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ARTICLE INFO ABSTRACT

Keywords: The vast majority of individuals experience trauma within their lifetime. Yet, most people do not go on to
Amygdala develop clinical levels of psychopathology. Recently, studies have highlighted the potential protective effects of
Hippocampus

having larger amygdala and hippocampal volumes, such that larger volumes may promote adaptive functioning
following trauma. However, research has not yet elucidated whether certain subregions of these stress-sensitive
structures have specific protective effects. Herein, we examined the mediating effects of amygdala and hippo-
campal subregions on the relationship between traumatic exposure and concurrent or longitudinal changes in
psychiatric symptom levels in typically developing youth (9-15 years of age). Using high-resolution Tq-and Ta-
weighted structural MRI scans, we found that the volume of the right basolateral complex of the amygdala
mediated associations between trauma exposure and internalizing symptoms. Specifically, greater levels of
childhood trauma related to larger volumes, and larger volumes were associated with fewer internalizing
symptoms. The volume of the right CA4/dentate gyrus (DG) of the hippocampus yielded similar mediation re-
sults, such that greater trauma was related to larger volumes, which in turn were associated with decreases in
internalizing symptoms across time. These findings provide initial support for potentially protective effects of
larger right amygdala and hippocampal subregion volumes against internalizing symptomology concurrently and
longitudinally during adolescence.

Hippocampal subfields
Amygdala subnuclei
Trauma

Brain development

1. Introduction

Childhood traumatic experiences are distressingly common, with
nearly two-thirds of people experiencing at least 1 significant traumatic
event prior to the age of 18 (Carlson et al., 2020). Such traumatic ex-
periences are known to exert profound influences on the developing
brain (Teicher et al., 2016), with regionally-specific effects on
stress-sensitive brain structures (Weissman et al., 2020). Critically, the
impact of trauma on brain regions vulnerable to stress, particularly
during development, is thought to underlie an increased risk of an array

of deleterious outcomes (Dannlowski et al., 2012; Machlin et al., 2019),
including the development and onset of psychopathologies (e.g., anxi-
ety, depression, substance use disorders; (Buckingham and Daniolos,
2013; Gur et al., 2019; Morey et al., 2012; Roth et al., 2018).

The amygdala and hippocampus are two structures located bilater-
ally in the medial temporal lobe that have been consistently identified as
being sensitive to stress hormones (e.g., glucocorticoids), even in the
context of milder forms of stress burden (Bergstrom et al., 2008; Sap-
olsky et al., 1985). Animal models have demonstrated that concentra-
tions of glucocorticoid and noradrenaline receptors can be found within
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subnuclei (i.e., basolateral complex) and subfields (e.g., dentate gyrus)
of the amygdala and hippocampus (Johnson et al., 2005; McEwen et al.,
1975), making them particularly vulnerable to stress-related alterations
in their morphology and function (Vouimba et al., 2007). In humans,
volumetric reductions in the hippocampus and amygdala following
traumatic experiences have been reported in pediatric samples from
longitudinal and cross-sectional studies (Phillips et al., 2021; Saxbe
et al., 2018; VanTieghem, 2021; Veer et al., 2015; Weissman et al.,
2020). While most studies examining morphological properties of
amygdala and hippocampus following trauma have largely focused on
samples at elevated risk for or with established psychopathology
symptomology (e.g., Logue et al., 2018), only a third of individuals with
histories of trauma actually develop clinical levels of psychopathology
(MacMillan et al., 2001). In other words, approximately 65% of in-
dividuals with trauma exposure do not develop subsequent psychiatric
conditions. Thus, it is critical to address the effects of trauma on neu-
rodevelopment without potential mental health related confounds.
Moreover, it has been highlighted that in non-clinical samples who have
experienced childhood adversity, whole hippocampal volumes are sys-
tematically smaller, although findings in whole amygdala volumes are
non-convergent (Calem et al., 2017). These studies illustrate the notion
that trauma-related stress, irrespective of the effects of mental health
disorders, may exert lasting effects on hippocampal and amygdala vol-
umes (Calem et al., 2017; Janiri et al., 2017; Nogovitsyn et al., 2020;
Ramphal et al., 2021).

