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Abstract

Traumatic experiences during childhood can have profound effects on stress sensitive

brain structures (e.g., amygdala and hippocampus) and the emergence of psychiatric

symptoms. Recent theoretical and empirical work has delineated dimensions of trauma

(i.e., threat and deprivation) as having distinct neural and behavioral effects, although

there are few longitudinal examinations. A sample of 243 children and adolescents were

followed for three time points, with each assessment approximately 1 year apart (ages

9–15 years at Time 1; 120 males). Participants or their caregiver reported on youths'

threat exposure, perceived stress (Time 1), underwent a T1-weighted structural high-

resolution MRI scan (Time 2), and documented their subsequent psychiatric symptoms

later in development (Time 3). The primary findings indicate that left amygdala volume,

in particular, mediated the longitudinal association between threat exposure and subse-

quent internalizing and externalizing symptomatology. Greater threat exposure related

to reduced left amygdala volume, which in turn differentially predicted internalizing and

externalizing symptoms. Decreased bilateral hippocampal volume was related to subse-

quently elevated internalizing symptoms. These findings suggest that the left amygdala

is highly threat-sensitive and that stress-related alterations may partially explain elevated

psychopathology in stress-exposed adolescents. Uncovering potential subclinical and/or

preclinical predictive biomarkers is essential to understanding the emergence, progres-

sion, and eventual targeted treatment of psychopathology following trauma exposure.
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1 | INTRODUCTION

The developing brain is exquisitely sensitive to traumatic experiences,

with major structural alterations observed and documented for

decades (Teicher & Samson, 2016). However, research mapping the

sequalae of childhood trauma to specific structural alterations has suf-

fered from several methodological limitations including cross-sectional

designs, adults retrospectively reporting on childhood trauma, and
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smaller sample sizes. In addition, historically, the literature has focused

more on general exposure to trauma or childhood maltreatment

(i.e., abuse and neglect). More recently, the field has adopted

approaches that seek to identify the specificity of subtypes of trauma

(e.g., institutional rearing, subtypes of child abuse and neglect) in alter-

ing youth brain development. In so doing, research has revealed dif-

ferences in brain structure that may be attributable to the timing,

severity, and type of childhood trauma experienced (Cassiers

et al., 2018; Cohodes et al., 2020; Edmiston, 2011; Johnson

et al., 2016; Teicher et al., 2016).

A recent theoretical model has proposed that characterizing child-

hood trauma by dimensions of deprivation or threat may offer a more

mechanistic and hypothesis-driven approach to understanding distinct

impacts of childhood trauma on the developing brain and patterns of

psychopathology (dimensional model of adversity and psychopathol-

ogy (DMAP); McLaughlin et al., 2014). Specifically, threat experiences

are those characterized by the threat of physical harm and/or actual

harm (e.g., physical abuse, exposure to domestic, and/or neighbor-

hood violence), which are expected to alter social-affective processing

and the underlying neural structures. In contrast, deprivation experi-

ences are defined by a dearth of cognitive and/or social inputs from

the caregiving environment (e.g., physical neglect, poverty), which are

expected to alter cognitive processing and the supporting neural

structures. Growing empirical support for the DMAP model suggests

that exposure to threat versus deprivation differentially impacts neu-

robiological pathways toward psychopathology. For example, evi-

dence suggests that youths who have been exposed to threat

(e.g., physical abuse, sexual abuse) evince smaller hippocampal and

amygdala volumes, which may confer vulnerability to subsequent

depression (Weissman et al., 2020). There is also evidence that young

children with greater deprivation exposure exhibit poorer cognitive

control skills, while children with greater threat exposure exhibit

poorer discrimination between threat and safety cues in a fear learn-

ing paradigm (Machlin et al., 2019).

Another important facet of trauma that is poorly understood, par-

ticularly in developmental populations, is the extent to which percep-

tions of stress modulate the impact of trauma on brain structure and

subsequent psychopathology. Recent empirical and theoretical work

has highlighted this, suggesting that one of the flaws of adversity

research is that researchers tend to determine which events are

stressful to youth (Danese & Widom, 2020; Smith & Pollak, 2021).

Thus, investigating how youth perceive stressful events is paramount

to understanding whether and how perceptions of stress are conse-

quential to an individuals' neurobiology, perhaps above and beyond

features of the event itself. Indeed, psychological perceptions of

stress are known to be related to both physiological responses to

stress and brain structure, particularly in neural regions affected by

stress (Hashimoto et al., 2015). In the present study, the goal was

two-fold: a) evaluate whether associations between threatening expe-

riences and subsequent psychopathology are mediated by brain struc-

ture in a longitudinal design and b) assess whether perceptions of

stress moderate associations between experiences of threat and neu-

ral alterations. To this end, we focused on two regions that are highly

susceptible to stress hormones (McGaugh & Roozendaal, 2002;

Phelps et al., 2004) and appear to be uniquely sensitive to threatening

experiences, the amygdala and hippocampus (e.g., Foell et al., 2019;

Lambert et al., 2017).

