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Early life adversity (ELA) is highly prevalent and has significant detrimental effects on children’s brain development and behavioral
outcomes. However, associations of threat, unpredictability, and deprivation in dimensional models of ELA with corticolimbic
circuits were unclear. Previous studies have highlighted the effects of proximity, especially the distinctions between interpersonal
and socioeconomic ELA, on children’s neurodevelopment. This study first examined the associations between multiple ELA
categories (i.e., interpersonal threat, socioeconomic threat, interpersonal unpredictability, socioeconomic unpredictability,
interpersonal deprivation, and socioeconomic deprivation) and the developmental changes in resting-state functional connectivity
(rsFC) of the frontolimbic and temporal-limbic circuits implicated in cognition and psychopathology, using data from the
Adolescent Brain Cognitive Development (ABCD) study, which included four measurements from baseline (mean = SD age,
119.13 £ 7.51 months; 2815 females) to 3-year follow-up (N = 5885). Controlling for concurrent ELA categories, interpersonal
unpredictability and socioeconomic deprivation were associated with accelerated development of rsFC between CON/RTN-
amygdala/hippocampus (Cingulo-opercular Network, Retrosplenial Temporal Network). Compared to girls, boys’ corticolimbic
circuits development was more sensitive to interpersonal threat. Changes in rsFC mediated the associations between interpersonal
unpredictability/socioeconomic deprivation with decreased crystallized cognition, fluid cognition, and internalizing problems.
Additionally, socioeconomic deprivation was associated with decreased crystallized cognition through interpersonal
unpredictability and changes in rsFC between CON and bilateral amygdala/right hippocampus. This study emphasized
interpersonal unpredictability and socioeconomic deprivation as key environmental factors affecting corticolimbic circuit
development implicated in cognition and psychopathology. Stable family environments and enriched neighborhoods are crucial
for supporting optimal neural and behavioral development in children and adolescents.
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Approximately 45% children in the United States have experi-
enced at least one type of early life adversity (ELA) [1], which has
significant detrimental effects on children’s brain development
and behavioral outcomes [2, 3], especially during critical periods of
neural plasticity, such as childhood and adolescence [4].

ELA is a broad term that covers a wide range of experiences;
therefore, recent studies have increasingly adopted dimensional
models, which generally include threat, deprivation, and unpre-
dictability based on their distinct effects on children’s neurode-
velopment and psychopathology [5-7]. Threat indicates harm or
harm threat resulting in extrinsic morbidity-mortality to children
[5]. Deprivation involves limited or reduced social and cognitive
inputs from the environment [6, 7]. Unpredictability reflects
spatial-temporal variation in threat or deprivation [5]. Unpredict-
ability has been studied less extensively than threat and
deprivation, yet it plays an important and distinct role [8].
Although dimensional models significantly improve our under-
standing of the distinct effects of ELA on children’s and

adolescents’ brain development, previous findings are highly
inconsistent regarding the specific patterns of the influence on
large-scale brain networks and frontolimbic system [9, 10]. For
example, childhood violence threat, but not social deprivation,
was associated with decreased connectivity within salience
network (SN) [11]. However, both threat and deprivation were
associated with increased connectivity within SN in another study
[12]. Moreover, prior research found that unpredictability was
associated with changes in connectivity of the cingulo-opercular
network (CON) and default mode network (DMN) [13], while some
studies have only identified its association with a weakened SN,
but with no connection to the DMN or other networks [14, 15].
Even within the same ELA dimension (e.g., threat), studies
investigating the associations between threat and resting-state
functional connectivity (rsFC) of the emotion circuits have yielded
mixed results: high-threat environments have been associated
with lower rsFC [16], greater rsFC [17], and no significant
associations [18]. It might suggest the need for a more nuanced
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analysis of ELA dimensions, taking into account other factors that
contribute to adolescents’ altered neural and behavioral develop-
ment. The integrated model of dimensions, which includes both
proximal and distal cues to detect harshness (threat and
deprivation) and unpredictability, proposed that individuals
calibrate their development in response to both immediate
rearing environments and broader ecological contexts [19]. This
model highlighted that the proximity of ELA might be a key
dimension in understanding the role of ELA.

The nature of ELA that occurs in hierarchical ecological contexts
varying in proximity to the child, whether interpersonal or
socioeconomic (with interpersonal factors being more proximal
and socioeconomic factors being more distal), stands out as a
significant ecological factor due to its robust and distinct effects on
human’s development [20-22]. Interpersonal ELA refers to the ELA
that involves at least one primary caregiver, including caregiving
disruptions, caregiver psychopathology, maltreatment, and inter-
personal trauma; whereas socioeconomic ELA, a non-interpersonal
and distal adversity factor, refers to ELA related to socioeconomic or
neighborhood disadvantages, including low family socioeconomic
status, community crime/violence exposure, neighborhood trauma,
and area deprivation [23]. Interpersonal and socioeconomic ELA
may have diverse effects on individuals’ brain and behaviors [23].
Interpersonal ELA primarily affected affective brain regions (e.g., the
amygdala, striatum, and hippocampus) [24-27]. Socioeconomic
ELA, which may be orthogonal to interpersonal ELA [23], was
suggested to affect the availability of material resources and
cognitive enrichment opportunities, and therefore was more likely
to influence cortical regions crucial for language, executive
functions, and sensorimotor processing [28-30].