Recently, studies have also shown that there are potential protective
effects of having larger whole amygdala and hippocampal volumes, such
that greater volume may promote adaptive functioning following trau-
matic experiences (Ben-Zion et al., 2021; Foell et al., 2019; Koch et al.,
2021; Quide et al., 2018; Xie et al., 2018). For example, reduced
sensitivity to threatening stimuli in one twin is predictive of their
co-twin having larger amygdala volumes, which may confer diminished
risk for internalizing psychopathology (e.g., social phobia; Foell et al.,
2019). Although the field has begun to inquire about whether amygdala
and hippocampal volumes are protective against emergent mental
health disorders, there are major gaps in understanding the ways in
which subnuclei of the amygdala, and subfields of the hippocampus,
contribute to these processes. Moreover, few studies, if any, have posed
this question in a pediatric sample in the absence of diagnosed mental
health disorders. Such work would be particularly illuminating, as
measures of subnuclei and subfields may reveal protective properties
against detrimental changes to mental health, as well as markers of
resilience that may be applicable to interventions for higher-risk pop-
ulations. Thus, in the current study, we sought to evaluate the extent to
which amygdala subnuclei and hippocampal subfields mediate associ-
ations between trauma and preclinical psychopathology symptoms in a
sample of typically developing youth.

There is a growing literature highlighting the utility of examining
specific effects of amygdala subnuclei and hippocampal subfields on
developmental psychopathology following traumatic experiences (e.g.,
Morey et al., 2020). Specifically, within the amygdala, there are reports
that greater trauma exposure is related to smaller volume in a collection
of amygdala subnuclei, particularly in the basolateral complex (BLA; i.
e., basal, lateral, accessory, paralaminar, corticoamygdalar, and anterior
amygdaloid area nuclei), and that smaller BLA volumes mediate
elevated depression and anxiety symptoms (Nogovitsyn et al., 2020).
Animal models have also demonstrated a potential mechanistic role of
the BLA, such that there is diminished spinogenesis and synaptic
transmission within the BLA following traumatic stress, which confers
subsequent development of post-traumatic stress symptomology (Zhang
et al., 2019). These findings are unsurprising given that the BLA shares
direct connections with the frontal cortex (Ghashghaei et al., 2007) and
supports developmental changes in emotion regulation (Tottenham and
Gabard-Durnam, 2017). Importantly, these fronto-amygdalar connec-
tions are thought to develop during puberty (Lebron-Milad and Milad,
2012; van Wingen et al., 2011), making it pertinent to examine these
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associations during the transition from childhood to adolescence.

Within the hippocampus, the dentate gyrus (DG), CA4, and CA3
subfields have each been identified as being highly stress-sensitive, with
different underlying mechanisms linked to subfield atrophy following
stress exposure. Specifically, stress exposure leading to an infusion of
glucocorticoids may suppress neurogenesis and induce shortening of
dendrites in the DG (Czeh et al., 2001), while stress exposure may
provoke remodeling of pyramidal neurons in CA3 (Sapolsky, 2000). In
both cases, this results in volume reductions in these specific subfields,
which has been related to increased psychiatric symptomology. For
instance, targeted stress effects have been reported within the CA4/DG
zone, with smaller volume estimates associated with more severe levels
of childhood trauma (Merz et al., 2020; Teicher et al., 2012), and greater
stress-related symptomology (Hayes et al., 2017). Thus, evaluating the
spatial specificity of trauma effects on subnuclei and subfields allows for
a more targeted approach to quantifying associations between traumatic
events and stress-sensitive regions. It is also an open question whether
the volumetric properties of these same nuclei (BLA) and subfields
(CA4/DG) may confer protective effects against developmental psy-
chopathology following traumatic experiences.

Existing literature examining amygdala and hippocampal subregions
in humans has several methodological limitations. However, recent
advances in high-resolution MR imaging techniques in parallel with
developments of more fine-tuned hippocampal and amygdala subregion
labeling protocols (e.g., multispectral image segmentation) have
enabled more precise demarcation of the amygdala and hippocampal
subregions (Iglesias et al., 2015). These methodological improvements
have significant implications on studying the sensitivity of these sub-
regions to stress and portend psychopathology. With more advanced
imaging methods, examining amygdala subnuclei and hippocampal
subfields may yield greater specificity regarding trauma- and
stress-specific associations. Herein, we apply these state-of-the-art neu-
roimaging techniques to address: 1) whether specific amygdala sub-
nuclei mediate associations between childhood trauma exposure and
symptomology, 2) whether specific hippocampal subfields mediate as-
sociations between childhood trauma exposure and symptomology, and
3) whether there are mediation effects with concurrent symptoms or
with changes in symptomology across time. We focus on typically
developing youth at low risk for psychopathology, which provides an
opportunity to potentially detect protective effects previously shown at
the whole structure level in volumetric measures of the amygdala and
hippocampus following trauma exposure. In other words, given that the
present sample did not include participants with an existing diagnosis of
psychopathology or those with an especially high risk for psychopa-
thology, this study allows for the distinct influence of trauma exposure
on stress-sensitive structures to be probed, in the absence of the stress
effects of diagnosed psychopathology.