Studies on the effects of trauma on amygdala and hippocampal

volumes have been largely inconsistent, with reports of smaller, larger,

or no volumetric differences (for reviews, see Hanson &

Nacewicz, 2021; Teicher et al., 2016; Teicher & Khan, 2019). There

are also mixed reports regarding specific hemispheric effects of stress

on the amygdalae and hippocampi (Dannlowski et al., 2012; Teicher

et al., 2012; Teicher & Khan, 2019). Focusing on pediatric studies,

exposure to deprivation (i.e., poverty and/or neglect) has been linked

with smaller (Ellwood-Lowe et al., 2018; Herzog et al., 2020; Luby

et al., 2013), larger (Noble et al., 2012; Roth et al., 2018; Tottenham

et al., 2010), and no differences in amygdala or hippocampal volumes

(Gold et al., 2016; King et al., 2019). Similarly, exposure to threatening

experiences (e.g., abuse, community violence) has been linked with

smaller amygdala and hippocampal volumes (Hanson et al., 2015; Lee

et al., 2018; Weissman et al., 2020), as well as no differences in amyg-

dala or hippocampal volumes (Butler et al., 2018; Saxbe et al., 2018).

In the case of the amygdala, mixed findings may be due to samples

capturing snapshots of the inverted-U growth pattern of the amygdala

at different time points (Hanson & Nacewicz, 2021); thus younger,

preadolescent samples may show increases in amygdala volume

related to trauma, followed by decreases in volume during adoles-

cence. In the hippocampus, there has been some suggestion that

greater levels of stress earlier in life may induce hippocampal atrophy

but not necessarily later in childhood (Humphreys et al., 2019).

Taken together, the existing literature is inconclusive and has not

yet evaluated whether perceptions of stress play a key role in the

extent to which traumatic experiences impact highly stress-sensitive

brain structures, and portend longer-term mental health outcomes

(i.e., internalizing, externalizing, and dysregulation). Moreover, there

has been a lack of longitudinal studies investigating these effects,

making it difficult to infer mechanisms, and examine targeted effects

of specific types of trauma (i.e., threatening experiences, DMAP) in

larger cohorts. Therefore, the current study sought to fill these gaps

by evaluating how exposure to threatening experiences during late

childhood/early adolescence (Time 1) and subsequent psychopathol-

ogy symptoms later in adolescence (Time 3) are mediated by interim

amygdala and hippocampal volumes (Time 2). Moreover, we examined

whether perceived stress (Time 1) moderates associations between

threat exposure (Time 1) and amygdala/hippocampal volumes

(Time 2).

2 | MATERIALS AND METHODS

2.1 | Participants

A sample of 243 typically developing children and adolescents ages

9–15 were recruited to participate in the Developmental Chronnecto-

Genomics study (meanage = 11.73 years, SD = 1.78; 120 males)
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(Stephen et al., 2021). The study was multisite, with 135 participants

recruited at the University of Nebraska Medical Center (UNMC) and

108 participants from the Mind Research Network (MRN) for the ini-

tial study assessment. Participants were invited back to participate

annually for 3 years. Of the full sample, 177 returned for time/year

2 and 141 returned for time/year 3 of data collection. Inclusion

criteria included English as a primary language, ages 9–15, and partici-

pant and parent willingness to assent/consent, respectively. Exclusion

criteria determined via parent report were as follows: inability to

assent/consent, history of developmental delays and/or psychiatric

disorders, history of neurological disorders (e.g., epilepsy), history of

concussion or head injury, pregnancy, prenatal exposure to drugs, use

of medications known to affect brain function, and magnetic reso-

nance imaging (MRI) contraindications (e.g., orthodontia, metallic for-

eign bodies). All parents and youth provided written consent or

assent, respectively, prior to participating in the study. The appropri-

ate institutional review boards for both study sites approved all study

procedures.