Importantly, dimensional models and the proximity of ELA are
not mutually exclusive; they can be integrated to refine the
categorization of ELA. Threat and deprivation can both occur in
close caregiver-child proximity [31]. A recent study employing
mixed graphical models to obtain ELA categories revealed that
deprivation could be split into parental neglect (interpersonal
deprivation) and financial difficulties (socioeconomic deprivation),
which had diverse effects on neurodevelopment [32]. Consistent
with this finding, caregiver neglect (interpersonal deprivation) was
associated with greater fractional anisotropy (FA) in the left
uncinate, while food insecurity (socioeconomic deprivation) was
associated with reduced FA in the left anterior limb of the internal
capsule and greater FA in the left uncinate [33]. Moreover,
violence occurring at home (interpersonal threat) was associated
with multiple internalizing and externalizing problems, whereas
violence exposure in the community (socioeconomic threat) was
not [34]. Unpredictability is also frequently experienced both in
interpersonal context (e.g., child-care) and socioeconomic context
(e.g., income) [35]. Income fluctuations (socioeconomic unpredict-
ability) were associated with children’s cognitive development
[35-37], while variations in interpersonal factors, such as child-care
(interpersonal unpredictability), were more likely to be related to
children’s emotional responses [38]. Furthermore, in a recent
meta-analysis, interpersonal ELA (including both threat and
deprivation) demonstrated dissimilarity from socioeconomic ELA
(also including both threat and deprivation) in the effects on the
development of the brain structure in children from birth to
adulthood; specifically, interpersonal ELA was associated with
altered volumes in frontolimbic regions, whereas socioeconomic
ELA was associated with altered volumes in temporal-limbic
regions [23]. The distinction between interpersonal and socio-
economic factors may be one of reasons underlying the
inconsistent associations between ELA dimensions and frontolim-
bic circuits. Additionally, to ascertain specificity, it is indispensable
to concurrently measure diverse dimensions of ELA and incorpo-
rate them into a unified statistical model [39]; however, limited
studies have examined the relative importance and distinct
neurobehavioral effects of ELA dimensions while controlling for
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concurrent ELA, limiting our understanding of these effects within
their interconnected nature [40]. In this study, therefore, we
leveraged multiple ELA types in the Adolescent Brain Cognitive
Development Study (ABCD) and integrated six categories of ELA,
characterized by proximity (interpersonal and socioeconomic) and
dimensions (threat, unpredictability, and deprivation), to elucidate
their associations with brain and behavioral development and to
identify the adverse factors that had the most significant influence
on the development of children and adolescents.

Moreover, socioeconomic ELA may affect children indirectly via
interpersonal ELA [28, 41]. Unpredictable parental signals (inter-
personal unpredictability) represented a pathway accounting for
the association between established forms of ELA (e.g., poverty;
socioeconomic deprivation) and development [35]. Therefore, we
further explored the transmission from distal ecological contextual
factors (e.g., socioeconomic ELA) to the proximal hierarchy (e.g.,
interpersonal ELA). We conducted serial mediation models to
examine whether the effects of socioeconomic ELA on adolescent
behavioral outcomes were mediated by interpersonal ELA and
adolescent brain development.

RSFC provides a robust approach to examine the neurobiological
pathways linking ELA and child development, which has greater test-
retest reliability and a stronger signal-to-noise ratio compared to task-
based magnetic resonance imaging (MRI) [42]. Previous work has
mainly focused on rsFC of the frontolimbic circuitry (e, CON-
amygdala/hippocampus) [43, 44], though more cortical regions may
be associated with ELA, such as the temporal cortex (eg., the
retrosplenial-temporal network; RTN). The CON, encompassing the
dorsal anterior cingulate cortex and bilateral anterior insula, consis-
tently activates during tasks involving error detection and ongoing task
management [45]. The frontolimbic circuitry mainly functions in
emotional processing and regulation [25]. The RTN, a community of
retrosplenial and ventral temporal cortex [46], which was connected to
amygdala/hippocampus (i.e, temporalHimbic circuits), was also asso-
ciated with emotional and executive functions; for example, greater
connectivity was found between the right amygdala and temporal
areas during angry face processing compared to happy faces [47].
Additionally, the RTN is closely linked to structures in the medial
temporal lobe (e.g., parahippocampal gyrus), which plays a unique role
in memory functions, encompassing episodic and working memory as
well as spatial navigation [48, 49].

Moreover, the CON, medial temporal cortex, and limbic regions
including amygdala and hippocampus, all undergo dynamic reorga-
nization in childhood and adolescence [50, 51]. There is a tendency for
segregation in the rsFC between CON and the limbic regions (i.e.,
amygdala and hippocampus) [43]; however, the normative develop-
mental trajectories of RTN-amygdala/hippocampus remain unclear.
The stress acceleration theory suggests that ELA accelerates neural
development, marked by faster maturation of the frontolimbic circuits
[25, 52]. Although being evolutionarily adaptive in the short term,
deviations from the typical neural development may be detrimental to
various cognitive and emotional processes in the long run [12, 53, 54].
The existing work of ELA, however, has mostly relied on cross-sectional
designs [25], which hinders our understanding of how ELA alters the
normative developmental patterns of brain and its implications for
subsequent cognitive impairments and psychopathology; therefore,
longitudinal studies with larger sample sizes (e.g, ABCD) and
incorporating more corticolimbic circuits (e.g., temporal-limbic circuitry)
are needed.

Furthermore, there is growing evidence indicating sexually
dimorphic responses to interpersonal or socioeconomic factors
and ELA dimensions [12, 35, 55]; therefore, we additionally
examined sex differences in the effects of ELA on rsFC
development and in the mediating effects of rsFC on the
associations between ELA and children’s behaviors. Previous
studies found mixed results regarding performances in cognition
among children who experienced ELA, including adaptation,
maladaptation, and no differences. As such a deeper
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Fig. 1 Research aims. The blue arrows represent the associations
between interpersonal/socioeconomic early life adversity (ELA)
dimensions andresting-state functional connectivity (RSFC) of the
corticolimbic circuits (1.1). The purple arrows indicate the mediating
role of RSFC in the link between ELA and adolescent behaviors (2.1).

understanding of how multiple categories of ELA are related to
the nuanced components of cognition (e.g., working memory,
inhibitory control) and the underlying neural mechanisms is
needed [56].