2. Methods
2.1. Participants

Participants were recruited as part of the longitudinal Develop-
mental Chronnecto-Genomics (DevCoG) project (for details regarding
the parent project, see Stephen et al., 2021; https://devcog.mrn.org).
The current study included a sample of 90 typically developing children
and adolescents ages 9-15 (mean,ge = 12.40 years, SD = 1.63) recruited
at the Omaha, Nebraska site. Youths and their caregivers participating in
the larger DevCoG study were invited to complete neuroimaging and
neuropsychological assessments annually for 3 years. Note that the
To-weighted images were only acquired in year 2 of the study (see
Fig. S1 for study design). Inclusion criteria were as follows: English as a
primary language, ages 9-15, a complete pair of structural magnetic
resonance imaging (MRI) scans (see MRI Processing). Exclusion criteria
determined via parent report were as follows: history of developmental
delays and/or psychiatric disorders, history of neurological disorders,
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history of concussion or head injury, pregnancy, prenatal exposure to
drugs, CNS medications, MR) contraindications (e.g., metallic foreign
bodies) or incidental findings. All parents and youth provided written
consent or assent, respectively. The UNMC institutional review board
approved all study procedures.

2.2. MRI data acquisition

During data acquisition, participants were in constant contact with
research personnel through real-time audiovisual monitoring. Structural
MRI data were collected on a 3T Siemens Skyra System with a 32-chan-
nel head coil, and consisted of one T;-weighted three-dimensional 1 mm
isotropic Ty (TR = 2.4s, TE = 1.94 ms, flip angle = 8°, FOV = 256 mm,
slices = 192), and one T2-weighted turbo spin echo (TSE) scan (TR =
7.79s, TE = 66 ms, flip angle = 145°, FOV = 170 mm, in plane resolu-
tion = 0.4 x 0.4 mm, slice thickness = 2 mm, slices = 32) per current
best practices (Mueller et al., 2018; Olsen et al., 2019; Wisse et al., 2021;
Yushkevich et al., 2015).

2.3. MRI processing

MRIQC v0.16.1 (Esteban et al., 2017) was used as an initial check of
MRI data quality. Then, these preliminary ratings were supplemented
with systematic quality assessment by a trained rater. Assessment
included a review of hippocampal and amygdala cover-
age/completeness, contrast/noise, and motion artifacts. As a result, 49
participants were included in the final analysis based on having both a
Ty and Ty (from year 2 of the study) that survived quality control and
were used for all subsequent analyses, and 41 participants were
excluded either due to an incomplete image pair (no co-acquired T; and
T,) or poor data quality identified during quality control. Importantly,
participants included in our final sample after imaging-based exclusion
did not differ demographically from participants who were excluded
during this processing stage (see Supplementary Table S1).

High resolution hippocampal subfield (Iglesias et al., 2015) and
amygdala subnuclei volumes (Saygin et al., 2017) were measured with
FreeSurfer software (v7.1.1; Fischl, 2012) using the segmentHA_T2 (CA)
workflow. Briefly, the dedicated T,-weighted image of the medial tem-
poral lobe was first co-registered to the T;-weighted image, segmented,
and bias-corrected. Next, each hippocampal subfield and amygdala
nucleus were parcellated from the medial temporal lobe. This method
used a generative model with mesh deformation and a probabilistic
atlas. Label sampling was conducted at each voxel location within a
subject-specific target region of interest determined during recon-all (i.
e., the whole hippocampal and amygdala mesh). Optimized Bayesian
inference was used to derive the final segmentations. From the resulting
parcellation, hippocampal subfield volumes were combined following
FreeSurfer’s CA-based grouping, and amygdala subnuclei were grouped
based on previous literature (Nogovitsyn et al., 2020; Ousdal et al.,
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2020). Thus, the following bilateral volume labels were used for our
final analyses, separately by hemisphere (Hippocampus: CA1, CA3, CA4,
and subiculum; Amygdala: centromedial complex, basolateral complex,
Fig. 1).

