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Abstract

Background. Youth mental health and brain development are profoundly shaped by highly
heterogeneous childhood environments. However, research often operates under the assump-
tion that neural networks linked to psychopathology function in the same way across different
individuals, with limited consideration of how brain-behavior associations themselves may vary
across environmental contexts. This poses challenges for identifying the precise neural correlates
of risk or resilience to psychopathology.

Methods. In a large, longitudinal sample (N = 8,078), we examined differences in psychological
symptoms and their associations with brain network functional connectivity across three
clusters of youth identified by their home, school, and community environments.

Results. Child environment groups differed in mental health symptoms, as well as the links
between large-scale functional network connectivity and symptoms. Youth exposed to high
trauma and familial risk showed the highest symptom levels over time compared to those youth
in low-risk or economically disadvantaged environments. Moreover, youth in the high trauma
and familial risk group showed stronger functional connectivity between the salience and
frontoparietal networks with increased symptoms, whereas youth in the high disadvantage
group showed the opposite pattern. Notably, these brain and mental health associations were not
observed when examined across the entire sample, and group differences were more pronounced
in female and older youth.

Conclusions. The same neural patterns of functional network connectivity can have different
implications for mental health depending on the environment. These findings highlight the
importance of context-sensitive approaches for developing personalized interventions in sup-
porting youth mental health.

Introduction

Children raised in similar environments can have vastly different mental health outcomes,
underscoring the profound but complex influence of childhood environments on mental
health and related neural processes (Bick & Nelson, 2016; Gee, 2021; Hosseini-Kamkar et al.,
2023; McLaughlin et al., 2012; Rutter, 2005). These divergent outcomes arise in part because
childhood environments are highly heterogeneous: no two children grow up in exactly the
same circumstances, even within similar sociodemographic backgrounds (Abell et al., 1996;
Green et al., 2010). The same experience can also have markedly different influences on brain
and behavior, depending on individual context (Briggs, Amaya-Jackson, Putnam, & Putnam,
2021; Lacey & Minnis, 2020).

Adding to this complexity, brain development itself varies across individuals. Neural
systems adapt to their specific environments (Greenough, Black, & Wallace, 2002; McEwen,
2012), shaping brain function and connectivity patterns to be highly specific to each person
(Foulkes & Blakemore, 2018; Gordon et al., 2017). Consequently, neural patterns linked to
risk for psychopathology in one context may serve a different function in another. Despite
growing recognition of this environmental and neurobiological heterogeneity (Feczko et al.,
2019; Gee, 2021), most research has sought to identify universal biomarkers of psychiatric
risk (Briggs et al., 2021; Marek et al., 2022; Westlin et al., 2023), assuming that the same
neural correlates of psychopathology generalize across individuals in heterogeneous envir-
onments, even though brain-psychopathology associations may be context-dependent.
Developmental and transactional systems theories (Sameroff, 2009) emphasize that devel-
opment reflects ongoing interactions between the individual and environment, such that
the influences of context on outcomes are dynamic and person-specific. This perspective
shifts the question from whether neural processes serve as a pathway through which
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the environment shapes psychopathology to whether brain-
behavior associations are themselves context-dependent across
individuals.

To address this heterogeneity, research is needed to examine
the neural correlates of psychiatric risk within more homogenous
subgroups defined by shared environmental characteristics. This
is consistent with a person-oriented, holistic-interactionist per-
spective, which conceptualizes development as an individualized
process (Magnusson & Stattin, 2007; Molenaar, 2004), emerging
from interacting systems (Magnusson, 1985). Thus, the same
biological correlate may index risk in one context or resilience
in another, motivating research that conceptualizes the environ-
ment as a person-centered profile (Bergman & El-Khouri, 2003;
Howard & Hoffman, 2018). As children are typically exposed to
co-occurring experiences across multiple environmental
domains, identifying subgroups using information across mul-
tiple informants and types of data can capture a more holistic
account of an individual’s childhood environment. Subgrouping
approaches can also isolate patterns that are otherwise obscured
in full, broader samples (Fisher, Medaglia, & Jeronimus, 2018;
Hardi, Beltz, et al., 2024; Molenaar, 2015), and have been applied
in neuroscience and psychiatry to reveal profiles of clinical dis-
orders with distinct neural signatures (Drysdale et al., 2017; Fair,
Bathula, Nikolas, & Nigg, 2012). However, work examining how
neural correlates of psychopathology vary by individual context is
only emerging (Ellwood-Lowe, Whitfield-Gabrieli, & Bunge,
2021).

This question is especially relevant to large-scale resting-state
brain networks, which have been linked to a wide range of psychi-
atric disorders (Woodward & Cascio, 2015; Xia et al., 2018). In
particular, the well-established triple network model of psycho-
pathology (Menon, 2011) proposes that risk for psychiatric dis-
orders arises from aberrant communication among three core
networks: the default mode network (DMN) (Raichle, 2015), sali-
ence network (SN) (Uddin, 2015), and frontoparietal network
(FPN) (Zanto & Gazzaley, 2013). Empirical work in clinical sam-
ples has identified altered communication among these networks
(Menon, 2020; Sheline, Price, Yan, & Mintun, 2010; Sylvester et al.,
2012); however, whether the same patterns of connectivity vary
across different environments remains unknown. Clarifying these
distinctions is critical not only for identifying which functional
neural correlates may confer vulnerability or adaptation, but also
for clarifying the conditions under which they do so.

In this study, we leveraged a large, longitudinal sample (N =
8,078) of youth (ages 9 to 15) to address two questions: (1) Do the
trajectories of internalizing and externalizing symptoms during the
transition to adolescence differ across environmental contexts?
(2) Do the associations between functional connectivity of large-
scale networks (DMN, SN, FPN) and symptoms vary by these
contexts? We adopted a multisystemic approach as children’s
environments are shaped by multiple, interacting ecological sys-
tems (Bronfenbrenner, 1977), ranging from proximal contexts such
as parent and family relationships to other influences within school,
peer networks, and the community more broadly. We integrated
measures of the environment by clustering individuals using multi-
informant (parent and child) and multi-modal (self-report and
administrative) data spanning six ecological systems: child, parent,
family, school, community, and neighborhood, and then examining
the trajectories of internalizing and externalizing symptoms as well
as the associations between symptoms and functional connectivity
within and between the DMN, SN, and FPN across the environ-
mental clusters.
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Methods and materials
Setting and participants

A sample of 8,078 individuals from the Adolescent Brain Cogni-
tive Development (ABCD) Study (Casey et al., 2018; Karcher &
Barch, 2021) was included in the study. Data were collected at
multiple waves and accessed from the National Institutes of
Mental Health Data Archives 5.0 release. Participants were
included in the present study if they had data on all environmental
measures. All participants provided informed consent or assent at
all visits (Clark et al., 2018).

Measures

Childhood environment

Thirty variables contributing to mental health were included from
data across baseline, one-year, and two-year follow-up: child
(negative life events, discrimination, traumatic events), parent
(parental acceptance, parental monitoring, parent psychopath-
ology, secondary parent psychopathology), family (family con-
flict, family cohesion, family expressiveness, family intellectual
and cultural engagement, family organization, familism), peers
and school (prosocial peers, rule-breaking peers, protective peer
network, protective school environment, peer aggression victim-
ization), community (community collective efficacy, community
resources, parks, safety, disadvantage), and neighborhood
(urbanicity, lead risk, air pollution (PM 2.5), area deprivation
index, child opportunity index (education; health; social/eco-
nomic)). More information is in the Supplement and
Supplemental Table 1.