In summary, we had three major aims and hypotheses (Fig. 1).
First, we examined the effects of six categories of ELA (i.e.,
interpersonal threat, socioeconomic threat, interpersonal unpre-
dictability, socioeconomic unpredictability, interpersonal depriva-
tion, and socioeconomic deprivation) on the changes in rsFC of
the frontolimbic and temporal-limbic circuits (i.e, CON/RTN-
amygdala/hippocampus) from baseline to 2-year follow-up. To
examine the relative importance of different types of ELA, we
controlled for concurrent ELA categories in a unified model. We
hypothesized that CON-amygdala/hippocampus rsFC would
decrease from baseline to 2-year follow-up, with greater
exposures to ELA accelerating these changes based on the stress
acceleration theory; however, as exploratory analyses, we did not
make specific hypotheses regarding changes in RTN-amygdala/
hippocampus rsFC and the effects of ELA on the changes due to
limited prior research. Second, we examined the mediating effects
of changes in rsFC and hypothesized that ELA would be associated
with atypical development of CON/RTN-amygdala/hippocampus
rsFC, which in turn would reduce adolescents’ concurrent
cognitive abilities (crystallized cognition, fluid cognition, and
specific task scores) and increase their subsequent behavioral
problems at the 3-year follow-up, controlling for their baseline
levels. We further tested sex differences in the two steps
mentioned above but refrained from making specific hypotheses
due to insufficient evidence regarding the complex effects of
these ELA categories. Third, as exploratory analyses, we examined
whether socioeconomic ELA dimensions indirectly predicted
adolescent behavioral outcomes through serial mediation path-
ways involving interpersonal ELA dimensions and changes in rsFC.

MATERIALS AND METHODS

Participants

Participants were from the ABCD study (https://abcdstudy.org/). The ABCD
study is an ongoing longitudinal study that has recruited 11 868 children
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The red arrows represent the multiple mediation pathways through
which interpersonal ELA and RSFC mediate the association between
socioeconomic ELA andadolescent behaviors (3). Yellow indcates sex
differences (1.2 & 2.2).

(9-10 years of age) from 21 study sites across the United States [57]. We
used baseline, 1-year, 2-year, and 3-year follow-up data from the 5.0
release. After excluding participants who did not have resting-state
functional MRI data (rs-fMRI), or whose rs-fMRI data were recommended
for exclusion by the ABCD analytic core at baseline and 2-year follow-up,
the final sample consisted of N=5 885 participants (see Table 1 for
demographic information).

All procedures were carried out in accordance with the ethical standards
established by the 1964 Declaration of Helsinki and received approval from
the central Institutional Review Board (IRB) at the University of California,
San Diego, as well as from the local IRBs at each study site. All participants
provided informed consent or assent, detailed ethics information can be
found in previous study [58].

Environmental and behavioral data
Interpersonal and socioeconomic threat. We used the Conflict Subscale
from the Family Environment Scale (FES) to measure interpersonal threat
[59], which was reported by youth at baseline. This subscale consists of
nine items assessing the amount of openly expressed conflict among
family members. We used a sum score of these nine items. The higher the
total score, the greater level of interpersonal threat the child experienced.
We used the Neighborhood Safety/Crime Survey to measure socio-
economic threat, which was reported by parents at baseline [60, 61]. This
measure consists of three items assessing feelings about safety in the
respondent’s neighborhood, which were rated on a 5-point Likert-type
scale ranging from “1 =strongly disagree” to “5=strongly agree”. We
reversed the score and computed the mean score of these 3 items to
measure socioeconomic threat. The higher the mean score, the greater
level of socioeconomic threat the child experienced.

Interpersonal and socioeconomic unpredictability. We used a subset of
items from the Life Events Scale (LES) to measure unpredictability [62-64],
which was reported by youth at the 1-year follow-up. LES is a 25-item
questionnaire measuring children’s stressful life events. We operationalized
unpredictability from ancestral cue perspective by measuring classic cues
(e.g., parental transition) that reliably indicated high unpredictability [65],
which were similar to those employed in previous research. For example,
Belsky and colleagues assessed unpredictability using three measures,
containing paternal transitions, household moves, and parental employ-
ment transitions [66]; Mittal and colleagues measured unpredictability
using three items from the Life Stress Inventory [67, 68]: changes in
employment status during the prior year (e.g., periods of unemployment),
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Table 1. Demographic information.
Characteristic n or M£SD
N Total (n Female) 5 885 (2 815)
Age at Baseline, Months 119.13+7.51
Scanner Type at the 2-Year Follow-up SIEMENS 3 858

Philips 1 464

GE 563
Framewise Displacement of rs-fMRI at the 2-Year 0.16+0.13
Follow-up, mm
Race Asian 101

Black 678

Hispanic 1138

White 3 359

Other 609
Parents’ Highest Education Level at Baseline' 17.27 £2.48
Family Income at Baseline? 7.46+2.19
RSFC of CON-aglh at Baseline 0.07 £0.10
RSFC of CON-aglh at the 2-Year Follow-up 0.04+0.11
RSFC of CON-agrh at Baseline —0.02+0.11
RSFC of CON-agrh at the 2-Year Follow-up —0.03£0.11
RSFC of CON-hplh at Baseline —0.03 £0.09
RSFC of CON-hplh at the 2-Year Follow-up —0.05 £ 0.09
RSFC of CON-hprh at Baseline —0.02+£0.10
RSFC of CON-hprh at the 2-Year Follow-up —0.04+0.11
RSFC of RTN-aglh at Baseline —0.07 £0.11
RSFC of RTN-aglh at the 2-Year Follow-up —0.06 £0.11
RSFC of RTN-agrh at Baseline —0.00 £ 0.04
RSFC of RTN-agrh at the 2-Year Follow-up —0.01+0.04
RSFC of RTN-hplh at Baseline —0.07£0.11
RSFC of RTN-hplh at the 2-Year Follow-up —0.09+£0.12
RSFC of RTN-hprh at Baseline —0.04 £ 0.07
RSFC of RTN-hprh at the 2-Year Follow-up —0.02+£0.07

"The scoring for parents’ education level was as follows: 0= Never
attended/Kindergarten only; 1 = 1st grade; 2 =2nd grade; 3 = 3rd grade;
4 = 4th grade; 5 = 5th grade; 6 = 6th grade; 7 = 7th grade; 8 = 8th grade;
9=09th grade; 10=10th grade; 11=11th grade; 12=12th grade;
13 = High school graduate; 14 = GED or equivalent Diploma; 15 = Some
college; 16 = Associate degree: Occupational; 17 = Associate degree:
Academic Program; 18 = Bachelor’s degree (ex. BA; 19 = Master’s degree
(ex. MA; 20 = Professional School degree (ex. MD; 21 = Doctoral degree
(ex. PhD.

