSI is, at least in part, rooted in deficits in frontal regulation of limbic
regions (Carosella, Wiglesworth, Basgoze, et al., 2023; Casey, 2015).

Across both studies, despite the vastly different samples, some consistent patterns also
emerged in covariates. First, depressive symptom severity was consistently related to increased
risk for NSSI, more engagement in NSSI across study time points, older age at first report of
NSSI in the first study, and increased severity and number of episodes of NSSI in the second
study. This is consistent with prior work demonstrating the high rate of comorbidity of
depression and NSSI (Basgoze, Wiglesworth, et al., 2021). Age was associated with differential
risk across attributes of NSSI. Lower age was associated with a lower risk of reporting NSSI in
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the first study, while lower age was associated with higher severity of NSSI, number of episodes
of NSSI, and risk of engagement across time points in the second study. The disparity in patterns
here is likely due to differential sample and recruitment characteristics; the second study
recruited such that % of participants had a recent history of NSSI engagement at Time 1, and,
consistent with prior literature, participants who endorse NSSI at younger ages show increased
severity and impairment (Ammerman et al., 2018). Additionally, the second study only included
participants AFAB, while the first did not restrict participants based on sex at birth, and prior
work has outlined sex-related differences in risk for NSSI and age of onset of NSSI (Barrocas et
al., 2012; Wang et al., 2022). In addition, these studies differed in measures used to measure
NSSI engagement, the fMRI paradigms used to collect data, the atlases used to parcellate this
data, and the demographic distribution of the samples, among other factors. Despite these
disparities, the two studies indicated that at later time points, higher age was associated with
greater dysfunction (increased risk of NSSI in the first study; increased severity of NSSI in the
second study). This may be indexing greater difficulty in scheduling and completing follow-up
visits with participants with greater impairment, resulting in a higher age at subsequent time
points.
Limitations

These studies should be considered in the context of some limitations. (1) Both studies
were impacted by the COVID-19 pandemic and had issues with missing data. The first study
used only a subset of the larger sample with more complete data. In the second study, multiple
imputation was used to address missingness. (2) Limited untabulated brain data is presently
available for the first study, and, as such, brain metrics were restricted to those pre-tabulated.
This restricted the ability to select the atlases used to parcellate the data and resulted in the
selection of preparcellated regions that did not align with those used in the second study, thus
limiting the ability to compare findings across studies directly. (3) Their similar but distinct
analytic framing impairs the ability to compare across person-centered and variable-centered
approaches. While person-centered analyses could simultaneously examine all time points of
brain and HPA axis data, variable-centered analyses could only examine single metrics (i.e.,
Time 1 or Baseline and the composite slope metric). Further, person-centered analyses can more
directly measure the interplay between stress system components by examining all brain and
HPA axis metrics simultaneously, however, the present variable-centered analyses are only able
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to model them in relation to the same outcome metric and do not measure the interrelatedness of
these metrics. (4) Each study has its limitations; ABCD, although large and representative of the
US population, did not have in-depth metrics of NSSI or ideal parcellations for available brain
data. Meanwhile, BRIDGES had in-depth and ideal metrics of NSSI and both brain and HPA
functioning but were small and restricted in demographic and clinical presentation. Conducting
these two studies in tandem was intended to provide greater insight than was afforded by each
study separately.
Future Directions

Together, these studies identify novel and reinforce previously established patterns of
stress system functioning related to attributes of NSSI. They also point to opportunities for future
work. (1) The first study was only able to capture early periods of adolescence, and while the
cross-sequential longitudinal design of the second study provided some insights into
developmental trends in later adolescence, future work should explore similar phenomena using
forthcoming data from the ABCD study. (2) Work should be done to explore further the unique
pattern of dynamic change in the stress system, which was associated with increased
externalizing and attention difficulties as well as younger age at the first report of NSSI in the
first study. There may be meaningful heterogeneity among adolescents with NSSI not only in
their biological development but also in comorbid psychopathology as well. (3) The impact of
the COVID-19 pandemic could not be directly measured in either study, but there were likely
differential emotional and practical impacts based on many factors, including family structure,
income, medical vulnerability, and geographic region. Future work characterizing the proximal
and long-term impact of the pandemic on NSSI engagement should be considered.
Conclusions

Two multilevel, longitudinal studies of adolescent development found novel evidence of
distinct profiles of intra-brain and brain-HPA axis interplay, which relate to the age at the first
report of NSSI (first study) and severity of NSSI (second study). Additionally, these studies
provide novel evidence implicating decreased frontal reactivity and increased change in HPA
axis reactivity over adolescence in risk for different attributes of NSSI. Evidence also reinforces
previously identified patterns linking decreased fronto-limbic RSFC and HPA axis reactivity
with NSSI risk. Together, these studies will, hopefully, inspire future work employing person-
centered analyses, the exploration of brain-HPA axis interplay, and the further examination of
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the development of frontal regulatory control in relation to psychopathology. Finally, these
findings may guide the investigation of interventions that increase frontal regulatory control of

the amygdala and HPA axis reactivity to mitigate the risks of NSSI engagement in adolescence.
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Appendix A: Study 1 Supplement

Table Al. NSSI Reports by Time Point and Sex at Birth for the ABCD Study

Time Point |NSSI Reported” First Report of NSSI by Sex at Birth
N(%0)
Male Female

Baseline®  [485 (8.7%) 303 182

Time 1 256 (4.7%) 89 71

Time 2 390 (7.0%) 80 116

Time 3 392 (7.3%) 57 154

Time 4 434 (13.1%) 48 161

Note: NSSI=non-suicidal self-injury; ~Baseline NSSI represents lifetime engagement rather
than past year

Table A2. Model Fit Statistics for Person-Centered Analyses for the ABCD Study

Number of Groups

Parameter 2 3 4 5 6
AlC 139235.6 199560.3 115330.9 126311.9 214857.3
BIC 139451.8 199915.5 115647.6 126922 215575.5
.9987206,
.9998776, .9995686,
1, .9999983,
0.9765862, .9999844, .9966239, .9999875,
Posterior 1, 1, 9904772, .9999060, .9991158,
Probability 0.9999949 0.9567834 .9998913 .9999961 .9997990
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Table A3. Comparison of Demographic Attributes by Group for the ABCD Study

Variable Test Statistic, p
Race x2=29, p=0.4
Ethnicity x2=1,p=0.9
Family Income x2=15, p=0.9
Sex at Birth x2=2, p=0.7
Gender Identity x2=7,p=0.5
Transgender Identity x2=9, p=0.07
Baseline Age F=3.59, p=0.01*
Age at Time 1 F=3.29, p=0.01*
Age at Time 2 F=2.51, p=0.04*
Age at Time 3 F=1.97, p=0.96
Age at Time 4 F=0.86, p=0.49

Scanner Platform

x2=26, p=0.00***

Site ID

x2=191, p=0.00***

Note: * indicates p<0.05, ** indicates p<0.01, *** indicates

Table A4. Pairwise Comparison of NSSI Engagement by Group for the ABCD Study

Group NSSI History N(%) |Pairwise Comparison With Group (p)

1 2 3 4
1 535 (23.9%) n/a
2 128 (22.8%) 1.0 n/a
3 315 (21.1%) 5 1.0 n/a
4 124 (21.8%) 1.0 1.0 1.0 n/a
5 159 (22.7%) 1.0 1.0 1.0 1.0

Note: NSSI=non-suicidal self-injury;* indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Table A5.