2.4. Trauma History Profile

Participants 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 they experienced 12 different
types of trauma in their lifetime (No = 0, Yes = 1). Example items
include: “saw a family member being hit, punched, kicked”, “was hit,
punched, kicked very hard (not play fighting)”, “in a bad accident, like a
serious car accident or fall”, “had a painful or scary medical treatment”. A
summed score of each participants’ trauma exposures was used.

2.5. Child Behavior Checklist

The consented participant guardian completed the Child Behavior
Checklist (CBCL (Achenbach et al., 2001), at each of the 3 time points to
assess their child’s internalizing and externalizing behaviors over the
past 6 months. In addition to examining the internalizing and exter-
nalizing profiles, we also computed the dysregulation profile, which is a
summed score of the attention, aggression, and anxious/depressed
subscales. We examined both the concurrent raw scores and change
scores in each of the CBCL profiles. For data models including the raw
scores, we only examined CBCL data that corresponded to when par-
ticipants underwent the T scan. For analyses including change scores,
we calculated difference scores between Time 3 and Time 1. If partici-
pants did not have Time 3 behavioral data, we calculated difference
scores between Time 2 and Time 1 (n = 14). Therefore, we had change
scores for each profile with increasing symptoms indicated by positive
values [e.g., 13(Time 3 Internalizing) — 7(Time 1 Internalizing) = 6] and
decreasing symptoms indicated by negative values [7 Time 3 mnternalizing) —
13(Time 1 Internalizing) = —-6].

2.6. Data analytic plan

We began by running descriptive statistics on demographics and all
variables of interest. Variables entered into subsequent models were
examined for violations of normality (i.e., skewness and kurtosis) and
were transformed according to their distribution type (e.g., positive
versus negative skew). Next, we fit several structural equation models
(SEM) to estimate whether left and right amygdala subnuclei and hip-
pocampal subfields, respectively, mediated the association between re-
ported trauma exposure and concurrent or changes in symptomology.
Amygdala and hippocampal data were modeled separately by hemi-
sphere with either concurrent or change scores for CBCL, for a total of 8

D Centromedial Complex D Basolateral Complex

Central Basal AAA
Cortical Lateral Paralaminar
Medial Accessory  Corticoamygdalar

Fig. 1. Hippocampal and Amygdala subfields and subnuclei. An example participant To-weighted MRI scan in the coronal view with the hippocampal subfields
(left) and amygdala subnuclei (right) rendered using the respective participants’ subregions from the FreeSurfer amygdala + hippocampus parcellation pipeline. DG

= Dentate Gyrus; AAA = anterior amygdaloid area.
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separate mediation models.

Before fitting the final models, we iteratively tested which covariates
to include (i.e., sex, age, and total intracranial volume (TIV)). To
compare across models and determine optimal models, we inspected
whether absolute fit indices such as Akaike’s Information Criterion
(AIC) and Bayesian Information Criterion (BIC) were decreasing in value
toward O to indicate model improvement. In the current analysis, we
primarily used BIC to determine model fit. After determining which
covariates yielded the best model fit, we examined the mediating effect
of bilateral amygdala subnuclei and hippocampal subfields on the as-
sociation between trauma exposure and symptomology (i.e., indirect
effects of trauma on concurrent or longitudinal change in symptomology
via amygdala subnuclei or hippocampal subfields). All mediation
models were bootstrapped with 1000 iterations with bias-corrected
bootstrapping to test for significance of the indirect relationship based
upon the 95% confidence intervals (MacKinnon et al., 2004). For all but
the indirect effects, estimates (i.e., beta weights) of individual paths
were examined for the directionality of relationships with an a priori
p-value significance threshold of < 0.05. Finally, all symptomology
scales (i.e., internalizing, externalizing, and dysregulation profiles
derived from the CBCL), trauma exposure, and their interactions were
permitted to freely correlate. All parameters were freely estimated. All
models were tested in Mplus (v7.4).

We examined the goodness of fit for each model using standard
criteria (Hu and Bentler, 1999). Specifically, we evaluated models for
the root mean square error of approximation (RMSEA) < 0.06, stan-
dardized root mean square residual (SRMR) < 0.08, and comparative fit
index (CFI) > 0.95. We also examined the X2 test of model fit, where a
nonsignificant result indicates good model fit.