’The scoring for family income was as follows: 1=Less than $5000;
2=3%5000 through $11,999; 3=%12,000 through $15,999; 4=$16,000
through $24,999; 5=$25,000 through $34,999; 6=$35,000 through
$49,999; 7 =$50,000 through $74,999; 8 =$75,000 through $99,999;
9 =$100,000 through $199,999; 10 = $200,000 and greater.

rsFC resting-state functional connectivity, CON cingulo-opercular network,
RTN retrosplenial temporal network, aglh left amygdala, agrh right
amygdala, hplh left hippocampus, hprh right hippocampus.

changes in residence during the prior year (e.g., moving to a different
house/apartment) and people moving in and out of the house during the
prior year (e.g., mother’s romantic partners moving in or out; an immediate
family member receiving a jail sentence).

We selected five items pertaining to the unpredictable experiences involving
interactions among family members to assess interpersonal unpredictability:
parents argued more than previously; one parent was away from home more
often; parents separated or divorced; one of the parents/caregivers went to jail;
got new stepmother or stepfather. We selected three items pertaining to the
unpredictable experiences involving household socioeconomic changes to
assess socioeconomic unpredictability: negative change in parent’s financial
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situation; mother/father figure lost job; parent/caregiver got a new job.
Respondents reviewed the list of items and indicated which events occurred.
We used the total number of events to reflect the level of interpersonal/
socioeconomic unpredictability experienced by the children.

Interpersonal and socioeconomic deprivation. We used the Parental
Monitoring Survey (PMS) to measure interpersonal deprivation [69, 70],
which was reported by youth at baseline. The PMS consists of five items
assessing parents’ active efforts to keep track of a child’s whereabouts and
when they are at or not at home (e.g., who they are with; what they are
doing). The scale was rated on a 5-point Likert-type scale ranging from
“1 =never” to “5 =always or almost always”. We reversed the score and
computed the mean score of these five items to measure interpersonal
deprivation. The higher the score, the greater level of interpersonal
deprivation the child experienced.

We used the rate of poverty for participants’ valid primary addresses,
geocoded at the census tract level, to measure socioeconomic deprivation. These
data are from Voxcom (https://www.vox.com/a/lead-exposure-risk-map). The
poverty rate reflects the proportion of individuals living in poverty (—125% of
poverty level) in the neighborhood environment. The higher the proportion, the
greater level of socioeconomic deprivation the child experienced.

Crystallized and fluid cognition. We used the NIH Cognition Toolbox to
measure children’s cognitive abilities, which comprises seven tasks: Picture
Vocabulary, Flanker Inhibitory Control & Attention, Picture Sequence
Memory, Dimensional Change Card Sort, Pattern Comparison Processing
Speed, Oral Reading Recognition, and List Sorting Working Memory [71].
The cognitive tasks were not administered at the 3-year follow-up;
therefore, we used the measures at the 2-year follow-up. The Dimensional
Change Card Sort and List Sorting Working Memory were not administered
at the 2-year follow-up; therefore, we used the other five measures at
baseline and the 2-year follow-up. We used the uncorrected scaled scores
(recommended using for longitudinal analyses by the ABCD group) of
three measures (i.e., Flanker Inhibitory Control & Attention, Picture
Sequence Memory, and Pattern Comparison Processing Speed) to calculate
a mean score of fluid cognition. We used the uncorrected scaled scores of
the crystallized cognition composite (i.e., Picture Vocabulary and Oral
Reading Recognition). We also included the five task-specific scores. The
higher the scores, the greater level of cognitive abilities the children had.

Internalizing ang externalizing problems. We used the Child Behavior
Checklist (CBCL) [72, 73], which measured children’s psychopathology and
behaviors over the past 6 months. Parents reported at baseline and at the 3-year
follow-up. Given we examined longitudinal changes in this study, we used raw
scores rather than sex- and age-corrected T-scores, which was recommended in
previous research [74], from the internalizing and externalizing symptom
subscales, which were rated on a 3-point Likert-type scale ranging from “0 = not
true” to “2 = very true”. The higher the scores, the greater level of internalizing or
externalizing problems the children had.

Imaging data

Imaging procedures have been described in detail in previous study [57].
Participants underwent neuroimaging scans using standardized protocols
across sites. They completed four or five 5-min resting-state scans with
their eyes open, ensuring a minimum of 8 min of data with related low-
motion [75]. In this study, we used resting-state functional MRI data at
baseline and at the 2-year follow-up. The preprocessing of the data was
conducted by the ABCD Data Analysis and Informatics Core using the
standardized ABCD pipeline [75]. The participant’s time courses were pre-
processed and then mapped onto the cortical surface. Average cortical
time courses were derived based on the Gordon functional parcellation
[46], and subcortical time-courses were also computed and labeled using
atlas-based segmentation [76]. The rsFC between Gordon networks and
subcortical regions were calculated (Pearson correlation) and then Fischer
z transformed. We focused on the changes in rsFC between CON/RTN
(Cingulo-opercular Network/Retrosplenial Temporal Network) and amyg-
dala/hippocampus (left and right; aglh represents the left amygdala, agrh
represents the right amygdala, hplh represents the left hippocampus, hprh
represents the right hippocampus), therefore a total of 8 rsFC values.