Mental health symptoms

Internalizing and externalizing symptoms were measured by the
youth-report on the ASEBA Brief Problem Monitor (BPM) ques-
tionnaire (Achenbach, McConaughy, Ivanova, & Rescorla, 2011;
Karcher & Barch, 2021). Youth responses on the BPM were col-
lected across 6 timepoints: T1 = Mage 10.4 years (SD = 0.63), T2 =
10.9(0.64), T3 =11.4 (0.64), T4=12.0 (0.66), T5=12.4 (0.64), T6 =
12.9 (0.64). The mean interval was 0.5 years (0.12).

Functional magnetic resonance imaging (fMRI)

Resting-state functional connectivity data from the baseline and
two-year follow-up were included. Imaging acquisition and pro-
cessing were described previously (Casey etal., 2018; Hagler et al.,
2019) and are summarized in the Supplement. Anatomical and
resting-state fMRI data were collected from youth and pre-
processed by the ABCD consortium’s Data Analysis and Inform-
atics Core (Hagler et al,, 2019). Functional connectivity was
computed using a seed-based correlation approach, and within-
and between-network functional connectivity (DMN, SN, FPN)
were examined. To improve coherence with other functional
atlases, the SN in this study included all regions of interest labeled
as either Salience or Cingulo-Opercular in the Gordon atlas
(Uddin et al., 2023; Uddin, Yeo, & Spreng, 2019).

Statistical analysis

Childhood environment groups

Groups were derived using the hierarchical agglomerative cluster-
ing algorithm with Manhattan distance and the Ward D2 linkage
method. Visual inspection of the resulting cluster dendogram
suggested five plausible clusters (Supplemental Figure 1), which
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were then evaluated using 28 fit indices determining the optimal
solution (Charrad, Ghazzali, Boiteau, & Niknafs, 2014). Based on
majority rule, a three-cluster solution was selected (see Supplemental
Table 2 for index comparisons). Robustness checks using alternative
distance and linkage specifications showed similar support for a three-
cluster solution (Supplemental Table 3), and subsampling-based
stability analyses across 500 iterations of 80% subsamples showed
moderate stability of the primary clustering solution (median ARI =
0.52) (Supplemental Method). Analysis of variance was conducted to
compare mean levels of environmental measures across the resulting
groups. Post-hoc pairwise comparisons were then performed and
adjusted using False Discovery Rate (FDR) (Benjamini & Hochberg,
1995) to account for multiple testing (denoted by g).

Group differences in trajectories of mental health symptoms
Differences in trajectories of mental health (internalizing, external-
izing) symptoms across child environment groups and sex were
examined using mixed-effects models using all available six waves
of data. Given the significance of differences in age and sex in
emotional development, symptoms were modeled separately as a
nonlinear function of age, with interactions between cluster, age,
and sex to allow trajectories to vary across clusters and sex. To
account for repeated measures, models included subject-level and
site-level random intercepts. Pubertal development at baseline and
the interval between waves were included as covariates, and sam-
pling weights were applied to account for population-level sam-
pling variation (Gard et al., 2023). Post-hoc pairwise contrasts were
FDR-corrected. Sex at birth was parent-reported at baseline. Puber-
tal development was parent-reported at baseline using the Pubertal
Development Scale (Petersen et al., 1988).

Group differences in brain-behavior coupling across time
Differences in brain-behavior coupling across child environment
groups were tested using mixed-effects models using baseline and
2-year follow-up data. Internalizing and externalizing symptoms
were tested separately as a function of each brain network con-
nectivity, including the interactions among network connectivity,
cluster membership, age, and sex, to evaluate context-, develop-
ment-, and sex-dependent coupling. Similar to the mental health
trajectory models, brain-behavior models included subject-level
and site-level random intercepts, as well as pubertal development,
interval between waves, and sampling weights. Additionally, these
models included neuroimaging-specific covariates: head motion
and scanner manufacturer. Primary analyses focused on cluster
differences in brain-symptom coupling, evaluated using post-hoc
pairwise contrasts of cluster-specific slopes (simple effects of
connectivity on symptoms) evaluated at the mean age and within
sex. FDR correction was applied within each outcome across
network measures and pairwise tests.

To further evaluate temporal changes, a change-on-change model
was tested using similar model specifications. Within-person change
in symptoms (difference between follow-up and baseline) was mod-
eled as a function of within-person change in network connectivity,
including interactions with cluster and sex, to test whether coupling
change differed across groups and covariates (puberty, baseline age,
interval between waves, motion, scanner manufacturer, site-level
random intercept), with sampling weights applied.

Sensitivity analyses

Several sensitivity analyses were conducted to evaluate robustness
and specificity. First, to test whether group differences are robust to
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shared environmental influences, group differences analyses were
repeated after randomly sampling one sibling per family. Second, to
probe the selectivity of group differences in brain-behavior rela-
tionships to the examined measures of global internalizing and
externalizing behaviors, we examined group differences in the
brain-behavior relationships to other symptom dimensions (i.e.,
attentional problems measured using the BPM). Next, to test
whether the broad-based psychopathology findings map onto spe-
cific symptom domains, we examined whether the pattern of group
differences was similar across other psychopathology measures
(i.e., DSM-5 anxiety and depression scales) captured using the
parent-reported Child Behavioral Checklist (Achenbach, Ivanova,
& Rescorla, 2017). Finally, associations between network connect-
ivity and behavior were examined using conceptually-related
behavioral indices: Emotion regulation, measured using the youth-
reported Emotion Regulation Questionnaire at 3-year follow-up
(Gullone & Taffe, 2012); and executive functioning, measured using
performance on the NIH Toolbox Flanker and Dimensional Card
Sorting tasks at baseline (Zelazo et al., 2013).

Results

Youth characteristics differ across identified childhood
environment groups

Three clusters were identified based on 30 multi-level ecological
factors across child, parental, family, school, community, and
neighborhood (Figure 1). Youth in the first group (N = 5,329;
66%) were relatively exposed to the lowest levels of risk factors
and had the highest access to most economic and social resources.
Youth in the second group (N = 1,279; 16%) experienced relatively
more traumatic and negative life events, as well as more family-level
risk factors (e.g., parent psychopathology, family conflict). Youth in
the third group (N = 1,470; 18%) were more economically disad-
vantaged, but had higher levels of access to specific cultural and
social resources (e.g. familism, access to social and community
services). Given these characteristics, these groups will be described
as ‘low risk’, ‘high trauma and familial risk’, and ‘high disadvan-
tage’. All group and pairwise comparisons are in Supplemental
Table 4.

There were no differences in age and sex between clusters, but
they differed in other sociodemographic characteristics (Table 1).
The low-risk group had the greatest proportion of White youth
(70%) with more educated parents in higher income brackets
(parental education: M (SD) = 17.6 years (2.10); median annual
household income = $100,000 through $199,999). Compara-
tively, the high trauma and familial risk had a lower proportion
of White (62%) and Asian youth (1% vs 3%), but a greater
representation of Hispanic youth (18% vs 14%). The high
disadvantage group had the highest proportion of Black (29%)
and Hispanic (34%) youth, and the lowest income bracket
(median annual household income = $35,000 through $49,999)
and parental education (M (SD) = 15.2 years (3.01)).