Pairwise Comparison of Age at First Report of NSSI by Group for the ABCD Study

Group |Age in Months Mean (SD) |Pairwise Comparison With Group (p)
1 2 3 4
1 142.476 (21.328) n/a
2 133.500 (19.239) 0.048* n/a
3 136.908 (20.265) 0.003** 1.000 n/a
4 137.718 (19.902) 0.174 1.000 1.000 n/a
5 138.522 (20.296) 0.667 1.000 1.000 1.000

Note: NSSI=non-suicidal self-injury; SD=standard deviation; * indicates p<0.05, ** indicates

p<0.01, *** indicates p<0.001

Table A6. Correlation Table of Variables in Baseline Analyses for the ABCD Group

1 2 3 4 5 6
1. NSSI History 1.000
2. Age at First Report of NSSI NA 1.000
3. Baseline Amygdala Reactivity |0.000 -0.016 1.000
4. Baseline SF Reactivity -0.027 -0.059* [0.389*** [1.000
5. Baseline CO-Amygdala RSFC | 0.011 0.005 0.007 0.015 1.000
6. Baseline Age 0.003 0.410*** |-0.021 -0.029* |-0.026 1.000
g. Baseline CBCL Depression 0.190*** |-0.148***(-0.018 -0.019 0.003 0.013
core

Note: NSSI=non-suicidal self-injury; NSSI History is coded such that Yes =1, No=0;
SF=superior frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity;
CBCL=Child Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Table A7. Correlation Table of Variables in Slope Analyses for the ABCD Sample

1 2 3 4 5) 6 7 8 9 10
1. NSSI History 1.000
2. Age at First Report | NA 1.000
of NSSI
3. Slope Amygdala 0.001 |0.026 |1.000
Reactivity
4. Slope SF Reactivity [0.008 [0.055 [0.383 |1.000
*kx
5. Slope CO- - -0.026 | -0.020 | -0.014 | 1.000
Amygdala RSFC 0.030
*
6. Baseline Age 0.003 |0.410 |0.019 |0.028 |- 1.000
Fkk * 0.064
*kx
7. Age at Time 1 0.007 [0.414 |0.021 |0.030 |- 0.985 |1.000
*kk * 0061 *k*k
*kxk
8. Age at Time 2 -0.005(0.390 |0.015 [0.021 |- 0.945 {0.937 |1.000
*kx 0060 **k* *kx
*kx
9. Age at Time 3 0.004 |0.403 |0.015 |0.026 |- 0.960 |0.953 |0.946 |1.000
**kx 0061 **k* *kx **k*
*kx
10. Age at Time 4 0.014 |0.386 |0.024 |0.028 |- 0.954 10.950 |0.942 |0.943 |1.000
*kx 0051 **k*k *kx **k*k **k*
**
11. CBCL Depression |0.273 |-0.041]0.024 [0.017 |-0.0050.036 |0.036 [0.030 |0.044 (0.028
**k* ** ** * *%*

Score Mean

Note: NSSI=non-suicidal self-injury; NSSI History is coded such that Yes =1, No=0;

SF=superior frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity;
CBCL=Child Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Time Point of First Report
Methods

Analyses mirroring those investigating age at the time of the first report of NSSI were
conducted using the time point of that report. The results of these analyses are below.

Results
Table A8. Time Point of First Report of NSSI Engagement by Group for the ABCD Study
Without CBCL Depression |With CBCL Depression
Score Score
Coefficient Beta (SE) Beta (SE)
Intercept -1.428 (0.662)* -1.457 (0.647)*
Group 2 Membership 0.016 (0.103) -0.025 (0.101)
Group 3 Membership -0.1 (0.065) -0.096 (0.064)
Group 4 Membership 0.068 (0.109) 0.036 (0.107)
Group 5 Membership -0.012 (0.087) -0.057 (0.085)
Sex at Birth 0.515 (0.051)*** 0.506 (0.05)***
Baseline Age -0.037 (0.017)* -0.036 (0.017)*
Age Time 2 0.008 (0.014) 0.006 (0.014)
Age Time 4 0.031 (0.011)** 0.031 (0.011)**
Scanner Platform: Phillips -0.224 (0.104)* -0.139 (0.102)
Scanner Platform: Siemens -0.051 (0.059) -0.024 (0.058)
CBCL Depression Score 0.163 (0.014)***

Note: NSSI=non-suicidal self-injury; SE=standard error; CBCL=Child Behavior Checklist; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

These results indicate no significant relationship between group membership and the time
point at which NSSI was first reported. Female sex at birth was associated with reporting
engagement at later time points. Younger age at Baseline and older age at Time 4 were
associated with reporting engagement at later time points. A higher CBCL Depression score was

associated with later reporting of NSSI engagement.
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Post-Hoc Group Comparisons
Methods

Post-hoc analyses were conducted to understand the differences between groups on
various metrics.
Measures

Participant Pubertal Stage: Parent/guardian report of their child’s pubertal stage at Time
2 was found using the sum score for their assigned sex at birth on the Pubertal Development
Scale (Cheng et al., 2021; Petersen et al., 1988).

Sex at Birth: Parents/guardians reported on the participant's sex at birth in demographic
surveys.

Depression, Externalizing Issues, Attention Difficulties: Parents/guardians of participants
completed the Child Behavior Checklist (CBCL; Achenbach & Ruffle, 2000) at each time point.
The CBCL assesses for various externalizing and internalizing problems in children and
adolescents. The pre-calculated Depression DSM-5 Scale t-score (Achenbach, 2013) at Time 2
was used to index the severity of depressive symptoms, with higher scores indicating heightened
depressive symptom severity. The pre-calculated Externalizing Syndromes Scale was used to
capture the degree of externalizing issues, with higher scores indicating heightened difficulties
(Achenbach, 2013). The pre-calculated Attention Syndromes Scale was used to capture the
degree of attention difficulties, with higher scores indicating heightened difficulties (Achenbach,
2013).

Number of Traumas: Parent-reported responses on the Kiddie-Schedule for Affective
Disorders and Schizophrenia for School-Age Children-Computerized Version (Barch et al.,
2018; Kaufman et al., 1997, 2021) was used to measure the number of experiences in which the
participant experienced or was faced with threatened harm to themselves or others. Each type of
trauma endorsed was coded as “1” if endorsed and “0” if not endorsed. The sum of the number
of types of traumas experienced was found.