Statistical analyses

First, to test the associations between interpersonal/socioeconomic ELA
dimensions and changes in rsFC, we conducted models using cluster
robust standard errors (CR-SEs; the highest level - site ID was modeled as
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Fig.2 Changes in rsFC of CON/RTN-amygdala/hippocampus. rsFC resting-state functional connectivity, CON cingulo-opercular network, RTN
retrosplenial temporal network, aglh left amygdala, agrh right amygdala, hplh left hippocampus, hprh right hippocampus. **** p < 0.0001.

clustering variable, TYPE = COMPLEX) [77] to account for the clustering
structure (i.e., multiple children from the same family and site) in Mplus
Version 7.4 [78], with rsFC values as outcomes separately and six ELA
categories as predictors (i.e., interpersonal threat, socioeconomic threat,
interpersonal unpredictability, socioeconomic unpredictability, interperso-
nal deprivation, and socioeconomic deprivation) in the unified models.
Moreover, we included an interaction term of ELA and sex to examine sex
difference in the effects of ELA on rsFC development. Second, we
examined the mediating roles of rsFC in linking interpersonal/socio-
economic ELA dimensions and adolescents’ cognitive abilities as well as
behavioral problems, using 95% bias-corrected confidence intervals (Cls)
with 5 000 bootstrap samples in the mediation analysis. Moreover, we
included an interaction term of ELA and sex to examine sex difference in
the mediating effects of rsFC on the associations between ELA and
children’s behaviors. Finally, we conducted the serial mediation models
using the same methods to examine whether socioeconomic ELA
dimensions indirectly predicted adolescent behavioral outcomes through
serial mediation pathways involving interpersonal ELA dimensions and
changes in rsFC.

In addition to controlling for the concurrent ELA categories in the unified
models to examine their relative importance, we controlled for sex, age, scanner
type, and mean framewise displacement when predicting rsFC at the 2-year
follow-up. We also controlled for rsFC at baseline, therefore, the outcome was
residualized to eliminate baseline connectivity effects, leaving only variances
attributable to developmental change. Moreover, we included parental mental
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health, the number of peers, and community SES as covariates of predictors and
brain variables. In models predicting cognitive abilities at the 2-year follow-up, we
covaried sex, parents’ highest education level, family income, and cognitive
abilities at baseline, as well as age at the 2-year follow-up. In models predicting
behavioral problems at the 3-year follow-up, we also covaried sex, parents’
highest education level, family income, and internalizing/externalizing problems
at baseline, as well as age at the 3-year follow-up. We used winsorization method
to address outliers. Specifically, observations with absolute standard scores
greater than four on any model variables were replaced with the nearest
maximum or minimum value [79, 80]. In all models, residuals were examined to
assess normality, and full information maximum likelihood (FIML) estimation was
utilized to address missing data in the study variables. All statistical tests were
two-sided, and we controlled for multiple comparisons using the false discovery
rate (FDR) correction for the coefficients across the 8 tests of single interpersonal
or socioeconomic ELA dimension.

RESULTS

Correlations between study variables and changes in rsFC
Correlations between all study variables were shown in
Supplementary Fig. 1. Pair-sample t-test indicated that rsFC of
CON-aglh, CON-agrh, CON-hplh, CON-hprh, RTN-agrh, and RTN-
hplh decreased, rsFC of RTN-aglh, and RTN-hprh increased from
baseline to 2-year follow-up (Fig. 2).
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aglh agrh hplh

Fig. 3 Significant Associations between Interpersonal Unpredict-
ability/Socioeconomic Deprivation and Changes in rsFC. Blue lines
indicated the associations between interpersonal unpredictability
and changes in rsFC; red lines indicated the associations between
socioeconomic deprivation and changes in rsFC. Solid lines

Associations between interpersonal/socioeconomic ELA
dimensions with changes in rsFC and sex differences

We found significant associations between interpersonal/socio-
economic ELA dimensions and accelerated development of rsFC.
Specifically, interpersonal unpredictability was associated with a
greater decrease in rsFC of CON-aglh, CON-agrh, CON-hprh, and
RTN-hplh, as well as a greater increase in rsFC of RTN-hprh;
socioeconomic deprivation was associated with a greater decrease
in rsFC of CON-aglh, CON-agrh, CON-hprh, and RTN-hplh, as well
as a greater increase in rsFC of RTN-aglh and RTN-hprh (Fig. 3 and
Supplementary Table 1).

Moreover, we found that sex significantly moderated the
associations between interpersonal threat and rsFC of CON-aglh,
CON-agrh, CON-hprh, and RTN-agrh, as well as the associations
between interpersonal deprivation and rsFC of RTN-hprh (Supple-
mentary Table 2). Specifically, for boys, interpersonal threat was
associated with a greater decrease in rsFC of CON-aglh, CON-agrh,
and CON-hprh, but with a smaller decrease in rsFC of RTN-agrh.
For girls, none of these effects were significant. Additionally, the
association between interpersonal deprivation and changes in
rsFC of RTN-hprh was not significant for either boys or girls
(Supplementary Table 3).