Mental health trajectories differ across childhood environment
groups

Accounting for age and sex, symptoms differed across environment
groups (group main effect, internalizing: F(2,16580) = 93.85, p <.001;
externalizing: F(2,16150) = 174.89, p < .001; Supplemental Tables 5
and 6; Figure 2), with the high trauma and familial risk group
showing the highest levels of symptoms (M internalizing = 2.13,
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Figure 1. Childhood environment groups based on multi-level ecological measures. Note: Three groups were identified across six ecological domains: child (yellow), parent (green), family (cyan), school (blue), community (indigo),
neighborhood (violet). The three groups were (1) Low risk, high resource (dark yellow; N =5,329); (2) High trauma and familial risk, moderate economic resource (dark green; N =1,279); and (3) High disadvantage, high social resource (dark
purple; N =1,470). Youth in the first group were exposed to relatively low risk levels and high resources across all domains. Youth in the second group experienced high levels of individual-level (i.e. negative life and traumatic events) and
familial risks (i.e. family psychopathology and conflict), but moderate economic resources. Youth in the third group were exposed to high discrimination, disadvantaged neighborhoods and low opportunities, but high social and cultural
resources. Each bar represents standardized values of each construct. Pairwise group comparisons are in Supplemental Table 3.
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Figure 2. Trajectories of internalizing and externalizing symptoms, by childhood environment group. Internalizing symptoms were the most elevated for youth in the high trauma
and familial risk group (in green), and the lowest for the low risk group (in yellow), both for internalizing and externalizing symptoms. Group differences were more pronounced in
female youth (below) relative to male youth (top), where the high trauma and familial risk group showed the highest levels and change in symptoms over time compared to all other

groups.

Table 1. Sociodemographic information for each childhood environmental group

Low risk High trauma familial risk
(N =1,279; 16%)

(N = 5,329; 66%)

High disadvantage
(N =1,470; 18%) Statistical comparison

Sex assigned at birth

Male 2,830 (53.1%) 705 (55.1%) 741 (50.4%) X? (4)=7.05, p =.133
Female 2,497 (46.9%) 574 (44.9%) 728 (49.5%)
Intersex-male 2 (0.0%) 0 (0%) 1(0.1%)
Age (years)®
Mean (SD) 9.93 (0.63) 9.92 (0.63) 9.89 (0.61) F (2, 8,075) = 2.24, p = .107

Race/ethnicity

X*(8) = 1,481.5, p <.001

White 3,704 (69.5%) 787 (61.5%) 372 (25.3%)
Black 224 (4.2%) 68 (5.3%) 419 (28.5%)
Hispanic 740 (13.9%) 230 (18.0%) 505 (34.4%)
Asian 161 (3.0%) 15 (1.2%) 16 (1.1%)

Other 500 (9.4%) 179 (14.0%) 158 (10.7%)

Annual household Income®

X* (18) = 1,580.9, p < .001

<$5,000 23 (0.4%) 14 (1.1%) 76 (5.2%)
$5,000 to $11,999 39 (0.7%) 18 (1.4%) 94 (6.4%)
$12,000 to $15,999 33 (0.6%) 24 (1.9%) 50 (3.4%)
$16,000 to $24,999 71 (1.3%) 45 (3.5%) 125 (8.5%)
$25,000 to $34,999 119 (2.2%) 78 (6.1%) 145 (9.9%)

$35,000 to $49,999

249 (4.7%)

116 (9.1%)

184 (12.5%)
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Table 1. (Continued)

Low risk High trauma familial risk High disadvantage

(N = 5,329; 66%)

(N = 1,279; 16%)

(N = 1,470; 18%)

Statistical comparison

$50,000 to $74,999

606 (11.4%)

209 (16.3%)

244 (16.6%)

$75,000 to $99,999

862 (16.2%)

199 (15.6%)

185 (12.6%)

$100,000 to $199,999 2,168 (40.7%) 398 (31.1%) 160 (10.9%)
$200,000 and higher 877 (16.5%) 102 (8.0%) 24 (1.6%)
Missing 282 (5.3%) 76 (5.9%) 183 (12.4%)
Parent education (years)®
Mean (SD) 17.6 (2.10) 16.9 (2.22) 15.2 (3.01) F (2, 8,065) = 627.9, p < .001
Missing 5 (0.1%) 2 (0.2%) 3 (0.2%)

?Age, household income, and parent education measured at baseline.

externalizing = 2.42), followed by the high disadvantage (M intern-
alizing = 1.74, externalizing = 2.03) and low-risk (M internalizing =
1.51, externalizing = 1.66) groups. There were also differences by age
and sex (Supplemental Table 7). For internalizing, groups differed for
female, but not male, youth at younger and mean age (all pairwise
gs < 0.05), with the high trauma and familial risk group showing the
steepest increase at mean age (slope = 0.56, g = < .001), followed by
the low-risk (slope = 0.35, ¢ = <.001) and high disadvantage (slope =
0.26, g = < .001) groups. For externalizing, age-related increases were
also the largest for the high trauma and familial risk group in female
youth (slope = 0.27, g = < .001 at mean age), though the group
differences were more modest, with only select group differences in
female youth reaching significance (Supplemental Table 8).

Associations between brain networks and internalizing
symptoms were examined within childhood environment
groups, but not in the full sample

There were notable differences among groups in the association
between SN-FPN connectivity (Figure 3a) and internalizing symp-
toms (group x SN-FPN: F(2,11061) = 11.41, g < .001). Controlling
for age and sex, SN-FPN connectivity was positively associated with
internalizing symptoms in the high trauma and familial risk group
(b=4.90, q <.001), whereas the association was negative in the high
disadvantage group (b = —2.47, g = .029) and not significant in the
low-risk group (b = 0.87, g = .128) (all pairwise contrasts q < .01;
Supplemental Table 9; Figure 3c).

In addition to these overall differences between environmental
groups in the relationship between SN-FPN connectivity and
internalizing, these group differences varied by sex (group x
SN-FPN x sex: F(2,11052) = 5.39, q = .015) and age (group X
SN-FPN x age: F(2, 9850) = 7.60, g = .003), but there were no
significant group x SN-FPN X age x sex interaction (F(2, 9852) =
1.64, q = .39) (Figure 3d). In female youth, the high trauma and
familial risk group showed consistently stronger positive coupling
between the SN-FPN and internalizing than other groups at mean
and older ages (all gs < .01, Supplemental Table 10), with the
separation from the high disadvantage group increasing with age
(slope difference increased from 3.47 (—1SD age) to 17.79 (+1SD
age). Conversely, group differences were only evident at older ages
in male youth.

No other two-way group-by-brain interactions survived correc-
tion; however, additional age- and/or sex-dependent group differ-
ences (three-way or four-way interactions) were observed for other
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networks and symptoms (i.e, DMN-DMN and internalizing
coupling specific to older male youth, and FPN-FPN and DMN-
FPN with externalizing coupling in younger male youth, and
SN-FPN with externalizing coupling specific to older female
youth; Supplemental Table 11; Supplemental Figure 2). Given
that the primary goal of the study was to examine how brain-
symptom associations differ across contexts, we focus on the
association between SN-FPN and internalizing, where between-
cluster differences were most robust to age/sex.

We further validated these findings using change-on-change
analyses, showing that within-person increases in SN-FPN con-
nectivity were differentially associated with within-person changes
in internalizing symptoms across child environment groups (group
x SN-FPN change: F(2,4149) = 5.26, g = .032) (Figure 4). Consistent
with the mixed effects model, there was a similar higher slope in
SN-FPN and internalizing symptoms coupling for female youth,
specifically for the high trauma and familial risk group, compared
to the high disadvantage group (group x SN-FPN change x sex: F
(2,4144) = 5.56, g = .023; slope difference 10.63, SE = 3.56, g = .007)
(Supplemental Table 12). There were also other notable sex-specific
group differences in change-on-change effects between SN and
DMN-FPN functional connectivity with externalizing symptoms
(Supplemental Table 13; Supplemental Figure 3). There were no
other significant associations between change in network connect-
ivity and change in symptoms after correction for multiple com-
parisons.