Scan Date Relative to the Onset of the COVID-19 Pandemic: The date of the MRI scan
was categorized as either “before” or “after” the onset of the COVID-19 pandemic (here
operationalized as 3/1/2020).
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Motion: The pre-tabulated average framewise displacement for each scan type (task
fMRI and RSFC) was used to measure the level of motion during MRI segments for Time 2
(Hagler et al., 2019).

Quality Control Inclusion Score: The binary recommendation for inclusion for each scan
type was used to index the quality of the participant’s MRI scans, with “0” indicating a
recommendation to exclude and “1” indicating a recommendation to include (Hagler et al.,
2019). The sum of the number of scans indicated for inclusion was found for each participant to
index the overall quality of the participant’s MRI scans across time points.

Site Switching: A binary variable was created to indicate whether participants were
scanned at different sites across the three imaging time points such that “0” indicated that all site
IDs were the same and “1” indicated that at least one site differed from the others.

Analytic Plan

Pairwise comparisons assessed whether the groups differed on the aforementioned
metrics. T-tests with a Bonferroni correction were conducted for dimensional metrics (pubertal
status, CBCL Depression score, CBCL Externalizing Syndrome Score, CBCL Attention
Syndrome Score, number of traumas, and movement). Chi-Square tests were conducted for
binary metrics (sex at birth, scan date relative to the onset of the COVID-19 pandemic, and site

switching). Results are shown in Table B9.
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Results

Table A9. Post-Hoc Group Comparisons for the ABCD Study

Measure

Outcome

Demographic

Pubertal Status

No significant differences between groups

Sex at Birth No significant differences between groups
Psychopathology
Depression No significant differences between groups

Externalizing
Difficulties

Group 2 significantly higher than Group 1 (p=0.007)
Group 2 significantly higher than Group 1 (p=0.006)

Attention Issues

Group 2 significantly higher than Group 1 (p=0.004)
Group 2 significantly higher than Group 1 (p=0.016)

Number of
Traumas

No significant differences between groups

Scan Attributes

Scan Date Relative
to the Onset of the
COVID-19
Pandemic

Group 1 had a significantly higher proportion collected prior to the onset
of the COVID-19 pandemic compared to Group 2 (p=0.000), Group 3
(p=0.000), Group 4 (p=0.000), and Group 5 (p=0.000).

Motion, Task fMRI

Group 2 had significantly higher motion compared to Group 1 (p=0.000),
Group 3 (p=0.010), and Group 4 (p=0.000).

Group 5 had significantly higher motion than Group 1 (p=0.020) and
Group 4 (0.030).

Motion, RSFC

Group 2 had significantly higher motion compared to Group 1 (p=0.000),
Group 3 (p=0.001), Group 4 (p=0.000), and Group 5 (p=0.018).

Group 3 has significantly higher motion compared to group 4 (p=0.023)
Group 5 had significantly higher motion compared to Group 4 (0.028).

Quality Control

No significant differences between groups

Site Switching

No significant differences between groups

Note: fMRI=functional magnetic resonance imaging, RSFC=Resting state functional

connectivity
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NSSI Engagement Across Time Points
Methods

Aim 2: Multilevel binomial logistic regressions were conducted using the “Ime4” package
in R (Bates et al., 2015) in which past year engagement in NSSI was the dependent variable,
group membership and year were the independent variable, and individual ID number was a
random intercept were conducted to assess if any neurodevelopmental trajectory groups were
associated with NSSI engagement across time points. Group 1 served as the reference group for
these analyses.

Aim 3: Multilevel binomial logistic regressions were conducted using the “lme4” package
in R (Bates et al., 2015), in which past-year engagement in NSSI was the dependent variable,
group membership and year were the independent variables, and individual 1D number was a
random intercept to assess whether any of the Baseline brain and HPA axis metrics were related

to engagement in NSSI across time points.
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Results

Table A10. NSSI Engagement Across Time Points by Group for the ABCD Study

Without CBCL Depression

With CBCL Depression

Score Score
Coefficient OR (CI) OR (CI)
Intercept 0.018 (0.012, 0.026)*** 0.011 (0.008, 0.016)***

Group 2 Membership

1.118 (0.817, 1.529)

1.003 (0.880, 1.144)

Group 3 Membership

0.972 (0.778, 1.215)

1.002 (0.751, 1.338)

Group 4 Membership

1.011 (0.739, 1.382)

0.977 (0.796, 1.199)

Group 5 Membership

1.013 (0.760, 1.351)

0.961 (0.719, 1.283)

Sex at Birth 1.637 (1.369, 1.957)%** 0.944 (0.724, 1.230)***
Time Point 0.935 (0.813, 1.076) 1.591 (1.349, 1.875)
Age 1.391 (1.139, 1.698)** 1.246 (1.035, 1.499)*

Scanner Platform: Phillips

0.581 (0.402, 0.839)**

0.696 (0.494, 0.980)*

Scanner Platform: Siemens

0.743 (0.604, 0.914)**

0.821 (0.679, 0.993)*

Mean CBCL Depression Score

1.479 (1.420, 1.541)***

Note: NSSI=non-suicidal self-injury; OR=0dds Ratio; CI=Confidence Interval; CBCL=Child
Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

These results indicate no significant relationship between group membership and NSSI

engagement across time points. Female sex at birth was associated with reporting greater

engagement across time points. Older age was also associated with greater engagement across

time points. A higher CBCL Depression score was also associated with greater engagement

across time.
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Table A1l. Time point of First Report of NSSI Engagement and Baseline of Brain Metrics for
the ABCD Study

Without CBCL With CBCL Depression

Depression Score Score
Coefficient Beta (SE) Beta (SE)
Intercept -0.47 (0.306) -0.523 (0.305)
Baseline Amygdala Reactivity 0.096 (0.063) 0.104 (0.063)
Baseline SF Reactivity -0.227 (0.09)* -0.224 (0.089)*
Baseline CO-Amygdala RSFC 0.333 (0.202) 0.321 (0.201)
Sex at Birth 0.372 (0.038)*** 0.381 (0.037)***
Baseline Age 0.005 (0.002)* 0.005 (0.002)
Scanner Platform: Phillips -0.218 (0.078)** -0.2 (0.077)*
Scanner Platform: Siemens -0.151 (0.045)** -0.147 (0.045)**
Baseline CBCL Depression Score 0.062 (0.01)***

Note: NSSI=non-suicidal self-injury; SE=standard error; SF=superior frontal; CO=cingulo-
opercular; RSFC=resting state functional connectivity; CBCL=Child Behavior Checklist; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

Analyses investigating the time point at which NSSI was first reported in relation to
Baseline brain metrics indicate that lower Baseline SF reactivity is related to later time points at
which NSSI is first reported. Female sex at birth was associated with later time points of first
engagement in NSSI, and higher Baseline age was also associated with later time points at which
NSSI was first endorsed. A higher Baseline CBCL Depression score was associated with a later
time point at which NSSI engagement was first reported.
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Table A12. Time Point of First Report of NSSI Engagement and Slope of Brain Metrics for the