Mediating roles of changes in rsFC between interpersonal/
socioeconomic ELA dimensions with adolescents’ cognitive
abilities/behavioral problems and sex differences

Based on the significant results of the associations between
interpersonal/socioeconomic ELA dimensions and rsFC between
CON/RTN and amygdala/hippocampus (left and right), we
conducted further analyses to test if rsFC mediated the associa-
tions of interpersonal unpredictability and socioeconomic depri-
vation with cognitive abilities as well as behavioral problems,
respectively. The results showed that rsFC of CON-aglh, CON-agrh,
and CON-hprh mediated the associations between interpersonal
unpredictability and crystallized cognition. Specifically, greater
interpersonal unpredictability at the 1-year follow-up was
associated with a greater decrease in rsFC of CON-aglh, CON-
agrh, and CON-hprh, which was associated with lower crystallized
cognition at the 2-year follow-up. Moreover, rsFC of CON-aglh,
CON-agrh, CON-hprh, and RTN-hplh mediated the associations
between socioeconomic deprivation and crystallized cognition,
rsFC  of RTN-hplh mediated the associations between
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Negative effects

————— Positive effects

Socioeconomic
Deprivation

Interpersonal
Unpredictability

hprh

represented positive effects; dashed lines represented negative
effects. rsFC resting-state functional connectivity, CON cingulo-
opercular network, RTN retrosplenial temporal network, aglh left
amygdala, agrh right amygdala, hplh left hippocampus, hprh right
hippocampus.

socioeconomic deprivation and fluid cognition, and rsFC of
CON-hprh mediated the associations between socioeconomic
deprivation and internalizing problems. Specifically, greater socio-
economic deprivation at baseline was associated with a greater
decrease in rsFC of CON-aglh, CON-agrh, CON-hprh, and RTN-hplh,
which was associated with lower crystallized cognition at the
2-year follow-up. Greater socioeconomic deprivation at baseline
was associated with a greater decrease in rsFC of RTN-hplh, which
was associated with lower fluid cognition at the 2-year follow-up.
Additionally, greater socioeconomic deprivation at baseline was
associated with a greater decrease in rsFC of CON-hprh, which was
associated with lower internalizing problems at the 3-year follow-
up (Fig. 4 and Supplementary Table 4).

Moreover, we found that rsFC of CON-agrh mediated the
association between interpersonal unpredictability and perfor-
mance of Picture Sequence Memory, CON-aglh and CON-agrh
mediated the association between interpersonal unpredictability
and performance of Picture Vocabulary. Specifically, greater
interpersonal unpredictability was associated with a greater
decrease in rsFC of CON-agrh, which was associated with lower
scores of Picture Sequence Memory. Greater interpersonal
unpredictability was associated with a greater decrease in rsFC
of CON-aglh and CON-agrh, which were associated with lower
scores of Picture Vocabulary. Moreover, rsFC of CON-hprh and
RTN-hplh mediated the association between socioeconomic
deprivation and the performance of Flanker Inhibitory Control &
Attention, rsFC of CON-agrh mediated the association between
socioeconomic deprivation and the performance of Pattern
Comparison Processing Speed, rsFC of CON-aglh and CON-agrh
mediated the association between socioeconomic deprivation and
the performance of Picture Sequence Memory, and rsFC of CON-
aglh, CON-agrh, and RTN-hplh mediated the association between
socioeconomic deprivation and the performance of Picture
Vocabulary. Specifically, greater socioeconomic deprivation was
associated with a greater decrease in rsFC of CON-hprh and RTN-
hplh, which were associated with lower scores of Flanker
Inhibitory Control & Attention. Greater socioeconomic deprivation
was associated with a greater decrease in rsFC of CON-aglh and
CON-agrh, which were associated with lower scores of Picture
Sequence Memory. Greater socioeconomic deprivation was
associated with a greater decrease in rsFC of CON-aglh, CON-
agrh, and RTN-hplh, which were associated with lower scores of
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Fig. 4 Significant Mediating Effects of Changes in rsFC on the
Associations between Interpersonal Unpredictability/Socioeco-
nomic Deprivation and Adolescent Cognitive abilities/Behavioral
Problems. The two ends of the lines were the lower and upper limits
of the confidence interval, and the middle points were the estimates
of the mediating effects. The y-axis on the left side of the lines
corresponded to the independent variables and mediators, while the

Picture Vocabulary. Greater socioeconomic deprivation was
associated with a greater decrease in rsFC of CON-agrh, which
was associated with higher scores of Pattern Comparison
Processing Speed (Supplementary Table 4).

As for sex differences, we found no sex differences in the
mediating effects of rsFC on the associations between inter-
personal/socioeconomic ELA dimensions and adolescents’ cogni-
tive abilities/behavioral problems (Supplementary Table 5).

Serial mediation models of interpersonal unpredictability and
changes in rsFC

Based on the significant results of the simple mediating effects, we
conducted further analyses to test if interpersonal unpredictability
and rsFC mediated the associations between socioeconomic
deprivation and cognitive abilities as well as behavioral problems,
respectively. The results showed that greater socioeconomic
deprivation was associated with decreased crystallized cognition
through greater interpersonal unpredictability and a greater
decrease in rsFC of CON-aglh/CON-agrh/CON-hprh (Fig. 5 and

Translational Psychiatry (2025)15:168

T
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colors represented the dependent variables in the legend. rsFC
resting-state functional connectivity, U interpersonal unpredictabil-
ity, SD socioeconomic deprivation, CON cingulo-opercular network,
RTN retrosplenial temporal network, aglh left amygdala, agrh right
amygdala, hplh left hippocampus, hprh right hippocampus. *p < 0.1,
* p<0.05, ** p<0.0]1.

Supplementary Table 6); greater socioeconomic deprivation was
associated with worse performance of Picture Sequence Memory
through greater interpersonal unpredictability and a greater
decrease in rsFC of CON-agrh; greater socioeconomic deprivation
was associated with worse performance of Picture Vocabulary
through greater interpersonal unpredictability and a greater
decrease in rsFC of CON-aglh and CON-agrh (Supplementary
Table 6).