2.2 | Structural neuroimaging acquisition and
processing

Participants underwent a structural T1-weighted MRI scan during

each visit (i.e., three scans total). Children recruited at UNMC were

scanned using a Siemens 3 T Skyra scanner (N = 112) or a Siemens

3 T Prisma Fit scanner (N = 19), and those at MRN were scanned

using a Siemens 3 T TIM Trio (N = 108). Structural T1-weighted MR

images at both data collection sites were acquired with a 32-channel

head coil and an MPRAGE sequence with the following parameters:

TR = 2400 ms; TE = 1.94 ms; flip angle = 8�; field of

view = 256 mm; slice thickness = 1 mm (no gap); base resolu-

tion = 256; 192 slices; voxel size = 1 � 1 � 1 mm. The T1-weighted

structural brain images of all participants were processed using

FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu). Cortical

thickness and subcortical volume estimates were computed for the

70 Desikan-Killiany atlas regions. We followed the ENIGMA protocol

for quality assurance, including performing visual checks on all seg-

mentations (http://enigma.usc.edu/protocols/imaging-protocols) and

checking for motion artifacts. No segmentations were flagged at this

stage of processing. Histograms of all regional values were computed

for visual inspection; all data were clean and met criteria for inclusion

in further analyses. Here, we focused on bilateral amygdala and hippo-

campus subcortical volumes from participants' Time 2 MRI. Left and

right volumes were modeled separately for each region, given hypoth-

eses and discrepancies in the existing literature regarding stress and

laterality (Teicher & Khan, 2019).

2.3 | Trauma history profile

During participants' first visit, they completed the self-report Trauma

History Profile (THP), which was derived from the UCLA PTSD

Reaction Index for DSM IV (Steinberg et al., 2004) and assessed a

variety of trauma types and events. Participants endorsed whether or

not they experienced different types of trauma in their lifetime

(No = 0, Yes = 1). The individual items from this scale were submitted

to an exploratory factor analysis (EFA) to determine the extent that

items coalesced onto a latent factor representing a particular type of

trauma. Results from the EFA are reported below.

2.4 | Perceived stress

To assess participants' subjective experience of stress in the past

month (at Time 1), we used the Perceived Stress survey from the NIH

Toolbox (Salsman et al., 2013). Participants 12 and older provided

self-report (n = 34) and the remainder had their parents complete the

perceived stress survey on their behalf (n = 146). Example items

included: “How often have you felt nervous and ‘stressed’?” and

“how often have you felt confident about your ability to handle your

personal problems?” Participants responded using a Likert scale where

Never = 1 and Very Often = 5.

2.5 | Child Behavior Checklist

During participants' third visit, a caregiver completed the Child Behav-

ior Checklist (CBCL; Achenbach et al., 2001) to assess their child's

internalizing and externalizing behaviors over the past 6 months. In

addition to examining the internalizing and externalizing profiles, we

also computed the dysregulation profile, which is a summed score of

the attention, aggression, and anxious/depressed subscales. Raw

scores for all scales were used in our models.

2.6 | Data analytic plan

We began by running descriptive statistics on demographics and all

variables of interest in SPSS version 25. Variables entered into subse-

quent models were examined for violations of normality

(i.e., skewness and kurtosis) and were transformed according to their

distribution type (e.g., positive vs. negative skew). We also tested

whether there were any systematic differences in those who did or

did not complete all three waves of data collection. Next, we fit sev-

eral structural equation models (SEM) to estimate whether left and

right amygdala and hippocampus at Time 2, respectively, mediated

the association between reported threatening experiences at Time

1 and internalizing, externalizing, and dysregulation symptomology at

Time 3. In tandem, we tested whether perceived stress at Time 1 mod-

erated associations between experienced threat and amygdala/

hippocampal volume at Time 2.

Before fitting the final models, we iteratively tested which

covariates to include (e.g., sex, age, site, and total intracranial volume

[TIV]). To compare across models, we inspected whether absolute fit

indices such as Akaike's information criterion (AIC) and Bayesian
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information criterion (BIC) were decreasing in value to indicate model

improvement, with a difference of >10 within each metric indicating

superior model fit. In the current analysis, we primarily used BIC to

determine the model fit. All models were tested in Mplus Version 7.4

(Muthén & Muthén, 2015). After determining which covariates

yielded the best model fit, we tested whether perceived stress moder-

ated the relationship between threat exposure and bilateral amygdala

and hippocampal volumes separately. All mediation models were

bootstrapped with 1000 iterations bias-corrected bootstrapping for

the expected nonparametric distributions of the interaction between

a � b (i.e., threat � perceived stress) (MacKinnon et al., 2004). Finally,

we examined the mediation effect of bilateral amygdala and hippo-

campal volumes at Time 2 on the association between threat expo-

sure at Time 1 and symptomology at Time 3 (i.e., indirect effects of

threat on symptomology via amygdala or hippocampal volume). All

symptomology scales (i.e., internalizing, externalizing, and dys-

regulation profiles derived from the CBCL), as well as perceived stress,

trauma exposure, and their interactions were permitted to freely cor-

relate. All parameters were freely estimated.