ABCD Study
Without CBCL Depression |With CBCL Depression
Score Score
Coefficient Beta (SE) Beta (SE)
Intercept -1.79 (0.689)** -1.801 (0.673)**
Slope of Amygdala Reactivity |[0.093 (2.053) -0.655 (2.011)
Slope of SF Reactivity 5.882 (3.153) 5.806 (3.088)
Slope of CO-Amygdala RSFC  |-16.524 (8.091)* -16.075 (7.921)*
Sex at Birth 0.52 (0.053)*** 0.508 (0.052)***
Baseline Age -0.037 (0.018)* -0.036 (0.017)*
Age Time 2 0.009 (0.015) 0.007 (0.015)
Age Time 4 0.029 (0.011)* 0.029 (0.011)**

Scanner Platform: Phillips

-0.279 (0.109)*

-0.193 (0.107)

Scanner Platform: Siemens

-0.069 (0.061)

-0.039 (0.06)

Mean CBCL Depression Score

0.161 (0.014)***

Note: NSSI=non-suicidal self-injury; SE=standard error; SF=superior frontal; CO=cingulo-
opercular; RSFC=resting state functional connectivity; CBCL=Child Behavior Checklist; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

Analyses investigating the time point at which NSSI was first reported in relation to the

slope of change in brain metrics indicate that a more significant increase in CO-Amygdala RSFC

was associated with earlier age at the first report of NSSI. Female sex at birth was associated

with the first report of NSSI occurring at later time points. Lower Baseline age and higher Time

4 age were associated with younger age at the first report of NSSI in this analysis. Finally, higher

CBCL Depression scores were associated with older age at the first report of NSSI.
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Table A13. NSSI Engagement Across Time Points and Baseline Brain Metrics for the ABCD

Study
Without CBCL Depression | With CBCL Depression
Score Score
Coefficient OR (CI) OR (CI)
Intercept 0.010 (0.006, 0.017)*** 0.008 (0.005, 0.013)***
time point 0.900 (0.767, 1.055) 0.928 (0.797, 1.080)

Baseline Amygdala Reactivity

1.235 (0.881, 1.731)

1.283 (0.934, 1.763)

Baseline SF Reactivity

0.698 (0.430, 1.134)

0.717 (0.455, 1.132)

Baseline CO-Amygdala RSFC

1.918 (0.643, 5.717)

1.815 (0.647, 5.095)

Sex at Birth

1.620 (1.323, 1.984)%**

1.714 (1.415, 2.077)***

Baseline Age

1.513 (1.207, 1.898)***

1.440 (1.162, 1.785)**

Scanner Platform: Phillips

0.537 (0.350, 0.826)**

0.600 (0.399, 0.901)*

Scanner Platform: Siemens

0.695 (0.547, 0.882)**

0.714 (0.570, 0.895)**

Baseline CBCL Depression
Score

1.330 (1.270, 1.394)***

Note: NSSI=non-suicidal self-injury; OR=0dds Ratio, CI=Confidence Interval; SF=superior
frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity; CBCL=Child
Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Table Al14. NSSI Engagement Across Time Points and Slope Brain Metrics for the ABCD Study

Without CBCL Depression
Score

With CBCL Depression
Score

Coefficient OR (CI) OR (CI)
Intercept 0.010 (0.006, 0.017)*** 0.007 (0.004, 0.010)***
time point 0.913 (0.783, 1.065) 0.983 (0.852, 1.133)

Slope of Amygdala
Reactivity

0.039 (0.000, 38.782)

0.004 (0.000, 1.946)

Slope of SF Reactivity

7.546 (0.000, 219641.306)

4.476 (0.000, 45619.486)

Slope of CO-Amygdala
RSFC

2.007 (0.704, 5.725)

1.626 (0.625, 4.232)

Sex at Birth

1583 (1.302, 1.925)%**

1.537 (1.286, 1.838)***

Age

1.469 (1.181, 1.828)**

1.310 (1.071, 1.602)**

Scanner Platform: Phillips

0.546 (0.359, 0.831)**

0.665 (0.451, 0.978)*

Scanner Platform: Siemens

0.748 (0.594, 0.943)*

0.827 (0.670, 1.020)

Mean CBCL Depression
Score

1.484 (1.419, 1.552)***

Note: NSSI=non-suicidal self-injury; OR=0dds Ratio, CI=Confidence Interval; SF=superior

frontal; CO=cingulo-opercular; RSFC=resting state functional connectivity; CBCL=Child

Behavior Checklist; * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
Analyses investigating NSSI engagement across time points in relation to Baseline brain

metrics indicate no significant relationships. Female sex at birth, older age at Baseline, and

higher CBCL Depression score were associated with greater engagement across time. Similarly,

analyses investigating NSSI engagement across time points in relation to slope brain metrics

indicate no significant relationships. Again, female sex at birth, older age at Baseline, and higher

CBCL Depression score were associated with greater engagement across time.
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Appendix B: Study 2 Supplement

Table B1. Multi-Trajectory Model Fit Statistics with HPA Axis Reactivity for the BRIDGES

Study
Number of Groups
Parameter 2 3 4 5 6
AIC 3341.179 3241.442 3128.799 3102.765 3006.396
BIC 3458.737 3413.58 3384.907 3426.048 3396.854
0.9658071,
0.9838462, | 0.9711420,
0.9862859, | 0.9841918, | 0.9793286,
0.9755385, | 0.9680394, | 0.9391923, | 0.9582167,
Posterior 0.9809371, | 0.9412246, | 0.9677618, | 0.9824671, | 0.9772542,
Probability 0.9513227 0.9590261 0.9606515 0.9690147 0.9931604

Table B2. Multi-Trajectory Model Fit Statistics without HPA Axis Reactivity for the BRIDGES

Study
Number of Groups
Parameter 2 3 4 5 6
AIC 4518.306 4471.867 4352.167 4278.404 4220.912
BIC 4694.642 4748.967 4730.03 4748.634 4783.508
0.9516468,
0.9798101, | 0.9880006,
0.9870257, | 0.9851448, | 0.9842573,
0.9551059, | 0.9706624, | 0.9840318, | 0.9789493,
Posterior 0.9956995, | 0.9570357, | 0.9475382, | 0.9801988, | 0.9774500,
Probability 0.9532082 0.9870198 0.9924259 0.9923870 0.9835027
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Table B3. Pairwise Comparison of NSSI Engagement History by Group with HPA Axis

Reactivity for the BRIDGES Study

Pairwise Comparison With Group (p)