DISCUSSION

This is the first study to integrate two classification models/
perspectives of ELA - the dimensional models and the proximity
(interpersonal and socioeconomic) of ELA, and to examine their
associations with adolescent altered neural development, includ-
ing changes in rsFC of frontolimbic and temporal-limbic circuits
(i.e, CON/RTN-amygdala/hippocampus) implicated in cognition
and behavioral problems. We found that the frontolimbic circuits
segregated with development, which was in line with previous
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Fig. 5 Significant Serial Mediation Models of Interpersonal
Unpredictability and Changes in rsFC Between Socioeconomic
Deprivation and Crystallized Cognition. A Multiple mediation
pathways through which interpersonal unpredictability and CON-
aglh rsFC mediate the association between socioeconomic depriva-
tion andadolescent crystallized cognition. B Multiple mediation

research [43]. Limited studies, however, had identified the
developmental trajectory of the temporal-limbic circuitry. This
study provided initial evidence for the typical developmental
patterns of the temporal-limbic circuits: the rsFC between RTN and
left amygdala and right hippocampus increased, whereas the rsFC
between RTN and right amygdala and left hippocampus
decreased. Controlling for concurrent ELA categories, interperso-
nal unpredictability and socioeconomic deprivation were asso-
ciated with accelerated development of frontolimbic and
temporal-limbic circuits. These findings were consistent with the
stress acceleration hypothesis [25] and extended this theory by
containing more widespread cortical cortex (i.e., temporal cortex).

These findings supported and refined the dimensional models
by identifying distinct effects of ELA dimensions (i.e., deprivation
and unpredictability, rather than threat) on the development of
corticolimbic circuits. Previous research has indicated that
deprivation, but not threat, was associated with accelerated
development of task-based functional connectivity between
emotion circuits [10]. Exposed to deprivation led to reduced
proliferation or accelerated pruning of synaptic connections,
which may underlie the accelerating effect [81]. Moreover,
unpredictable caregiving accelerating maturation of the cortico-
limbic circuitry was embedded through early activation of the
neuroendocrine and stress response dysregulation of autonomic
nervous systems [52, 82]. Threat was not associated with the
development of corticolimbic circuits in the unified models;
however, threat may be associated with other regions that were
not measured in this study (e.g., frontoparietal network, default
mode network (DMN), SN, precuneus, insula, and putamen)
[14, 271.

The findings highlighted the significant impact of the proximity
of ELA, whether interpersonal or socioeconomic, on children’s
neural and behavioral development, aligning with the integrated
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pathways through which interpersonal unpredictabilityand CON-
agrh rsFC mediate the association between socioeconomic depriva-
tion andadolescent crystallized cognition. € Multiple mediation
pathways through which interpersonal unpredictability and CON-
hprh rsFC mediate the association between socioeconomic depriva-
tion and adolescent crystallized cognition.

model of dimensions that incorporates both proximal and distal
cues to detect harshness and unpredictability [19]. When
controlling for concurrent ELA categories, interpersonal unpredict-
ability and socioeconomic deprivation emerged as the most
robust factors influencing individuals’ brain and behaviors. The
findings indicated that different proximities (i.e., socioeconomic or
interpersonal) within a single ELA dimension were distinctively
associated with the development of the frontolimbic circuits,
which might help explain the inconsistent associations between
ELA dimensions and the frontolimbic circuits in previous research
[9, 10, 16-18]. Moreover, the significant role of socioeconomic
deprivation in adolescents’ development, which highlighted the
myriad challenges faced by individuals exposed to impoverished
environment, could be attributed to its association with various
risky environmental factors, including exposure to toxins and
stressors, adverse dietary factors, and lack of educational
opportunities [83, 84]. Prior research showed that family financial
difficulty (socioeconomic deprivation) had a stronger association
with functional brain organization compared to other forms of
ELA, such as parental neglect (interpersonal deprivation) [32]. This
study extended the measure of socioeconomic deprivation from
household SES to the neighborhood level, identifying its wide-
spread effects on the maturation of corticolimbic circuits. The
finding was consistent with previous research showing that
neighborhood socioeconomic disadvantages were associated with
structure and rsFC alterations of the brain regions implicated in
affective processing (e.g., the insula, ventromedial prefrontal
cortex, amygdala, and hippocampus) [85, 86].

Interestingly, interpersonal unpredictability exerted a similarly
significant effect on the development of the frontolimbic and
temporal-limbic circuits, highlighting the importance of parental
caregiving during humans’ extended period of development [31].
Although limited studies have distinguished between
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interpersonal and socioeconomic unpredictability, prior studies
identified significant effects of caregiving unpredictability on
adolescents’ neural and behavioral development. For example,
prenatal exposure to maternal mood unpredictability (interperso-
nal unpredictability) was associated with a weakened and
inflexible SN in adolescence [15]. Moreover, the long-lasting
implications of interpersonal unpredictability were demonstrated
through extensive rodent studies conducted by Baram and
colleagues, who identified that unpredictable, fragmented par-
ental signals (interpersonal unpredictability) dysregulate key
physiological systems, including the hypothalamic-pituitary-
adrenal (HPA) axis, gut-brain axis, and metabolism, induce
aberrant synaptic connectivity, and disrupted the maturation of
cortical and limbic circuits, which underlie later memory impair-
ments and anhedonia-like behaviors [87-89]. Compared with
socioeconomic unpredictability, interpersonal unpredictability was
more proximal to children, violated children’s basic safety needs,
heightened their sensitivity to parent-child negative signals, and
had a stronger impact on children’s frontolimbic circuitry involved
in their survival and emotional processing [90, 911.

Moreover, we found that interpersonal threat was associated
with boys’ rsFC in the corticolimbic circuits but showed no such
association in girls. This finding was inconsistent with previous
research indicating girls may exhibit heightened emotional
responses following family conflicts [92]. However, in terms of
brain development, particularly the maturation of corticolimbic
circuitry as examined in this study, whether boys or girls appear to
be more vulnerable remains inconsistent [93, 94] and requires
further detailed investigation in future research.