We examined the goodness of fit for each model using standard

criteria (Hu & Bentler, 1999). Specifically, we evaluated models for

root mean square error of approximation (RMSEA) < 0.06, standard-

ized root mean square residual (SRMR) < 0.08, and comparative fit

index (CFI) > 0.95. We also examined the χ2 test of model fit, where a

nonsignificant result indicates good model fit. Based upon best statis-

tical practices, we evaluated significance of indirect effects using

bootstrapped confidence intervals (Hayes, 2009, 2018; MacKinnon

et al., 2000; Mallinckrodt et al., 2006; Rucker et al., 2011; Zhao

et al., 2010). In other words, significance of the mediation effect was

not limited to significance of the a, b, or c paths.

2.7 | Statistical power

Regarding statistical power, it is important to note that the core model

leverages a multivariate linear regression approach with seven vari-

ables estimated in a sample of 243 participants. Recent approaches to

estimating power in such models have focused on the number of

parameters estimated in the model, and the effect sizes of yielded

estimates in the model solution (Iacobucci, 2010; Kim, 2006; Marsh

et al., 2004; Wolf et al., 2013). With respect to the number of parame-

ters estimated, one must include more observations than there are

estimated parameters in order for the model to be identified. In our

case, the model is identified given that we have a sample size of

243 youths, and we have a total of 44 free parameters in the model.

With respect to effect sizes, the smallest effect of interest in our final

model was the estimate from left amygdala volume to externalizing

symptoms (β = .11), which is a small effect size. Using G*Power we

computed the minimum sample size to detect a statistically significant

effect of this size in the framework of a multivariate linear regression

with seven predictors. The total sample size required was 74 partici-

pants with power at 0.80, and 98 participants with power at 0.90.

Thus, we have compelling support from the data and from the

literature that our model design and sample size are sufficiently

powered to test our hypotheses.

2.8 | Missing data

Of the 243 children recruited at Time 1, not all participants had a

structural scan at Time 2, and fewer provided CBCL at Time

3 (reported in Table 1). We conducted each SEM with and without

missing data estimation using full-information maximum likelihood

(FIML) and the same conclusions were reached. Therefore, in order to

reduce potential bias from data missing at random, we report results

using FIML estimation.

3 | RESULTS

3.1 | Trauma history profile EFA

Eleven of the 12 items from the trauma history profile (THP) were

submitted to the EFA, as one item asked about “other” trauma experi-

enced, we were unable to discern the specific type of trauma experi-

enced. Of the 11 remaining items, a component structure was

revealed whereby seven items loaded onto component 1, explaining

21% of the variance (see Table 2). One item (“someone close to me

died”) was excluded because it was straddling Components 1 and

3, making it unclear which component it belonged to. Thus, we

excluded this item, which resulted in six items total. Variance

explained by the remaining components dropped off precipitously.

We interpret that the six items from Component 1 represent expo-

sure to physically threatening experiences (Table 2). Therefore, for

each participant, we summed these items to create the “Threat Index”
(range = 0–6). Reliability for this scale was acceptable (α = .62).

3.2 | Descriptive statistics and covariates

Descriptive statistics and demographic variables for the full sample

and separately by site are reported in Table 1. The data collection

sites were well matched on most demographic characteristics except

for ethnicity. The MRN site had a greater proportion of Latinx identi-

fying participants than the UNMC site. Moreover, participants from

the MRN site had larger left hippocampal volumes compared to par-

ticipants from the UNMC site, which was no longer significant once

volumes were adjusted for total intracranial volume (TIV). There were

no other systematic differences by site in brain structure measures

examined here. Moreover, these differences are before accounting for

TIV in the final data models. In addition, there were no significant dif-

ferences between those who completed all 3 years of data collection

and those who did not (Table S1).