Group NSSI History N (%) |1 2 3 4 5
1 20 (87.0%) n/a

2 24 (82.8%) 1.0 n/a

3 20 (62.5%) 0.6 1.0 n/a

4 19 (73.1%) 1.0 1.0 1.0 n/a

5 21 (70.0%) 1.0 1.0 1.0 1.0 n/a
6 18 (75.0%) 1.0 1.0 1.0 1.0 1.0

Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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In the 6 group solution without HPA axis reactivity, as shown in Figure B1, Group 1
(n=29) is characterized by stable amygdala reactivity, slightly decreased mPFC reactivity, and
increased then decreased amygdala-mPFC RSFC demonstrated unexpected changes across time.
Group 2 (n=20) is characterized by increased then decreased amygdala reactivity, dramatically
increased mPFC reactivity, and decreased then increased amygdala-mPFC RSFC, resembling the
hypothesized Heightened Frontal Regulatory Control trajectory. Group 3 (n=16) is characterized
by increased amygdala reactivity, decreased mPFC reactivity, and increased amygdala-mPFC
RSFC, in part resembled the hypothesized Blunted Frontal Regulatory Control trajectory, though
it was expected that amygdala-mPFC RSFC would decrease. Group 4 (n=30) was characterized
by increased then decreased amygdala reactivity, stable mPFC reactivity, and dramatically
decreased amygdala-mPFC RSFC, demonstrating unexpected changes across time. Group 5
(n=29) is characterized by increased amygdala reactivity, dramatically increased mPFC
reactivity, and slightly increased amygdala-mPFC RSFC, which was also unexpected but may
represent a breakdown in frontal regulatory control where the increase in mPFC and amygdala-
mPFC RSFC is not properly dampening amygdala reactivity. Group 6 (n=40) is characterized by
dramatically decreased amygdala reactivity, slightly increased mPFC reactivity, and dramatically
increased amygdala-mPFC RSFC. It was the largest group and nearly resembles the
hypothesized pattern of the Normative Development group, though it was hypothesized that
amygdala-mPFC RSFC would decrease over time. Groups were examined to determine if
differences existed in demographic attributes. Groups did not differ significantly on race (x?=29,
p=0.3), ethnicity (y>=4, p=0.5), family income (¥?=21, p=0.4), age at Time 1 (F=1.59, p=0.17),
age at Time 2 (F=1.3, p=0.27), age at Time 3 (F=2.19, p=0.06), or psychotropic medication
status (=5, p=0.4).
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Figure B1. Person-Centered Derived Groups without HPA Axis Reactivity for the BRIDGES
Study
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Figure B2. Membership Overlap Between Person-Centered Derived Groups with and without
HPA Axis Reactivity for the BRIDGES Study
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Note: The left column represents the groups without HPA axis reactivity; the right column
represents the groups with HPA axis reactivity.
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Table B4. History of NSSI Engagement by Group without HPA Axis Reactivity for the

BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Intercept

0.050 (0.000, 8.282)

0.020 (0.000, 10.305)

Group 2 Membership

0.256 (0.060, 0.996)

0.168 (0.027, 0.926)

Group 3 Membership

0.340 (0.079, 1.392)

0.090 (0.011, 0.604)

Group 4 Membership

0.785 (0.198, 2.985)

0.519 (0.103, 2.461)

Group 5 Membership

0.310 (0.082, 1.045)

0.205 (0.039, 0.942)

Group 6 Membership

0.976 (0.244, 3.756)

0.627 (0.124, 3.023)

Time 1 Age

0.829 (0.232, 2.778)

0.457 (0.049, 3.404)

Time 2 Age

1.429 (0.345, 6.239)

2.370 (0.238, 28.861)

Time 3 Age

1.103 (0.531, 2.379)

1.095 (0.418, 2.954)

BDI Score

1.249 (1.159, 1.374)***

Note: OR=0dds Ratio; CI=Confidence Interval; BDI=Beck Depression Inventory

Figure B3. History of NSSI Engagement Group without HPA Axis Reactivity for the

BRIDGES Study
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Table B5. Pairwise Comparison of History of NSSI Engagement without HPA Axis Reactivity

for the BRIDGES Study

Pairwise Comparison With Group (p)
Group NSSI History N (%) |1 2 3 4 5
1 24 (82.8%) n/a
2 12 (60.0%) 1.0 n/a
3 10 (62.5%) 1.0 1.0 n/a
4 24 (80.0%) 1.0 1.0 1.0 n/a
5 18 (62.1%) 1.0 1.0 1.0 1.0 n/a
6 34 (85.0%) 1.0 0.5 1.0 1.0 0.5

Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001

Table B6. Pairwise Comparison of Severity of NSSI Engagement with HPA Axis Reactivity for
the BRIDGES Study

Group [No Mild/Moderate |Severe Pairwise Comparison With
NSSI N(%) NSSI N(%) NSSI N(%) Group (p)
1 2 3 4 5
1 3 (13.0%) 9 (39.1%) 11 (47.8%) n/a
2 5 (17.2%) 11 (37.9%) 13 (44.8%) 1.0 |n/a
3 12 (37.5%) 13 (40.6%) 7 (21.9%) 0.3 |04 |n/a
4 7 (26.9%) 8 (30.8%) 11 (42.3%) 1.0 [1.0 |1.0 |n/a
5 9 (30.0%) 13 (43.3%) 8 (26.7%) 1.0 [1.0 |1.0 [1.0 [n/a
6 6 (25.0%) 10 (41.7%) 8 (33.3%) 1.0 {10 [1.0 |1.0 |1.0

Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Table B7. Severity of NSSI Engagement by Group without HPA Axis Reactivity for the

BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Group 2 Membership

0.317 (-2.331, 0.00907)

0.256 (-2.609, -0.149)*

Group 3 Membership

0.299 (-2.402, -0.04167)*

0.162 (-3.136, -0.564)**

Group 4 Membership

0.419 (-1.847, 0.08391)

0.401 (-1.948, 0.095)

Group 5 Membership

0.433 (-1.883, 0.19075)

0.322 (-2.248, -0.046)*

Group 6 Membership

0.584 (-1.490. 0.39393)

0.430 (-1.870, 0.151)

Time 1 Age 0.441 (-1.801, 0.14403) 0.254 (-2.504, -0.315)*
Time 2 Age 3.695 (0.184, 2.46335) 7.217 (0.734, 3.306)**
Time 3 Age 0.793 (-0.795, 0.32514) 0.647 (-1.047, 0.161)
BDI Score 1.094 (0.061, 0.121)%**

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

Table B8. Pairwise Comparison of Severity of NSSI Engagement by Group without HPA Axis
Reactivity for the BRIDGES Study

Group |No Mild/Moderate |Severe Pairwise Comparison With
NSSI N(%) NSSI N (%) NSSI N(%) |Group (p)
1 2 3 4 5
1 5 (17.2%) 9 (31.0%) 15 (51.7%) |n/a
2 8 (40.0%) 4 (20.0%) 8 (40.0%) 1.0 |n/a
3 6 (37.5%) 6 (37.5%) 4 (25.0%) 08 |10 |n/a
4 6 (20.0%) 17 (56.7%) 7 (23.3%) 1.0 |10 [1.0 |n/a
5 11 (37.9%) 7 (24.1%) 11(37.9%) 1.0 [1.0 |10 [1.0 |n/a
6 6 (15.0%) 21 (52.5%) 13(325%) (1.0 |10 [10 [10 |10

Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Analyses examining the relationship between group membership without HPA axis
reactivity and the severity of NSSI engagement demonstrated significant differences between
groups. Group 3 was associated with decreased severity compared to Group 1 in the model with
and without BDI score as a covariate. Groups 2 and 5 were also associated with decreased
severity compared to Group 1, but only when the BDI score was included as a covariate. A
higher Time 2 age was significantly related to heightened severity in the model both with and
without a BDI score as a covariate, while a lower Time 1 age was associated with greater
severity in the model with a BDI score included as a covariate. Higher BDI scores were also
found to be associated with greater NSSI severity.