In analyses of the simple mediation models, we found that rsFC
of corticolimbic circuits mediated the association between
interpersonal unpredictability/socioeconomic deprivation and
decreased crystallized cognition, as well as decreased internalizing
problems. The findings indicated that adolescents who experi-
enced ELA might exhibit both adaptive and maladaptive
behaviors with the “stress accelerated” corticolimbic development.
This accelerating effect might lead to side effects—imbalanced
maturation of the hippocampal cingulum and uncinate fasciculus
—which impairs cognition [93]; crystallized cognition was more
likely to be affected due to its reliance on experiential accumula-
tion [95]. However, ELA or life stress events might have an
ontogenetic adaptation by reducing internalizing problems in the
short term [25, 43, 52]. Notably, repeated exposure to ELA might
impose an allostatic load, accumulating burdens on individual’s
body [40]; the long-term effects of ELA are unclear and need
further study. In this study, ELA was not associated with
adolescents’ externalizing problems via the corticolimbic circuits.
Externalizing problems, however, may be associated with other
brain metrics that were not measured in this study (e.g. rsFC
between CON and DMN) [96]. The coexistence of adaptive and
maladaptive behaviors underscored the need for future research
to examine the long-term effects of interpersonal and socio-
economic ELA dimensions on brain and behaviors as well as the
underlying neural mechanisms.

In predicting the performance of specific cognitive tasks,
socioeconomic deprivation impacted a wide range of tasks,
including Flanker Inhibitory Control & Attention, Pattern Compar-
ison Processing Speed, Picture Sequence Memory, and Picture
Vocabulary, while interpersonal unpredictability was only asso-
ciated with picture-related tasks, through rsFC of the corticolimbic
circuits. These findings were aligned with the definition of
deprivation - limited or reduced social and cognitive inputs from
the environment [6, 7] - thereby restricting children’s general
cognitive development. Interestingly, socioeconomic deprivation
improved the performance of Pattern Comparison Processing
Speed (information processing). This phenomenon can be
explained by the Hidden Talent Hypothesis, as ELA might has an
ontogenetic adaptation to enhance cognitive flexibility [97]. The
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results highlighted the importance of examining the impact of
ELA on specific cognitive aspects, as there may be nuanced
difference among them. Interpersonal unpredictability impaired
specifically picture-related vocabulary knowledge and memory,
which may be due to children’s biased attention to parent-child
negative signals as they exhibited greater ventral attention
network activation during sad or emotional scenes [91].

Moreover, we found that interpersonal unpredictability and
corticolimbic rsFC mediated the association between socioeco-
nomic deprivation and decreased crystallized cognition. The
finding demonstrated the possibility that caregiving unpredict-
ability may be a process through which other forms of ELA (e.g.,
poverty) influence development [35]. Socioeconomic deprivation
occurred alongside various types of ELA and exerted a notable
influence on the immediate environment, including disrupted
family functioning, affecting communication, and parental roles
[98, 99]; therefore, economic strain, which was responsible for
cognitive development (e.g., language processing and executive
functions) [28-30] may operate through a more unpredictable
family environment and inconsistent parental behaviors.

The serial mediation models helped us understand the complex
mechanisms underlying the effects of ELA on brain and behaviors,
allowing us to identify the root causes and pinpoint intervention
targets - neighborhood poverty, to promote stable family
environments and children’s optimal neural and behavioral
development. This conclusion was aligned with the United
Nations’ 2030 Sustainable Development Goal 1—end poverty in
all its forms everywhere (https://sdgs.un.org/goals/goall). This
study underscored the critical roles of family stability and
socioeconomic conditions in shaping child developmental out-
comes. Policymakers and educators could use these insights to
design targeted interventions, such as expanding access to
affordable childcare, offering direct financial support to low-
income families, and implementing parental training programs to
reduce threat and unpredictability in family environments.
Furthermore, longitudinal studies, like the ABCD Study, can be
leveraged to track policy effectiveness over time, providing
empirical evidence for refining interventions to support vulnerable
children.

Limitations

This study has some limitations. First, we only tested how
interpersonal/socioeconomic ELA dimensions associated with
neural and behavioral development over a three-year period.
With the continuation of ABCD study, we hope to examine the
prolonged effects of ELA as the participants enter middle and late
adolescence. Additionally, we did not specifically assess ELA in
infancy or early childhood, which represent critical periods
warranting further exploration. Second, we assessed the rsFC of
corticolimbic circuits and cognitive abilities both at the 2-year
follow-up due to the absence of cognitive assessments at the
3-year follow-up in the ABCD dataset. Future research can further
track changes in cognitive ability with the continuation of the
ABCD study. Third, we measured unpredictability from an
ancestral cues perspective, which made it difficult to clearly
distinguish between threat/deprivation and unpredictability.
Future research can combine the perspectives of statistical
learning and ancestral cues [65]. Finally, we utilized generalized
scales rather than those specifically designed to measure ELA,
which was insufficient to fully capture the different dimensions of
ELA and might affect the generalizability of the conclusions.
Future research should employ more targeted measurements to
validate these findings. Particularly, although informed by
previous studies [66, 67], we assessed unpredictability using items
drawn from another measure rather than a validated instrument
specifically designed for unpredictability. Although our findings
suggested potential differential effects of interpersonal vs. socio-
economic ELA on children’s neural and behavioral development,
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the results should be interpreted with caution. The lack of a
validated measure of unpredictability may account for these
findings. Future studies should utilize validated tools, such as the
Questionnaire of Unpredictability in Childhood (QUIC) [100], to
replicate our findings.

Conclusions

This study found distinct associations between multiple ELA
categories and adolescents’ development. More importantly, this
study highlighted the roles of interpersonal unpredictability and
socioeconomic deprivation as pivotal environmental factors to
influence the development of the corticolimbic circuits implicated
in cognitive function and psychopathology. It is crucial for parents
to provide stable and predictable family environments and for
neighborhoods to provide more enriched environment to benefit
the normative neurodevelopment of children and adolescents,
thereby to promote adaptive cognitive and emotional
development.
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