Several variable distributions had violations of normality, which

were transformed using either square root or natural log. Specifically,

perceived stress, threat, and the CBCL measures were transformed
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prior to data modeling. Based upon decreasing BIC, comparison of

model fit statistics for different covariates revealed that including age,

site, and TIV yielded the best model fit in all models (i.e., left and right

amygdala and hippocampus) (Table 3). Sex was ultimately excluded

from the final models because the addition of TIV resulted in sex no

longer accounting for a significant amount of variance. Therefore, in

TABLE 2 Exploratory factor analysis component loadings

Item Component 1 Component 2 Component 3

Saw someone who was beaten up, shot at, or killed 0.750 �0.108 �0.227

Saw a family member being hit, punched, kicked 0.667 0.067 �0.351

Was hit, punched, kicked very hard (not play

fighting)

0.647 0.170 0.319

Was beaten up, shot at, or threated to be hurt badly

in school, neighborhood or town

0.581 0.164 0.419

See or hear about the violent death or serious injury

of a loved one or friend

0.546 �0.282 �0.364

In a bad accident, like a serious car accident or fall 0.187 0.608 0.075

Someone close died 0.159 �0.531 0.143

In a place where a war was going on 0.163 0.012 0.599

Had a painful or scary medical treatment 0.247 �0.324 �0.148

In a natural disaster 0.292 �0.268 0.398

Saw a dead body (not at a funeral) 0.217 0.514 �0.281

Eigenvalue 2.34 1.24 1.23

% of Total variance 21% 11% 11%

Total variance 43%

Note: Bolded component loading values indicate which component each item loaded onto.

TABLE 3 Model fit comparison for
covariate variables

Model AIC BIC Adjust BIC χ2 RMSEA CFI SRMR

Left amygdala

Model 1 1378.98 1550.88 1392.41 p = .30 0.03 0.999 0.03

Model 2 940.82 1084.24 922.98 p = .21 0.05 0.994 0.05

Model 3 935.25 1058.98 919.86 p = .38 0.02 0.998 0.05

Right amygdala

Model 1 1400.24 1572.15 1413.66 p = .25 0.04 0.998 0.03

Model 2 965.85 1109.27 948.01 p = .17 0.05 0.993 0.05

Model 3 960.83 1084.56 945.44 p = .29 0.04 0.997 0.05

Left hippocampus

Model 1 1518.11 1690.02 1531.55 p = .25 0.04 0.998 0.03

Model 2 1042.75 1186.18 1024.92 p = .18 0.05 0.994 0.04

Model 3 1036.70 1160.43 1021.31 p = .40 0.02 0.999 0.04

Right hippocampus

Model 1 1528.95 1700.85 1542.38 p = .25 0.04 0.998 0.03

Model 2 1053.23 1196.65 1035.39 p = .24 0.05 0.996 0.04

Model 3 1048.55 1172.29 1033.16 p = .47 0.00 1.00 0.04

Note: Model 1 = moderated mediation (MM) model with sex, age at Time 1, and site as covariates—site

was only a covariate for the respective brain volume (i.e., left amygdala, right amygdala, left hippocampus,

right hippocampus); Model 2 = MM model with sex, age at Time 1, site, and total intracranial volume

(TIV) at Time 2 as covariates—TIV was only a covariate for the respective brain volume; Model 3 = MM

model with age at Time 1, site, and TIV at Time 2.

Abbreviations: AIC, Akaike's information criterion; BIC, Bayesian information criterion; CFI, comparative

fit index; RMSEA, root mean square error of approximation; SRMR, standardized root mean square

residual.
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what follows, we report results from models with age, site, and TIV as

covariates. Full reporting of correlations between all study variables

of interest can be found in Table S2. An example of the full moderated

mediation model is illustrated in Figure 1. All final models for each

region had excellent fit (i.e., Model 3 in each region in Table 3). In

what follows, we report results for each region.

3.3 | Moderation results

Full results for the moderation analyses are reported in Tables S3–S6.

Briefly, there were no moderation effects of perceived stress on the

relationship between threat exposure and any of the brain structures

examined (bilateral amygdala and hippocampus). However, across all

regions, perceived stress at Time 1 was a significant predictor of

externalizing behaviors at Time 3, with greater stress predicting

greater number of reported externalizing behaviors. In addition, in

both the right and left hippocampi, reductions in volume at Time

2 predicted greater levels of internalizing behaviors at Time

3. Although sex was excluded from the final models since it did not

explain a significant amount of variance, we have reported models

that include sex as an additional covariate in the supplement

(Tables S7–S10) to inform future studies. Given that we did not

uncover moderation effects, we also report model fit comparisons for

the moderated mediation and the mediation only models in the sup-

plement (Table S11). Moreover, to ensure that results did not differ

on the basis of informant type on the perceived stress measure

(i.e., parent- vs. self-report), we conducted our analyses with parental-

report only (i.e., n = 146), which yielded comparable results to the full

sample model. Specifically, similar to the model including the full sam-

ple, parental-report of their child's stress at Time 1 predicted external-

izing behaviors at Time 3 (β = .38, b = 1.07, p = .002).