Figure B4. Severity of NSSI Engagement by Group without HPA Axis Reactivity for the
BRIDGES Study
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Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001; Noted differences are significant when BDI score is included as a covariate; the only
difference between Groups 1 and 3 are significant without BDI score as a covariate
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Table B9. Pairwise Comparison of Number of Lifetime Episodes of NSSI with HPA Axis

Reactivity for the BRIDGES Study

Group Mean (SD) Pairwise Comparison (p)
1 2 3 4 5
1 13.353 (24.308)  |n/a
2 22.500 (48.084) 1.0 n/a
3 9.688 (12.919) 1.0 1.0 n/a
4 34.875 (84.817) 1.0 1.0 1.0 n/a
5 10.632 (14.732)  |1.0 1.0 1.0 1.0 n/a
6 35.938 (66.814) 1.0 1.0 1.0 1.0 1.0

Note: NSSI=non-suicidal self-injury; SD=standard deviation; * indicates p<0.05, ** indicates

p<0.01, *** indicates p<0.001
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Table B10. Number of Lifetime Episodes of NSSI by Group without HPA Axis Reactivity for
the BRIDGES Study

Without BDI Score With BDI Score
Coefficient Beta (SE) Beta (SE)
Intercept -2.453 (1.198) * -2.247 (1.053) *
Group 2 Membership -0.007 (0.327) -0.023 (0.287)
Group 3 Membership -0.493 (0.339) -0.641 (0.299) *
Group 4 Membership -0.066 (0.284) -0.045 (0.249)
Group 5 Membership -0.305 (0.289) -0.37 (0.254)
Group 6 Membership 0.133 (0.273) 0.029 (0.24)
Time 1 Age 0.172 (0.288) 0.022 (0.254)
Time 2 Age -0.033 (0.334) 0.121 (0.294)
Time 3 Age 0.143 (0.17) 0.081 (0.149)
BDI Score 0.044 (0.006) ***

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001

Analyses assessing the relationships between the number of lifetime episodes of NSSI
and group membership without HPA axis reactivity indicate a significant relationship between
these constructs. Indeed, Group 3 was associated with fewer lifetime number of episodes
compared to Group 1 when the BDI score was included as a covariate. A higher BDI score was
also associated with a greater number of episodes in models with and without HPA axis
reactivity. Figure B5 demonstrates the distribution of the number of episodes across groups.

None of the pairwise comparisons had significant results.
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Table B11. Pairwise Comparison of Number of Lifetime Episodes of NSSI with HPA Axis
Reactivity for the BRIDGES Study

Group Mean (SD) Pairwise Comparison With Group (p)
1 2 3 4 5
1 26.450 (73.842) n/a
2 48.636 (65.990) 1.0 n/a
3 5.875 (7.736) 1.0 0.9 n/a
4 9.762 (23.065) 1.0 0.5 1.0 n/a
5 31.571 (53.327) 1.0 1.0 1.0 1.0 n/a
6 14.188 (35.637)  |1.0 0.7 1.0 1.0 1.0

Note: NSSI=non-suicidal self-injury; SD=standard deviation; * indicates p<0.05, ** indicates

p<0.01, *** indicates p<0.001

Figure B5. Number of Lifetime Episodes of NSSI by Group without HPA Axis Reactivity for
the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001; Group difference is only significant when BDI score is included as a covariate.
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Table B12. Pairwise Comparison of NSSI Engagement Across Time Points with HPA Axis

Reactivity for the BRIDGES Study

Group Engagement at Time 1 Engagement at Time 2 Engagement at Time 3
N (%) N (%) N (%)

1 16 (32.0%) 13 (26.0%) 7 (14.0%)

2 18 (48.7%) 7 (18.9%) 1(2.7%)

3 14 (31.1%) 15 (33.3%) 9 (20.0%)

4 13 (28.3%) 11 (23.9%) 10 (21.7%)

5 14 (33.3%) 11 (26.2%) 2 (4.8%)

6 11 (37.9%) 4 (13.8%) 3 (10.3%)

Note: NSSI=non-suicidal self-injury

Table B13. NSSI Engagement Across Time Points by Group without HPA Axis Reactivity for

the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient OR (CI)

OR (CI)

Intercept

31165.793 (3.445, 17.249)**

16688.344 (3.052, 16.393)**

Group 2 Membership

0.293 (-3.265, 0.807)

0.224 (-3.505, 0.514)

Group 3 Membership

0.751 (-2.392, 1.819)

0.383 (-3.056, 1.134)

Group 4 Membership

0.300 (-2.774, 0.3667)

0.327 (-2.640, 0.403)

Group 5 Membership

0.588 (-2.227, 1.166)

0.428 (-2.556, 0.858)

Group 6 Membership

0.187 (-3.268, -0.090)*

0.177 (-3.321, -0.145)*

Time Point 0.518 (-1.353, 0.039) 0.566 (-1.257, 0.118)
Age 0.660 (-0.863, 0.031) 0.630 (-0.904, -0.020)*
BDI Score 1.073 (0.017, 0.123)**

Note: NSSI=non-suicidal self-injury; BDI=Beck Depression Inventory; SE=standard error; *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Figure B6. NSSI Engagement Across Time Points by Group without HPA Axis Reactivity for
the BRIDGES Study
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Note: NSSI=non-suicidal self-injury; * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001; Group difference is significant with and without BDI score included as a covariate.