Notably, the associations between functional connectivity and
internalizing were not evident when collapsing across the full
sample (Figure 3b). When all groups were combined, neither
SN-FPN connectivity (b = 0.67, SE = 0.46, p = .146) nor the change
in SN-FPN (b = 0.78, SE = 0.76, p = .310) showed significant
associations with internalizing symptoms and their change
across time.

Results from sensitivity analyses

Sensitivity analyses showed that the group differences in mental
health trajectories, SN-FPN coupling with internalizing symptoms,
as well as change-on-change associations, were robust after random
sampling of siblings (Supplemental Table 14).

To test whether group differences in SN-FPN coupling with
symptoms were specific to internalizing behaviors, we examined
group differences in the associations between SN-FPN connectivity
and other behavioral domains, specifically attentional problems.
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Figure 3. Associations between salience-frontoparietal network connectivity and internalizing symptoms differed across childhood environment groups. (a) Surface-based
illustration of brain regions that were included in the salience network (SN) and frontoparietal Network (FPN). (b) The associations between SN-FPN functional connectivity and
internalizing symptoms were not observed in the full sample, suggesting that aggregated data across all youth may obscure meaningful neural correlates of psychopathology.
(c) The associations between SN-FPN functional connectivity and internalizing symptoms differed by child environment groups, suggesting that neural correlates of internalizing
risk may vary as a function of the broader environment. (d) Group differences were larger in female youth and more pronounced in older individuals.

Results showed no significant group differences for SN-FPN coup-
ling with attentional problems (group x SN-FPN: F(2, 10,891) =
2.28, p = .10) (Supplemental Table 15), suggesting that observed
group differences may be relatively specific to internalizing symp-
toms. To further refine aspects of internalizing symptoms associ-
ated with SN-FPN connectivity, we examined anxiety and
depressive symptoms. The coupling pattern for SN-FPN connect-
ivity and broad internalizing symptoms was more similar to the
pattern for depressive symptoms than for anxiety symptoms: cor-
relations of model test statistics for SN-FPN-related terms showed a
moderate link between the internalizing and depression models (r =
.52), but little correspondence between the internalizing and anx-
iety models (r = —.05). These findings suggest that group differ-
ences in SN-FPN and internalizing coupling may be driven more
strongly by depressive symptoms compared to anxiety symptoms
in this sample.

To better characterize how SN-FPN connectivity relates to
affective and cognitive processes, we explored whether group
differences in the relationship between SN-FPN connectivity
and behavior were also observed for indices of emotion regulation
and executive functioning. Results showed that higher SN-FPN
connectivity was associated with greater emotional suppression
(b=92.63,q<.001) and lower performance on executive function
tasks (inhibitory control: b = —28.85, g = .003; attention shifting:
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b = —30.44, q = .007), specifically for individuals in the high
disadvantage group (Supplemental Table 14).

Taken together, these findings further demonstrate the
environmental-context specificity in brain-behavior link: higher
SN-FPN connectivity was associated with higher internalizing
symptoms driven by depressive symptoms in the trauma and
familial risk group; in the high disadvantage group, higher
SN-FPN connectivity was associated with lower overall intern-
alizing symptoms, but greater emotional suppression and lower
executive functioning.

Discussion

In a large longitudinal, nationally representative cohort of youth,
we found that mental health trajectories and brain-symptom asso-
ciations differed by person-centered environmental context. Youth
with moderate resources but high trauma and familial risk showed
the highest symptoms over time, especially in female youth. More-
over, the link between salience and frontoparietal network connect-
ivity with internalizing symptoms varied across child environment
groups, but was not observed in the entire sample. Results suggest
that the roles of these brain networks may differ across individual
contexts and may become obscured without parsing environmen-
tal heterogeneity. Collectively, these findings highlight the need to
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consider environmental context when examining neural correl-
ates of psychiatric risk.

The specificity of brain-symptom associations across childhood
environment groups suggests that the same neural pattern may
serve different functions across contexts. In particular, functional
connectivity between the SN and FPN showed distinct associations
with internalizing symptoms across identified groups. Aberrant
communication among these networks has long been implicated
in psychiatric risk (Menon, 2011), with the SN playing a key role in
detecting and integrating salient cues and facilitating the switch
between internally- and externally-oriented networks (Menon &
Uddin, 2010), and the FPN supporting goal-directed control of
cognition and emotion (Zanto & Gazzaley, 2013). Moreover, the
SN-FPN connectivity and internalizing symptoms link appeared to
align more closely with depressive phenotypes, consistent with
studies implicating altered connectivity among SN and FPN with
depression in clinical samples (Kaiser, Andrews-Hanna, Wager, &
Pizzagalli, 2015; Lynch et al, 2024). Notably, while stronger
SN-FPN connectivity was associated with greater internalizing
symptoms in the high trauma and familial risk group, stronger
SN-FPN connectivity was associated with lower internalizing
symptoms but also with greater emotional suppression and lower
executive functioning in the high disadvantage group. These find-
ings suggest the possibility that stronger coupling of these networks
may reflect regulatory processes that are contextually beneficial for
some affective outcomes but cognitively costly (Richards & Gross,
2000), but only for youth in highly disadvantaged contexts. Col-
lectively, these findings suggest that the same connectivity pattern
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may index emotion and cognitive processes that are context-
dependent and not uniformly adaptive. Future studies should exam-
ine whether this context specificity extends to neural pathways
explaining environmental influences on psychopathology.
Importantly, these brain/behavior associations were not observed
when aggregating across the entire sample, suggesting that these
network-symptoms associations were specific to youth with par-
ticular environmental characteristics. This pattern reflects how
associations evident within subgroups can be obscured when data
from heterogeneous populations are aggregated (Kievit, Franken-
huis, Waldorp, & Borsboom, 2013). More broadly, our results
underscore the strength of data-driven subgrouping for parsing
heterogeneity in the environment, particularly for revealing bio-
logically meaningful associations that are masked in heteroge-
neous samples. Such masking may help explain inconsistencies in
prior research that focused on examining biomarkers of psycho-
pathology without explicitly modeling environmental context.
This is especially relevant given the increasing availability of large
datasets that allow for greater statistical power to identify bio-
logical correlates of functioning (Fair et al., 2021). Our findings
demonstrate that without consideration of the environmental con-
text, meaningful markers of psychiatric risk may remain elusive.
Findings of the present study also underscore the importance
of developmental timing and sex. Adolescence is a period of
rapid refinement of large-scale brain networks (Marek et al., 2015;
Sherman et al., 2014), and their roles may vary by sex (Satterthwaite
et al., 2015). Consistent with this, we found that differences in the
associations of SN-FPN connectivity with internalizing in the high
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trauma and familial risk versus the high disadvantage groups became
more pronounced with age, with the most consistent group dif-
ferences observed in female youth. These findings are consistent
with studies showing that environmental influences accumulate
over time (Hardi, Peckins, et al., 2024) and that vulnerability to
trauma and familial risk may be salient to female youth in particular
(Fergusson, Horwood, & Lynskey, 1995). Moreover, the additional
group differences in select network and symptom associations
specific to particular ages and/or one sex further indicate a com-
plex variation by development and sex in the neural correlates of
psychopathology.

Despite moderate economic resources, youth exposed to high
trauma and familial risk showed the greatest risk for symptoms
over time. Notably, these youth showed poorer mental health than
more economically disadvantaged peers, suggesting that financial
resources alone may not fully mitigate the impact of trauma and
family stress. This aligns with prior research identifying trauma
and familial risk as major contributors to child psychopathology
(Hardi, Beltz, et al., 2024; Repetti, Taylor, & Seeman, 2002), and
that economic hardship impacts children’s development through
downstream effects on parenting and family functioning (Masarik
& Conger, 2017; McLoyd, 1998). These results underscore the
importance of family-level interventions, especially in economic-
ally disadvantaged contexts (Lyon & Budd, 2010).