3.4 | Mediation results

3.4.1 | Left amygdala

Left amygdala volume at Time 2 mediated the relationship between

threat exposure at Time 1 and internalizing behaviors at Time

3 (b = 0.14; 95% CI [0.19, 0.28]) (Figure 2). There was no direct rela-

tionship between threat exposure and internalizing behaviors

(b = �0.90; 95% CI [�5.86, 2.03]). Likewise, left amygdala volume

mediated the relationship between threat exposure and externalizing

behaviors (b = �0.10; 95% CI [�1.49, �0.04]) and there was no direct

relationship between threat exposure and externalizing behaviors

(b = 0.71; 95% CI [�2.84, 3.66]). Figure 3 illustrates the associations

between left amygdala volume and internalizing and externalizing

behaviors. Notably, individuals who were high in internalizing or high

in externalizing were largely nonoverlapping individuals, which is illus-

trated in Figure S1. Left amygdala volume did not mediate associa-

tions between threat exposure and dysregulation at Time

3 (b = �0.03; 95% CI [�0.74, 0.10]) and there was no direct effect of

threat exposure on dysregulation (b = �0.29; 95% CI [�6.69, 3.45]).

3.4.2 | Right amygdala

Right amygdala volume at Time 2 did not mediate associations

between threat exposure at Time 1 and internalizing (b = 0.30; 95%

CI [�0.17, 0.81]), externalizing (b = �0.22; 95% CI [�1.27, 0.11]), or

dysregulation behaviors at Time 3 (b = �0.03; 95% CI [�0.82, 0.14]).

Moreover, there were no direct associations between threat exposure

F IGURE 1 Full moderated mediation model. Moderated
mediation model with amygdala volume (Time 2) as an example of
mediating the relationship with reported threat exposure from the

trauma history profile (Time 1) and internalizing, externalizing, and/or
dysregulation symptoms (Time 3) measured via the Child Behavior
Checklist (CBCL). Perceived stress at Time 1 from the NIH toolbox
serves as a moderator on the association between threat exposure
and amygdala volume. Covariates included total intracranial volume
(TIV) and site at Time 2 for amygdala volume and age at Time 1 for all
variables.

F IGURE 2 Mediation model results. Results of the mediation
model show that the left amygdala volume at Time 2 mediated
associations between threat exposure at Time 1 and externalizing as
well as internalizing symptoms at Time 3. All estimates shown are
standardized. Although individual path estimates were not statistically
significant at p < .05, the fully mediated model was statistically

significant (lines in black), with no direct relationship between threat
and externalizing or internalizing symptoms at Time 3 (lines in grey).
Note that covariates are not depicted here, but that age at Time
1 was covaried for each variable and total intracranial volume (TIV) as
well as site at Time 2 were covariates for left amygdala volume at
Time 2. The 3D rendering of the left amygdala from the FSAverage
segmentation is displayed in blue on the MNI152 brain template.
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and internalizing (b = �1.22; 95% CI [�6.59, 4.73]), externalizing

(b = 0.91; 95% CI [�4.41, 6.06]), or dysregulation behaviors

(b = �0.30; 95% CI [�7.67, 6.32]).

3.4.3 | Left hippocampus

Left hippocampal volume at Time 2 did not mediate associations

between threat exposure at Time 1 and internalizing (b = �0.06; 95%

CI [�0.98, 0.26]), externalizing (b = �0.01; 95% CI [�0.28, 0.42]), or

dysregulation behaviors at Time 3 (b = �0.01; 95% CI [�0.57, 0.12]).

In addition, threat exposure at Time 1 did not have a direct effect on

internalizing (b = �0.95, 95% CI [�4.64, 4.03]), externalizing

(b = 0.64, 95% CI [�2.93, 5.05]), or dysregulation at time

3 (b = �0.33, 95% CI [�4.78, 5.67]).

3.4.4 | Right hippocampus

Right hippocampal volume at Time 2 did not mediate associations

between threat exposure at Time 1 and internalizing (b = 0.08; 95%

CI [�0.31, 0.56]), externalizing (b = 0.01; 95% CI [�0.12, 0.74]), or

dysregulation behaviors at Time 3 (b = 0.02; 95% CI [�0.11, 0.29]).

Threat exposure at Time 1 did not have a direct effect on internalizing

(b = �1.07; 95% CI [�4.43, 4.86]), externalizing (b = 0.55; 95% CI

[�2.82, 4.74]), or dysregulation at time 3 (b = �0.40; 95% CI

[�4.66, 5.47]).