Analyses examining the relationship between group membership without HPA axis
reactivity and engagement in NSSI across study time points indicated that group membership is
significantly related to continued engagement in NSSI. Group 6 was associated with decreased
engagement in NSSI across time points compared to Group 1 both with and without BDI score
included as a covariate. When the BDI score was included as a covariate, age was inversely
associated with NSSI engagement across time. A higher BDI score was also associated with
continued NSSI engagement across time. The distribution of engagement in NSSI across time
points between groups is shown in Figure B6. Chi-squared analyses revealed nonsignificant

group differences in the distributions of engagement in NSSI across time (y2=15, p=0.1)
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Table B14. Pairwise Comparison of NSSI Engagement Across Time Points without HPA Axis

Reactivity for the BRIDGES Study

Group |[Engagementat Time 1 Engagement at Time 2 Engagement at Time 3
N (%) N (%) N (%)

1 18 (32.1%) 14 (25.0%) 13 (23.2%)

2 9 (42.9%) 5 (23.8%) 1 (4.8%)

3 6 (27.3%) 7 (31.8%) 4 (18.2%)

4 16 (28.1%) 17 (29.8%) 6 (10.5%)

5 12 (31.6%) 11 (29.0%) 5 (13.2%)

6 25 (45.5%) 7 (12.7%) 3 (5.5%)

Note: NSSI=non-suicidal self-injury
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Table B15. Correlation Table of Variables in Time 1 Analyses for the BRIDGES Study

1 2 3 4 5 6 7 8 9 10 11
1. NSSI History 1.00
2. NSSI Severity |0.83* | 1.00

**
3. NSSI Episodes |0.63* [0.72* | 1.00

*%* **
4. NSSI Time 1 NA 0.17 |0.27*|1.00

*
5. NSSI Time 2 NA |-0.07 |0.00 |0.51* (1.00
**
6. NSSI Time 3 NA |0.15 |-0.15 |0.08 (0.33* (1.00
7.Time 1l 0.17* (0.11 (0.09 |-0.02 |-0.04 |0.22 |1.00
Amygdala
Reactivity
8. Time lmPFC |0.01 |0.00 |0.05 |0.10 [0.01 [0.22 |0.27*|1.00
Reactivity *k
9. Time 1l - - - -0.02 (0.24* (0.21 |-0.10 |-0.07 |1.00
Amygdala-mPFC [0.21* [0.25* | 0.25*
RSFC * * *
10. Time 1 HPA |- - - -0.01 (-0.03 [-0.02 |- - -0.13 [1.00
AXis Reactivity 0.16* [0.20* [ 0.17* 0.18* (0.21*
* *
11. Time 1 Age 0.14 (0.16* [0.30* |- -0.15 [-0.14 (0.14 (0.10 |- -0.12
foled 0.21* 0.29*
**

12. Time 1 BDI 0.51* (0.46* [0.47* [0.28* |0.07 |-0.06 |0.22* |[0.13 |- -0.12 [0.19*
Score fala ol ol * * 0.30*

**

Note: NSSI=non-suicidal self-injury; NSSI History and engagement at each time point are
coded such that Yes =1, No=0; NSSI severity is coded such that Never=0, Mild/Moderate=1,

Severe=2; mPFC=medial pre-frontal cortex; RSFC=resting state functional connectivity;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001
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Table B16. Correlation Table of Variables in Slope Analyses for the BRIDGES Study
1 2 3 4 5 6 7 8 9 10 |11 12 |13

1. NSSI History 1.00
(Y=1,N=0)

2. NSSI Severity [0.83 |1.00

*k*k

3. NSSI Episodes [0.63 [0.72 |1.00

*k*k *k*k

4. NSSI Time 1 NA [0.17 [0.27 |1.00

(Y=1,N=0) **

5. NSSI Time 2 NA [-0.07 [0.00 |0.51 |1.00

(Y=1,N=0) falaal

6. NSSI Time 3 NA [0.15 [-0.15]0.08 [0.33 |1.00
(Y=1,N=0) *

7. Slope of 0.05 |0.05 |0.08 [0.06 [0.08 [-0.19 [1.00
Amygdala

Reactivity

8. Slope of mPFC |0.06 |0.03 |-0.01 ({0.11 [0.02 [-0.12 {0.16 |1.00
Reactivity *

9. Slope of -0.05 |-0.03 |-0.11 {0.11 [-0.17 |[-0.15 [-0.05 | 0.06 |1.00
Amygdala-mPFC

RSFC

10. Slope of HPA |0.07 |0.15 [0.03 |0.03 |0.00 [0.09 |-
Axis Reactivity 0.31

*k*k

-0.04 {0.20 [1.00

11. Time 1 Age 0.14 (0.16 |0.30

- -0.15|-0.14 {-0.11 -0.09 {0.02 |-0.01|1.00

12. Time 2 Age 0.14 10.19 |0.31 -0.14 |-0.08 {-0.13 (-0.10 {-0.01 | 0.02 |0.97 |1.00

*k%k -022 *k*k
*

13. Time 3 Age 0.14 ]0.16 |0.31 -0.13 |-0.11 | -0.09 [-0.09 (-0.10 (-0.07 | 0.88 [0.92 |1.00

*k%k O 26 *k*k *k*k

**

14. Mean BDI 0.52 |0.46 |0.44 [0.26 |[0.20 (0.06 (0.09 (-0.01|-0.10|-0.01]0.14 |0.12 |0.13

Score *k*k *k* *k*k **

Note: NSSI=non-suicidal self-injury; NSSI History and engagement at each time point are
coded such that Yes =1, No=0; NSSI severity is coded such that Never=0, Mild/Moderate=1,
Severe=2; mPFC=medial pre-frontal cortex; RSFC=resting state functional connectivity;
BDI=Beck Depression Inventory; * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001
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Aim 3 Results Without HPA Reactivity
All Aim 3 analyses were repeated without HPA axis reactivity. The results are below.

Table B17. History of NSSI Engagement and Time 1 Brain Metrics without HPA Axis
Reactivity for the BRIDGES Study

Without BDI Score With BDI Score

Coefficient Beta (SE) Beta (SE)

Intercept 0.339 (-5.943, 3.802) 0.275 (-6.879, 4.262)
Time 1 Amygdala Reactivity 1.277 (-0.005, 0.513) 1.071 (-0.234, 0.377)
Time 1 mPFC Reactivity 0.845 (-0.649, 0.310) 0.693 (-0.981, 0.221)
Time 1 Amygdala-mPFC RSFC | 0.002 (-12.649, 0.433)* 0.285 (-8.515, 6.070)
Time 1 Age 1.150 (-0.180, 0.461) 1.028 (-0.342, 0.395)
Time 1 BDI Score 1.264 (0.147, 0.347)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001

Table B18. History of NSSI Engagement and Slope Brain Metrics without HPA Axis Reactivity
for the BRIDGES Study

Without BDI Score With BDI Score
Coefficient Beta (SE) Beta (SE)
Intercept 0.024 (-8.746. 1.140) 0.007 (-11.065, 0.990)
Slope of Amygdala Reactivity 1.179 (-0.238, 0.568) 1.007 (-0.530, 0.584)
Slope of mPFC Reactivity 1.424 (-0.503, 1.234) 2.037 (-0.378, 1.893)
Slope of Amygdala-mPFC RSFC | 0.036 (-12.956, 6.261) 0.254 (-13.052, 10.152)
Time 1 Age 1.108 (-1.106, 1.254) 0.665 (-2.425, 1.418)
Time 2 Age 1.249 (-1.142, 1.636) 1.976 (-1.468, 3.007)
Time 3 Age 0.981 (-0.728, 0.717) 0.950 (-0.968, 0.886)
Mean BDI Score 1.240 (0.144, 0.305)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001
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As was seen in the models that included HPA axis reactivity, decreased Time 1
amygdala-mPFC RSFC was significantly related to a history of NSSI engagement, but again, this
effect did not remain significant when the BDI score was included as a covariate. None of the
brain stress system metrics were significantly related to NSSI engagement in the slope model.
Once again, BDI scores were significantly related to NSSI engagement in both the Time 1 (Table
B17) and slope (Table B18) models.
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Table B19. Severity of NSSI Engagement and Time 1 Brain Metrics without HPA Axis