Youth in the high-disadvantage group, which included a higher
proportion of youth from racial/ethnic minority backgrounds,
reported relatively greater access to certain social resources
(familism, positive peer networks, and community centers). These
resources are examples of protective factors that can promote youth
well-being, particularly for marginalized youth (Campos, Ullman,
Aguilera, & Dunkel Schetter, 2014; Li, Nussbaum, & Richards,
2007). Social connections fostered through community engage-
ment can reduce risks for maladaptive behaviors, particularly in
contexts where parental support may be hindered due to financial
constraints (German, Gonzales, & Dumka, 2009; Jose, Ryan, &
Pryor, 2012; Richard et al., 2022). This may partly explain why
youth in the highly disadvantaged group had lower symptoms than
those with moderate resources but high trauma and familial risk.
Presently, it remains unclear whether these protective factors were
driving the observed differences or whether the lower trauma and
familial risk underlie them. Likely, both risk and protective factors
contribute to these divergent outcomes, highlighting the need for
further research on their interplay.

It is important to consider this work in the context of several
limitations. First, the ABCD Study does not include comprehensive
information during early childhood (before age 9); thus, we are
unable to fully account for individual differences in some early
experiences. Second, although we used a multi-informant (parent,
youth, census) approach, there was no information on environ-
ments from other sources, such as teachers or other caregivers (e.g.,
grandparents), who may provide other types of information about
the school and family environments. Third, although resting-state
functional connectivity is an established correlate of psychopath-
ology (Woodward & Cascio, 2015; Xia et al., 2018) and intrinsic
functional networks during tasks can be highly similar to resting-
state architecture (Cole et al.,, 2014; Gratton et al., 2018), future
studies should examine whether task-evoked brain-behavior coup-
ling shows similar or distinct patterns across these groups. Fourth,
although the effect sizes in the present study are comparable to the
expected magnitude of brain-behavior associations (Dick et al.,
2021; Marek et al., 2022), more research is needed in other samples,
particularly to further examine the age- and sex-specific, as well as
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potential longitudinal, effects. Lastly, there could be other experi-
ences or environmental factors that may not be accounted for
(e.g. other exposome measures capturing comprehensive exposures
to pollutants) that may provide meaningful information about the
child environment (Robinson et al., 2025). However, our expansive
measures of 30 different variables were captured across multiple
levels through different modalities (survey and administrative data)
in a large nationally-representative sample.

Conclusions

Leveraging a person-centered approach, this study captures the
complex and context-dependent nature of youth mental health
and its neural correlates. By integrating multi-level environmen-
tal data with neuroimaging and mental health symptom trajec-
tories, we identified groups of youth whose mental health and
brain connectivity correlates differed as a function of environ-
mental context. These findings demonstrate how the same
neural features may confer risk versus resilience depending on
context, underscoring the importance of personalized, context-
sensitive approaches for developing interventions that address
youth mental health.
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Author contribution. F.A.H. designed research and conducted statistical
analyses with supervision from D.G.G. and E.V.G. T.].K. and B.H.-G. assisted
in data preparation and analysis. F.A.H., D.G.G., E.V.G,, and T.J.K. interpreted
the results. F.A.H. and D.G.G. drafted the manuscript. All authors provided
critical feedback and reviewed the manuscript.

Funding statement. This work was supported by funding from the Wu Tsai
Institute Postdoctoral Fellowship (F.A.H.), National Institute on Drug Abuse
(U01DA041174) (D.G.G.), Jacobs Foundation Early Career Research Fellowship
(D.G.G.), and The Society for Clinical Child and Adolescent Psychology
(Division 53 of the American Psychological Association) Richard ‘Dick’ Abidin
Early Career Award and Grant (D.G.G.). The ABCD Study is supported by the
National Institutes of Health and additional federal partners under award numbers
U01DA041048, U01DA050989, U01DA051016, U01DA041022, U01DA051018,
U01DA051037, U01DA050987, U01DA041174, U01DA041106, U01DA041117,
U01DA041028, U01DA041134, U01DA050988, U01DA051039, U01DA041156,
U01DA041025, U01DA041120, U01DA051038, U01DA041148, U01DA041093,
U01DA041089, U24DA041123, U24DA041147. A full list of supporters is avail-
able at https://abcdstudy.org/federal-partners.html.

Competing interests. All authors declare no financial relationships with com-
mercial interests. All authors declare no conflict of interest.

References

Abell, E., Clawson, M., Washington, W. N., Bost, K. K., & Vaughn, B. E. (1996).
Parenting values, attitudes, behaviors, and goals of African American
mothers from a low-income population in relation to social and societal
contexts. Journal of Family Issues, 17(5), 593—613. https://doi.org/10.1177/
019251396017005002.

Achenbach, T. M., Ivanova, M. Y., & Rescorla, L. A. (2017). Empirically based
assessment and taxonomy of psychopathology for ages 1¥2-90+ years: Develop-
mental, multi-informant, and multicultural findings. Comprehensive Psychiatry,
79, 4-18. https://doi.org/10.1016/j.comppsych.2017.03.006.

Achenbach, T. M., McConaughy, S. H., Ivanova, M. Y., & Rescorla, L. A. (2011).
Manual for the ASEBA brief problem monitor (BPM). Burlington, VT:
ASEBA, 33.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society. Series B (Methodological), 57(1), 289-300.


http://doi.org/10.1017/S0033291726104115
https://abcdstudy.org/federal-partners.html
https://doi.org/10.1177/019251396017005002
https://doi.org/10.1177/019251396017005002
https://doi.org/10.1016/j.comppsych.2017.03.006
https://doi.org/10.1017/S0033291726104115

10

Bergman, L. R, & El-Khouri, B. M. (2003). A person-oriented approach:
Methods for today and methods for tomorrow. New Directions for Child
and Adolescent Development, 2003(101), 25-38.

Bick, J., & Nelson, C. A. (2016). Early adverse experiences and the developing
brain. Neuropsychopharmacology, 41(1), 177-196. https://doi.org/10.1038/
npp.2015.252.

Briggs, E. C., Amaya-Jackson, L., Putnam, K. T., & Putnam, F. W. (2021). All
adverse childhood experiences are not equal: The contribution of synergy to
adverse childhood experience scores. American Psychologist, 76(2), 243-252.
https://doi.org/10.1037/amp0000768.

Bronfenbrenner, U. (1977). Toward an experimental ecology of human devel-
opment. American Psychologist, 32(7), 513-531. https://doi.org/10.1037/
0003-066X.32.7.513.

Campos, B., Ullman, J. B., Aguilera, A., & Dunkel Schetter, C. (2014). Familism
and psychological health: The intervening role of closeness and social sup-
port. Cultural Diversity and Ethnic Minority Psychology, 20(2), 191-201.
https://doi.org/10.1037/a0034094.

Casey, B. J., Cannonier, T., Conley, M. 1., Cohen, A. O., Barch, D. M.,
Heitzeg, M. M., ... Dale, A. M. (2018). The adolescent brain cognitive
development (ABCD) study: Imaging acquisition across 21 sites. Devel-
opmental Cognitive Neuroscience, 32, 43—54. https://doi.org/10.1016/].
dcn.2018.03.001.

Charrad, M., Ghazzali, N., Boiteau, V., & Niknafs, A. (2014). NbClust: An R
package for determining the relevant number of clusters in a data set. Journal
of Statistical Software, 61, 1-36.