4 | DISCUSSION

Traumatic experiences have been linked to a myriad of effects on

youth brain structure and psychopathology (Teicher et al., 2016). In

one of only very few studies of its kind (also see Weissman

et al., 2020), we employed a longitudinal design to interrogate the

extent to which threat exposure is linked to the structure of two

highly stress-sensitive brain regions (i.e., amygdala and hippocampal)

and in turn, subsequent psychopathology symptoms. In addition, we

sought to disentangle whether perceptions of stress moderated the

impact of threat exposure on amygdala and hippocampal volumes.

We report three key findings from the present study. First, although

we did not find that perceived stress moderated the association

between threat and amygdala or hippocampal volume, we did find

that greater perceived stress predicted more externalizing (but not

internalizing) symptoms at Time 3 in all models. This finding is

supported by prior literature and it may be indicative of poorer coping

strategies following trauma, which confers elevated risk for externaliz-

ing symptoms, in particular (Modecki et al., 2017). This result will need

to be further examined in future studies to determine the extent to

which perceptions of stress coupled with coping strategies play a role

in conferring risk for externalizing symptoms, and how those effects

may be mediated by underlying stress-sensitive neural structures. Sec-

ond, our mediation model results suggest that the left amygdala spe-

cifically mediates the effect of threat experiences on subsequent

internalizing and externalizing symptoms during adolescence. Interest-

ingly, the left amygdala differentially mediated internalizing and exter-

nalizing outcomes such that smaller amygdala volumes were related

to increased internalizing behaviors at Time 3, while greater amygdala

volumes at Time 2 were related to increased externalizing behaviors

at Time 3. Finally, decreased volume in left and right hippocampi at

Time 2 predicted increased internalizing symptoms at Time 3. Indeed,

prior cross-sectional work has shown that reduced hippocampal vol-

ume is related to elevated internalizing symptoms during childhood

and adolescence (Koolschijn et al., 2013).

Building on existing behavioral literature that points to general

increases in psychopathology following threat exposure (McLaughlin

et al., 2020), the present study provides a pivotal clue in how risk for

distinct types of psychopathology is likely mediated through specific

structural characteristics of the amygdala. By and large, existing longi-

tudinal pediatric studies of the effects of threat exposure on structural

F IGURE 3 Associations between left amygdala volume and psychopathology symptoms. Scatterplots demonstrating relationships between
left amygdala volume at Time 2 and externalizing (a) and internalizing (b) symptoms at Time 3. Left amygdala volume values were adjusted by

regressing out the effects of all variables in the full moderated mediation model (i.e., age at Time 1, study site, total intracranial volume [TIV],
threat, perceived stress, and their interaction). Similarly, the internalizing and externalizing were both adjusted by regressing out the effects
estimated in the full model (i.e., age at Time 1, threat, stress, and their interaction).
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brain development have yielded evidence for accelerated cortical thin-

ning hypotheses (e.g., Colich et al., 2020). However, literature regard-

ing threat-related effects on the amygdala and hippocampus have

been inconclusive, with some work showing decreases in volume

(Badura-Brack et al., 2020; Hanson et al., 2015; Lee et al., 2018;

Saxbe et al., 2018; Weissman et al., 2020) or no effects (Butler

et al., 2018; Saxbe et al., 2018). With the exception of a few studies

(Saxbe et al., 2018; Weissman et al., 2020), most studies examining

threat exposure have been conducted in cross-sectional designs, often

with smaller sample sizes that could hinder the ability to model differ-

ent patterns of symptomatology simultaneously. Those longitudinal

studies have typically been limited to two time points of data collec-

tion, limiting conclusions that can be made with respect to cascading

effects on risk for psychopathology. Thus, the current study contrib-

utes to delineating distinctive brain-mediated pathways toward inter-

nalizing and externalizing psychopathology. Taken together, our study

supports the notion that there are decreases in left amygdala volume

following threat exposure and smaller bilateral hippocampal volumes

are longitudinally predictive of internalizing symptoms during adoles-

cence. The hippocampal findings are in line with prior reports of

smaller hippocampal volumes in youth with anxiety and depressive

disorders (Gold et al., 2017; Henje Blom et al., 2015; Jaworska

et al., 2016; MacMaster et al., 2014) as well as youth with subclinical

internalizing symptomatology (Merz, He, & Noble, 2018). Thus, given

the longitudinal nature of the current study, it may be that youth who

go on to develop internalizing disorders evince smaller hippocampal

volumes preclinically.

The present study is also consistent with prior work demonstrat-

ing that externalizing behaviors in adolescence are related to larger

amygdala volumes (Saxbe et al., 2018), and that internalizing symp-

toms are related to smaller amygdala volumes (Merz, Tottenham, &

Noble, 2018; Weissman et al., 2020). The current study adds to exis-

ting findings by highlighting that the left amygdala volume, in particu-

lar, differentially mediates associations between earlier threat

exposure and internalizing or externalizing symptomology outcomes.