Reactivity for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Time 1 Amygdala Reactivity

1.092 (-0.101, 0.280)

1.016 (-0.183, 0.217)

Time 1 mPFC Reactivity

0.898 (-0.482, 0.264)

0.823 (-0.581, 0.188)

Time 1 Amygdala-mPFC RSFC

0.002 (-11.486, -1.324)*

0.037 (-8.626, 1.938)

Time 1 Age

1.160 (-0.103, 0.403)

1.108 (-0.153, 0.361)

Time 1 BDI Score

1.063 (0.037, 0.088)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Table B20. Severity of NSSI Engagement and Slope Brain Metrics without HPA Axis Reactivity

for the BRIDGES Study

Without BDI Score

With BDI Score

Coefficient

OR (CI)

OR (CI)

Slope of Amygdala Reactivity

1.171 (-0.160, 0.479)

1.106 (-0.235, 0.439)

Slope of mPFC Reactivity

1.204 (-0.500, 0.877)

1.290 (-0.459, 0.977)

Slope of Amygdala-mPFC RSFC

0.385 (-8.712, 6.770)

1518 (-7.621, 8.359)

Time 1 Age

0.491 (-1.650, 0.200)

0.282 (-2.363, -0.250)*

Time 2 Age

3.443 (0.167, 2.344)*

6.460 (0.672, 3.150)**

Time 3 Age

0.780 (-0.811, 0.310)

0.660 (-1.017, 0.175)

Mean BDI Score

1.088 (0.056, 0.115)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;

RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001

As was seen in the models that included HPA axis reactivity, decreased Time 1

Amygdala-mPFC RSFC was significantly related to higher severity of NSSI, but again, this

effect did not remain significant when the BDI score was included as a covariate. None of the

brain stress system metrics were significantly related to NSSI engagement in the slope model.

Once again, Time 1 and Time 2 age were associated with NSSI severity in the slope model.

Additionally, BDI scores were significantly related to the severity of NSSI engagement in both
the Time 1 (Table B19) and slope (Table B20) models.
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Table B21. Number of Episodes of NSSI Engagement and Time 1 Brain Metrics without HPA
Axis Reactivity for the BRIDGES Study

No BDI With BDI
Coefficient Beta (SE) Beta (SE)
Intercept -1.462 (1.135) -1.757 (1.024)
Time 1 Amygdala Reactivity 0.06 (0.056) 0.022 (0.051)
Time 1 mPFC Reactivity 0.022 (0.109) -0.015 (0.098)
Time 1 Amygdala-mPFC RSFC -3.114 (1.472)* -1.427 (1.354)

Time 1 Age

0.235 (0.074)**

0.212 (0.067)**

Time 1 BDI

0.041 (0.007)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Table B22. Number of Episodes of NSSI Engagement and Slope Brain Metrics without HPA
Axis Reactivity for the BRIDGES Study

Slope Model

No BDI With BDI
Coefficient Beta (SE) Beta (SE)
Intercept -3.097 (1.18)* -2.822 (1.055)**
Slope of Amygdala Reactivity 0.138 (0.096) 0.083 (0.086)
Slope of mPFC Reactivity -0.005 (0.205) 0.01 (0.183)
Slope of Amygdala-mPFC RSFC |-2.741 (2.23) -1.471 (2.001)
Age Time 1 0.176 (0.274) 0 (0.246)
Age Time 2 0.028 (0.321) 0.177 (0.287)
Age Time 3 0.108 (0.171) 0.072 (0.152)
Mean BDI 0.041 (0.006)***

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001

As was seen in the models that included HPA axis reactivity, Time 1 Amygdala-mPFC

RSFC was significantly related to the number of episodes of NSSI engagement, but again, this

effect did not remain significant when the BDI score was included as a covariate. None of the

brain stress system metrics were significantly related to NSSI engagement in the slope model.

in the model with HPA axis reactivity, Time 1 age was related to the number of episodes of

AS

NSSI in the Time 1 model. Once again, BDI scores were significantly related to the number of

episodes of NSSI engagement in both the Time 1 (Table B21) and slope (Table B22) model.
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Table B23. NSSI Engagement Across Time Points and Time 1 Brain Metrics without HPA Axis
Reactivity for the BRIDGES Study

No BDI With BDI
Coefficient OR (CI) OR (CI)
Intercept 7.544 (0.242, 3.800)* 2.538 (-0.946, 2.808)
Time Point 0.593 (-1.191, 0.147) 0.627 (-1.134, 0.201)
Time 1 Amygdala Reactivity 1.012 (-0.335, 0.359) 0.991 (-0.363, 0.344)
Time 1 mPFC Reactivity 1.736 (-0.134, 1.238) 1.576 (-0.237, 1.147)
Time 1 Amygdala-mPFC RSFC 453.404 (-3.310, 15.544) 6145.097 (-1.111, 18.558)
Time 1 Age 0.498 (-1.433, 0.039) 0.466 (-1.505, -0.023)*
Time 1 BDI 1.047 (0.005, 0.088)*

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001
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Table B24. NSSI Engagement Across Time Points and Slope Brain Metrics without HPA Axis

Reactivity for the BRIDGES Study

No BDI With BDI
Coefficient OR (CI) OR (CI)
Intercept 9.699 (0.665, 3.879)** 2.144 (-0.938, 2.463)
Time Point 0.620 (-1.156, 0.201) 0.685 (-1.036, 0.280)

Slope of Amygdala Reactivity

1.060 (-0.534, 0.649)

0.958 (-0.629, 0.542)

Slope of mPFC Reactivity

0.960 (-1.310, 1.229)

1.072 (-1.165, 1.303)

Slope of Amygdala-mPFC RSFC

0.043 (-16.448, 10.134)

0.013 (-17.194, 8.582)

Age

0.466 (-1.502, -0.024)*

0.428 (-1.572, -0.125)*

Mean BDI

1.073 (0.019, 0.121)**

Note: NSSI=non-suicidal self-injury; SE=standard error; mPFC=medial pre-frontal cortex;
RSFC=resting state functional connectivity; BDI=Beck Depression Inventory; * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001

As was seen in the models that included HPA axis reactivity, none of the brain metrics
were significantly related to NSSI engagement across time points. None of the brain stress
system metrics were significantly related to NSSI engagement across time points in the slope
model. Once again, Time 1 age was related to NSSI engagement across time points in the Time 1
model, Age was related to NSSI engagement across time points in the slope model, and BDI
scores were significantly related to NSSI engagement across time points in both the Time 1
(Table B23) and slope (Table B24) model.
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