Clark, D. B., Fisher, C. B., Bookheimer, S., Brown, S. A., Evans, ]. H., Hopfer,
C., ... Yurgelun-Todd, D. (2018). Biomedical ethics and clinical oversight
in multisite observational neuroimaging studies with children and adoles-
cents: The ABCD experience. Developmental Cognitive Neuroscience, 32,
143-154. https://doi.org/10.1016/j.dcn.2017.06.005.

Cole, M. W., Bassett, D. S., Power, J. D., Braver, T. S., & Petersen, S. E. (2014).
Intrinsic and task-evoked network architectures of the human brain. Neuron,
83(1), 238-251. https://doi.org/10.1016/j.neuron.2014.05.014.

Dick, A. S., Lopez, D. A., Watts, A. L., Heeringa, S., Reuter, C., Bartsch, H,, ...
Thompson, W. K. (2021). Meaningful associations in the adolescent brain
cognitive development study. Neurolmage, 239, 118262. https://doi.org/
10.1016/j.neuroimage.2021.118262.

Drysdale, A. T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y.,
... Liston, C. (2017). Resting-state connectivity biomarkers define neuro-
physiological subtypes of depression. Nature Medicine, 23(1), 28-38. https://
doi.org/10.1038/nm.4246.

Ellwood-Lowe, M. E., Whitfield-Gabrieli, S., & Bunge, S. A. (2021). Brain
network coupling associated with cognitive performance varies as a function
of a child’s environment in the ABCD study. Nature Communications, 12(1),
7183. https://doi.org/10.1038/s41467-021-27336-y.

Fair, D. A, Bathula, D., Nikolas, M. A., & Nigg, J. T. (2012). Distinct neuro-
psychological subgroups in typically developing youth inform heterogeneity
in children with ADHD. Proceedings of the National Academy of Sciences,
109(17), 6769—6774. https://doi.org/10.1073/pnas.1115365109.

Fair, D. A., Dosenbach, N. U., Moore, A. H., Satterthwaite, T. D., & Milham,
M. P. (2021). Developmental cognitive neuroscience in the era of networks
and big data: Strengths, weaknesses, opportunities, and threats. Annual
Review of Developmental Psychology, 3, 249-275.

Feczko, E., Miranda-Dominguez, O., Marr, M., Graham, A. M., Nigg, J. T, &
Fair, D. A. (2019). The heterogeneity problem: Approaches to identify
psychiatric subtypes. Trends in Cognitive Sciences, 23(7), 584-601. https://
doi.org/10.1016/j.tics.2019.03.009.

Fergusson, D. M., Horwood, L. ]., & Lynskey, M. T. (1995). Maternal depressive
symptoms and depressive symptoms in adolescents. Journal of Child Psych-
ology and Psychiatry, 36(7), 1161-1178. https://doi.org/10.1111/j.1469-
7610.1995.tb01363.x.

Fisher, A. J., Medaglia, J. D., & Jeronimus, B. F. (2018). Lack of group-to-
individual generalizability is a threat to human subjects research. Proceedings
of the National Academy of Sciences, 115(27), E6106-E6115. https://doi.
0rg/10.1073/pnas.1711978115.

Foulkes, L., & Blakemore, S.-J. (2018). Studying individual differences in human
adolescent brain development. Nature Neuroscience, 21(3), 315-323. https://
doi.org/10.1038/541593-018-0078-4.

https://doi.org/10.1017/50033291726104115 Published online by Cambridge University Press

Felicia A. Hardi et al.

Gard, A. M., Hyde, L. W., Heeringa, S. G., West, B. T., & Mitchell, C. (2023).
Why weight? Analytic approaches for large-scale population neuroscience
data. Developmental Cognitive Neuroscience, 59, 101196. https://doi.org/
10.1016/j.dcn.2023.101196.

Gee, D. G. (2021). Early adversity and development: Parsing heterogeneity and
identifying pathways of risk and resilience. American Journal of Psychiatry,
178(11), 998-1013. https:/doi.org/10.1176/appi.ajp.2021.21090944.

Germdan, M., Gonzales, N. A., & Dumka, L. (2009). Familism values as a
protective factor for mexican-origin adolescents exposed to deviant peers.
The Journal of Early Adolescence, 29(1), 16—42. https://doi.org/10.1177/
0272431608324475.

Gordon, E. M., Laumann, T. O., Gilmore, A. W., Newbold, D. J., Greene, D. .,
Berg, J. J., ... Dosenbach, N. U. F. (2017). Precision functional mapping of
individual human brains. Neuron, 95(4), 791-807, e7. https://doi.org/
10.1016/j.neuron.2017.07.011.

Gratton, C., Laumann, T. O., Nielsen, A. N., Greene, D. J., Gordon, E. M.,
Gilmore, A. W.,, ... Petersen, S. E. (2018). Functional brain networks are
dominated by stable group and individual factors, not cognitive or daily
variation. Neuron, 98(2), 439-452, 5. https://doi.org/10.1016/j.neuron.
2018.03.035.

Green, J. G., McLaughlin, K. A, Berglund, P. A., Gruber, M. J., Sampson, N. A.,
Zaslavsky, A. M., & Kessler, R. C. (2010). Childhood adversities and adult
psychiatric disorders in the national comorbidity survey replication I: Asso-
ciations with first onset of DSM-IV disorders. Archives of General Psychiatry,
67(2), 113-123. https://doi.org/10.1001/archgenpsychiatry.2009.186.

Greenough, W. T., Black, J. E., & Wallace, C. S. (2002). Experience and brain
development (p. 216). Blackwell Publishing.

Gullone, E., & Taffe, J. (2012). The emotion regulation questionnaire for
children and adolescents (ERQ-CA): A psychometric evaluation. Psycho-
logical Assessment, 24(2), 409—417. https://doi.org/10.1037/a0025777.

Hagler, D. ., Hatton, S., Cornejo, M. D., Makowski, C., Fair, D. A,, Dick, A.S,, ...
Harms, M. P. (2019). Image processing and analysis methods for the ado-
lescent brain cognitive development study. Neurolmage, 202, 116091.

Hardi, F. A,, Beltz, A. M., McLoyd, V., Brooks-Gunn, J., Huntley, E., Mitchell, C.,
... Monk, C. S. (2024). Latent profiles of childhood adversity, adolescent
mental health, and neural network connectivity. JAMA Network Open, 7(8),
€2430711. https://doi.org/10.1001/jamanetworkopen.2024.30711.

Hardi, F. A., Peckins, M. K., Mitchell, C., McLoyd, V., Brooks-Gunn, J., Hyde,
L. W.,, & Monk, C. S. (2024). Childhood adversity and adolescent mental
health: Examining cumulative and specificity effects across contexts and
developmental timing. Development and Psychopathology, 1-17. https://
doi.org/10.1017/50954579424001512.

Hosseini-Kamkar, N., Varvani Farahani, M., Nikolic, M., Stewart, K., Gold-
smith, S., Soltaninejad, M., ... Leyton, M. (2023). Adverse life experiences and
brain function: A meta-analysis of functional magnetic resonance imaging
findings. JAMA Network Open, 6(11), €2340018. https://doi.org/10.1001/
jamanetworkopen.2023.40018.

Howard, M. C., & Hoffman, M. E. (2018). Variable-centered, person-centered,
and person-specific approaches: Where theory meets the method. Organiza-
tional Research Methods, 21(4), 846-876. https://doi.org/10.1177/109442
8117744021.

Jose, P. E., Ryan, N., & Pryor, J. (2012). Does social connectedness promote a
greater sense of well-being in adolescence over time? Journal of Research on
Adolescence, 22(2), 235-251. https://doi.org/10.1111/j.1532-7795.2012.00783 x.