This laterality effect stands in contrast to previous theoretical work

positing that the left and right amygdala encodes different types of

threat (Teicher et al., 2012). That is, work has recently proposed that

the right amygdala is sensitized to physically harmful threats and the

left amygdala is more sensitized to threats of inadequate care

(Teicher & Khan, 2019). In our study, we attempted to capture a mea-

sure of physical harm or threat of physical harm, but future work will

need to more thoroughly tease apart these two forms of threat and

their laterality effects on the amygdalae. It is worth noting that this

laterality finding is, to some extent, supported by previous work

showing that threat-exposed children exhibit greater anticorrelated

functional connectivity between the left (not the right) amygdala and

ventromedial prefrontal cortex and medial orbitofrontal connectivity,

which was related to greater externalizing and internalizing symptom-

atology, respectively (Peverill et al., 2019). Findings from the ABCD

youth study have also suggested differential associations between

negative life events and connectivity trajectories for left and right

amygdala, such that a greater number of stressful events is related to

weaker positive connectivity between the left amygdala and the

cingulo-opercular network, which in turn predicted reduced internaliz-

ing symptomology (Brieant et al., 2021). Conversely, more stressful

events were related to greater negative connectivity between the

right amygdala and cingulo-opercular network, which predicted

reduced internalizing symptomology. Although not specific to threat

experiences per se, these findings support the notion that left and

right amygdala may be differentially sensitized and may transmit infor-

mation about threatening experiences in a lateralized manner.

Another related line of inquiry that is sorely needed is more fine-

grained analysis of how the volume of amygdalae subnuclei may dif-

ferentially mediate longitudinal associations between dimensions of

trauma and psychopathology outcomes (for an elegant cross-sectional

example, see Oshri et al., 2019). It may be that some laterality effects

induced by threat-related trauma are attributable to specific,

lateralized subnuclei.

Although the current study has many strengths, several limita-

tions must be acknowledged. First, this study examined only threat

experiences, as we did not have measures of deprivation

(e.g., physical neglect, food insecurity, poverty measures). In future

studies, it would be ideal to characterize experiences of deprivation

and threat in the same sample, as other researchers have begun to do

(Everaerd et al., 2016; Machlin et al., 2019). Following such an

approach would allow further delineation of the ways in which these

different dimensions of trauma confer differential and/or overlapping

risk toward psychopathology. Second, it is important to note that the

perceived stress measure collected in this study was not in direct ref-

erence to the threat experiences measured. To better capture this,

subsequent work would benefit from evaluating youths' perceived

stress levels in response to traumatic experiences. Moreover, the per-

ceived stress measure was based upon either parent report for chil-

dren under 12 or self-report for participants 12 years and older.

Although these measures have high internal consistency (Cronbach's

α = .89 and .87 for child and parent report, respectively; Salsman

et al., 2013), it may be the case that parent and child report capture

different aspects of children's stress. Thus, future work should evalu-

ate perceptions of stress with consistent reporter types (i.e., self, par-

ent, or combined). Third, the current study was focused on typical

development and was not oversampled for traumatic experiences.

High-risk samples that have been explicitly collected for the purposes

of prospectively mapping the neurodevelopmental effects of child-

hood trauma are greatly needed. That said, it is also useful to under-

stand subclinical, or even preclinical, processes that may underlie

neurobiological responses to trauma; uncovering potential subclinical

and/or preclinical biomarkers is essential to understanding the emer-

gence, progression, and eventual targeted treatment of psychopathol-

ogy that may follow trauma exposure.

5 | CONCLUSIONS

The present study offers a novel investigation of how threat exposure

during development may confer elevated risk for psychopathology,
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which is likely mediated through structural characteristics of the

amygdala. Here, we employed a longitudinal design to demonstrate

that the left amygdala volume mediates the association between

threat exposure and internalizing as well as externalizing symptoms in

later adolescence. Findings suggest that greater exposure to threaten-

ing experiences is related to subsequent reductions in left amygdala

volume; left amygdala volume, in turn, is longitudinally associated with

elevated internalizing and externalizing symptoms. These findings

build upon and extend previous work revealing that specific dimen-

sions of trauma induce alterations to stress-sensitive brain structures

and subsequent psychopathology. Importantly, this work suggests

that the left amygdala is highly threat-sensitive and stress-specific

alterations likely portend elevated psychopathology during

adolescence.
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