Kaiser, R. H., Andrews-Hanna, J. R., Wager, T. D., & Pizzagalli, D. A. (2015).
Large-scale network dysfunction in major depressive disorder: Meta-analysis
of resting-state functional connectivity. JAMA Psychiatry, 72(6), 603—611.
https://doi.org/10.1001/jamapsychiatry.2015.0071.

Karcher, N. R,, & Barch, D. M. (2021). The ABCD study: Understanding the
development of risk for mental and physical health outcomes. Neuropsycho-
pharmacology, 46(1), 131-142. https://doi.org/10.1038/s41386-020-0736-6.

Kievit, R. A., Frankenhuis, W. E., Waldorp, L. J., & Borsboom, D. (2013).
Simpson’s paradox in psychological science: A practical guide. Frontiers in
Psychology, 4, 513.

Lacey, R. E., & Minnis, H. (2020). Practitioner review: Twenty years of research
with adverse childhood experience scores — Advantages, disadvantages and
applications to practice. Journal of Child Psychology and Psychiatry, 61(2),
116-130. https://doi.org/10.1111/jcpp.13135.


https://doi.org/10.1038/npp.2015.252
https://doi.org/10.1038/npp.2015.252
https://doi.org/10.1037/amp0000768
https://doi.org/10.1037/0003-066X.32.7.513
https://doi.org/10.1037/0003-066X.32.7.513
https://doi.org/10.1037/a0034094
https://doi.org/10.1016/j.dcn.2018.03.001
https://doi.org/10.1016/j.dcn.2018.03.001
https://doi.org/10.1016/j.dcn.2017.06.005
https://doi.org/10.1016/j.neuron.2014.05.014
https://doi.org/10.1016/j.neuroimage.2021.118262
https://doi.org/10.1016/j.neuroimage.2021.118262
https://doi.org/10.1038/nm.4246
https://doi.org/10.1038/nm.4246
https://doi.org/10.1038/s41467-021-27336-y
https://doi.org/10.1073/pnas.1115365109
https://doi.org/10.1016/j.tics.2019.03.009
https://doi.org/10.1016/j.tics.2019.03.009
https://doi.org/10.1111/j.1469-7610.1995.tb01363.x
https://doi.org/10.1111/j.1469-7610.1995.tb01363.x
https://doi.org/10.1073/pnas.1711978115
https://doi.org/10.1073/pnas.1711978115
https://doi.org/10.1038/s41593-018-0078-4
https://doi.org/10.1038/s41593-018-0078-4
https://doi.org/10.1016/j.dcn.2023.101196
https://doi.org/10.1016/j.dcn.2023.101196
https://doi.org/10.1176/appi.ajp.2021.21090944
https://doi.org/10.1177/0272431608324475
https://doi.org/10.1177/0272431608324475
https://doi.org/10.1016/j.neuron.2017.07.011
https://doi.org/10.1016/j.neuron.2017.07.011
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1001/archgenpsychiatry.2009.186
https://doi.org/10.1037/a0025777
https://doi.org/10.1001/jamanetworkopen.2024.30711
https://doi.org/10.1017/S0954579424001512
https://doi.org/10.1017/S0954579424001512
https://doi.org/10.1001/jamanetworkopen.2023.40018
https://doi.org/10.1001/jamanetworkopen.2023.40018
https://doi.org/10.1177/1094428117744021
https://doi.org/10.1177/1094428117744021
https://doi.org/10.1111/j.1532-7795.2012.00783.x
https://doi.org/10.1001/jamapsychiatry.2015.0071
https://doi.org/10.1038/s41386-020-0736-6
https://doi.org/10.1111/jcpp.13135
https://doi.org/10.1017/S0033291726104115

Psychological Medicine

Li, S. T., Nussbaum, K. M., & Richards, M. H. (2007). Risk and protective factors
for urban African—American youth. American Journal of Community Psych-
ology, 39(1), 21-35. https://doi.org/10.1007/s10464-007-9088-1.

Lynch, C.]., Elbau, I. G., Ng, T., Ayaz, A., Zhu, S., Wolk, D., ... Liston, C. (2024).
Frontostriatal salience network expansion in individuals in depression.
Nature, 633(8030), 624—633. https://doi.org/10.1038/s41586-024-07805-2.

Lyon, A. R, & Budd, K. S. (2010). A community mental health implementation
of parent—child interaction therapy (PCIT). Journal of Child and Family
Studies, 19(5), 654-668. https://doi.org/10.1007/s10826-010-9353-z.

Magnusson, D. (1985). Implications of an interactional paradigm for research
on human development. International Journal of Behavioral Development,
8(2), 115-137. https://doi.org/10.1177/016502548500800201.

Magnusson, D., & Stattin, H. (2007). The person in context: A holistic-inter-
actionistic approach. Handbook of child psychology, 1.

Marek, S., Hwang, K., Foran, W., Hallquist, M. N., & Luna, B. (2015). The
contribution of network organization and integration to the development of
cognitive control. PLoS Biology, 13(12), e1002328.

Marek, S., Tervo-Clemmens, B., Calabro, F. J., Montez, D. F., Kay, B. P., Hatoum,
A. S, ... Dosenbach, N. U. F. (2022). Reproducible brain-wide association
studies require thousands of individuals. Nature, 603(7902), 654-660.
https://doi.org/10.1038/s41586-022-04492-9.

Masarik, A. S., & Conger, R. D. (2017). Stress and child development: A review of
the Family Stress Model. Current Opinion in Psychology, 13, 85-90. https://
doi.org/10.1016/j.copsyc.2016.05.008.

McEwen, B. S. (2012). Brain on stress: How the social environment gets under
the skin. Proceedings of the National Academy of Sciences, 109(Suppl 2),
17180-17158 https://doi.org/10.1073/pnas.1121254109.

McLaughlin, K. A., Greif Green, J., Gruber, M. J., Sampson, N. A., Zaslavsky,
A. M., & Kessler, R. C. (2012). Childhood adversities and first onset of
psychiatric disorders in a national sample of US adolescents. Archives of
General Psychiatry, 69(11), 1151-1160. https://doi.org/10.1001/archgenpsy-
chiatry.2011.2277.

McLoyd, V. C. (1998). Socioeconomic disadvantage and child development (Vol.
20). American Psychologist.

Menon, V. (2011). Large-scale brain networks and psychopathology: A unifying
triple network model. Trends in Cognitive Sciences, 15(10), 483—506. https://
doi.org/10.1016/j.tics.2011.08.003.

Menon, V. (2020). Brain networks and cognitive impairment in psychiatric
disorders. World Psychiatry, 19(3), 309.

Menon, V., & Uddin, L. Q. (2010). Saliency, switching, attention and control: A
network model of insula function. Brain Structure and Function, 214(5-6),
655—667. https://doi.org/10.1007/s00429-010-0262-0.

Molenaar, P. C. M. (2004). A Manifesto on psychology as idiographic science:
Bringing the person back into scientific psychology, this time forever. Meas-
urement: Interdisciplinary Research and Perspectives, 2(4), 201-218. https://
doi.org/10.1207/s15366359mea0204_1.

Molenaar, P. C. M. (2015). On the relation between person-oriented and
subject-specific approaches. Journal for Person-Oriented Research, 1(1-2),
34-41. https://doi.org/10.17505/jpor.2015.04.

Petersen, A. C., Crockett, L., Richards, M., & Boxer, A. (1988). A self-report
measure of pubertal status: Reliability, validity, and initial norms. Journal of
Youth and Adolescence, 17(2), 117-133. https://doi.org/10.1007/BF01537962.

Raichle, M. E. (2015). The brain’s default mode network. Annual Review of
Neuroscience, 38(1), 433—447. https://doi.org/10.1146/annurev-neuro-
071013-014030.

Repetti, R. L., Taylor, S. E., & Seeman, T. E. (2002). Risky families: Family social
environments and the mental and physical health of offspring. Psychological
Bulletin, 128(2), 330-366. https://doi.org/10.1037/0033-2909.128.2.330.

https://doi.org/10.1017/50033291726104115 Published online by Cambridge University Press

11

Richard, J., Rebinsky, R., Suresh, R., Kubic, S., Carter, A., Cunningham, J. E. A,,
... Sorin, M. (2022). Scoping review to evaluate the effects of peer support on
the mental health of young adults. BMJ Open, 12(8), e061336. https://doi.
org/10.1136/bmjopen-2022-061336.

Richards, J. M., & Gross, J. J. (2000). Emotion regulation and memory: The
cognitive costs of keeping one’s cool. Journal of Personality and Social
Psychology, 79(3), 410.

Robinson, H., Dave, N., Barzilay, R., Wagner, A., Kells, N., & Keller, A. S. (2025).
The effect of the ‘exposome’ on developmental brain health and cognitive
outcomes. Neuropsychopharmacology 51, 169-184. https://doi.org/10.1038/
541386-025-02180-6.

Rutter, M. (2005). How the environment affects mental health. The British
Journal of Psychiatry, 186(1), 4-6. https://doi.org/10.1192/bjp.186.1.4.

Sameroff, A. J. (2009). The transactional model of development: How children
and contexts shape each other. American Psychological Association. https://
doi.org/10.1037/11877-000.

Satterthwaite, T. D., Wolf, D. H., Roalf, D. R., Ruparel, K., Erus, G., Vandekar, S.,
... Hakonarson, H. (2015). Linked sex differences in cognition and functional
connectivity in youth. Cerebral Cortex, 25(9), 2383-2394.

Sheline, Y. I, Price, J. L., Yan, Z, & Mintun, M. A. (2010). Resting-state
functional MRI in depression unmasks increased connectivity between net-
works via the dorsal nexus. Proceedings of the National Academy of Sciences,
107(24), 11020-11025.

Sherman, L. E., Rudie, J. D., Pfeifer, J. H., Masten, C. L., McNealy, K., & Dapretto,
M. (2014). Development of the default mode and central executive networks
across early adolescence: A longitudinal study. Developmental Cognitive
Neuroscience, 10, 148-159.

Sylvester, C. M., Corbetta, M., Raichle, M., Rodebaugh, T., Schlaggar, B., Sheline,
Y., ... Lenze, E. (2012). Functional network dysfunction in anxiety and
anxiety disorders. Trends in Neurosciences, 35(9), 527—535.

Uddin, L. Q. (2015). Salience processing and insular cortical function and
dysfunction. Nature Reviews Neuroscience, 16(1), 55-61. https://doi.org/
10.1038/nrn3857.

Uddin, L. Q., Betzel, R. F.,, Cohen, J. R.,, Damoiseaux, J. S., De Brigard, F.,
Eickhoff, S. B., ... Spreng, R. N. (2023). Controversies and progress on
standardization of large-scale brain network nomenclature. Network Neuro-
science, 7(3), 864-905. https://doi.org/10.1162/netn_a_00323.

Uddin, L. Q., Yeo, B. T. T., & Spreng, R. N. (2019). Towards a universal
taxonomy of macro-scale functional Human brain networks. Brain Topog-
raphy, 32(6), 926-942. https://doi.org/10.1007/s10548-019-00744-6.

Westlin, C., Theriault, J. E., Katsumi, Y., Nieto-Castanon, A., Kucyi, A., Ruf,
S. F.,, ... Barrett, L. F. (2023). Improving the study of brain-behavior rela-
tionships by revisiting basic assumptions. Trends in Cognitive Sciences, 27(3),
246-257. https://doi.org/10.1016/j.tics.2022.12.015.

Woodward, N. D., & Cascio, C. J. (2015). Resting-state functional connectivity
in psychiatric disorders. JAMA Psychiatry, 72(8), 743-744. https://doi.
org/10.1001/jamapsychiatry.2015.0484.

Xia, C. H., Ma, Z., Ciric, R, Gu, S., Betzel, R. F., Kaczkurkin, A. N., ...
Satterthwaite, T. D. (2018). Linked dimensions of psychopathology and
connectivity in functional brain networks. Nature Communications, 9(1),
3003. https://doi.org/10.1038/s41467-018-05317-y.

Zanto, T. P., & Gazzaley, A. (2013). Fronto-parietal network: Flexible hub of
cognitive control. Trends in Cognitive Sciences, 17(12), 602—603. https://doi.
org/10.1016/j.tics.2013.10.001.

Zelazo, P. D., Anderson, J. E., Richler, J., Wallner-Allen, K., Beaumont, J. L., &
Weintraub, S. (2013). II. Nih toolbox cognition battery (CB): Measuring
executive function and attention. Monographs of the Society for Research in
Child Development, 78(4), 16-33. https://doi.org/10.1111/m;0n0.12032.


https://doi.org/10.1007/s10464-007-9088-1
https://doi.org/10.1038/s41586-024-07805-2
https://doi.org/10.1007/s10826-010-9353-z
https://doi.org/10.1177/016502548500800201
https://doi.org/10.1038/s41586-022-04492-9
https://doi.org/10.1016/j.copsyc.2016.05.008
https://doi.org/10.1016/j.copsyc.2016.05.008
https://doi.org/10.1073/pnas.1121254109
https://doi.org/10.1001/archgenpsychiatry.2011.2277
https://doi.org/10.1001/archgenpsychiatry.2011.2277
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1207/s15366359mea0204_1
https://doi.org/10.1207/s15366359mea0204_1
https://doi.org/10.17505/jpor.2015.04
https://doi.org/10.1007/BF01537962
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1037/0033-2909.128.2.330
https://doi.org/10.1136/bmjopen-2022-061336
https://doi.org/10.1136/bmjopen-2022-061336
https://doi.org/10.1038/s41386-025-02180-6
https://doi.org/10.1038/s41386-025-02180-6
https://doi.org/10.1192/bjp.186.1.4
https://doi.org/10.1037/11877-000
https://doi.org/10.1037/11877-000
https://doi.org/10.1038/nrn3857
https://doi.org/10.1038/nrn3857
https://doi.org/10.1162/netn_a_00323
https://doi.org/10.1007/s10548-019-00744-6
https://doi.org/10.1016/j.tics.2022.12.015
https://doi.org/10.1001/jamapsychiatry.2015.0484
https://doi.org/10.1001/jamapsychiatry.2015.0484
https://doi.org/10.1038/s41467-018-05317-y
https://doi.org/10.1016/j.tics.2013.10.001
https://doi.org/10.1016/j.tics.2013.10.001
https://doi.org/10.1111/m;ono.12032
https://doi.org/10.1017/S0033291726104115

	Childhood environment clusters reveal heterogeneous associations between large-scale brain networks and youth mental health symptoms
	Introduction
	Methods and materials
	Setting and participants
	Measures
	Childhood environment
	Mental health symptoms
	Functional magnetic resonance imaging (fMRI)

	Statistical analysis
	Childhood environment groups
	Group differences in trajectories of mental health symptoms
	Group differences in brain-behavior coupling across time

	Sensitivity analyses

	Results
	Youth characteristics differ across identified childhood environment groups
	Mental health trajectories differ across childhood environment groups
	Associations between brain networks and internalizing symptoms were examined within childhood environment groups, but not in the full sample
	Results from sensitivity analyses

	Discussion
	Conclusions
	Supplementary material
	Author contribution
	Funding statement
	Competinginterests
	References