3. Results
3.1. Descriptive statistics and model covariates

Descriptive statistics and demographic variables are reported in
Table 1. Correlations among study variables of interest are reported in
Table S2. Several CBCL raw measures had violations of normality, which
were transformed using either square root or natural log. The trauma
measure was normally distributed (see Fig. S2). Based upon decreasing
BIC, a comparison of model fit statistics for different covariates revealed
that including age and TIV yielded the best model fit in all models (i.e.,
left and right amygdala subnuclei and hippocampal subfields;
Tables 2-3). As a result, age and TIV were maintained, whereas sex was
excluded from final models as it did not account for a significant amount
of variance with the inclusion of TIV, as others have shown (Pintzka
et al., 2015). Therefore, we report results from models with age and TIV
as covariates. An example of the full mediation model is illustrated in
Fig. 2. All final models for each region had good to excellent fit (i.e.,
model 1 in each region in Tables 2-3). In what follows, we report results
for each region. In regions where no mediation or direct effects reached
significance, results are fully reported in supplemental materials
(Tables S3-S5).

3.2. Mediation results

3.2.1. Amygdala subnuclei

CBCL raw score outcomes. The right basolateral complex volume
mediated the

relationship between trauma exposure and concurrent internalizing
symptoms (f = —0.06, b = —0.03; 95% CI[-0.11, —0.001]; Fig. 3a).
Specifically, there was a weak positive association between trauma
exposure and volume, suggesting that youths with greater trauma
exposure tended to have larger right basolateral amygdala volumes (f =
0.16, b = 0.11; 95% CI[-0.02, 0.23]). In turn, larger volumes were
associated with lower concurrent internalizing symptoms (p = —0.35, b
= —0.27; 95% CI[-0.68, —0.05]). There was no direct relationship
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Table 1
Sample demographics and study variables of interest.

Variable Final Sample (n = 49)
n %
Sex (F:M) 26: 23 53: 47
Race (W: A: B/AA: M: N) 41:0:2:4:2 84:0:4:8: 4
Ethnicity (L: NL) 4:45 8:92
Mean (SD), Range
Measure Time 1 Time 2 Time 3
Age (years) 11.91 (1.61), 12.53 13.92(1.66), 10 -
9-14 (1.51), 17
9-16
Trauma (number of events) 2.35 (2.10), - -
0-10
Near a disaster 18%
In an accident 12%
Physical abuse 22%
Witness domestic violence 10%
Neighborhood violence 14%
Near violent death/injury 27%
Medical trauma 10%
Death of a loved one 73%
Other trauma 37%
Left Basolateral complex - 1669.15 -
(mm?) (152.03)
Left Centromedial complex - 108.93 -
(mm®) (18.71)
Right Basolateral complex - 1751.26 -
(mm?) (146.34)
Right Centromedial complex - 127.30 -
(mm®) (18.53)
Left Subiculum (mm>) - 155.75 -
(18.77)
Left CA1 (mm®) - 337.29 -
(34.26)
Left CA3 (mm?) - 101.36 -
(11.80)
Left CA4 (mm®) - 138.25 -
(12.63)
Right Subiculum (mm®) - 153.19 -
(18.42)
Right CA1 (mm®) - 359.98 -
(31.62)
Right CA3 (mm?®) - 109.73 -
(14.90)
Right CA4 (mm®) - 141.14 -
(13.15)
Int. symptoms 4.53 (4.01), 4.88 4.40 (5.86), 0-28
0-18 (4.57),
0-18
Ext. symptoms 3.18 (3.63), 3.00 3.26 (3.79), 0-14
0-17 (3.32),
0-12
Dys. symptoms 7.14 (5.94), 6.82 6.20 (6.42), 0-25
0-26 (5.70),
0-24

Change Scores

A Int. symptoms
A Ext. symptoms
A Dys. symptoms

0.23 (3.09), -5-10
—-0.02 (3.12), -11 -8
—0.66 (4.70), -14 -9

Note. F = female, M = male. W = White, A = Asian, B/AA = Black, African
American, M = mixed race, N = not reported. L = Latinx, NL = Not Latinx. Int. =
internalizing, Ext. = externalizing, and Dys. = dysregulation symptoms are all
raw scores from the Child Behavior Checklist. Symptom A scores reflect differ-
ence scores (e.g., Time 3 — Time 1) whereby higher scores reflect an increase in
symptomology and lower, negative scores reflect decreases in symptomology
across timepoints. For those measures not collected at each time point, a dash
(—) is indicated. A graphical depiction of the trauma category distribution is
provided in Fig. S2.

between trauma exposure and concurrent internalizing symptoms (f =
0.11, b = 0.06; 95% CI[-0.14, 0.25]). The same analysis using CBCL T-
scores is reported in the Supplemental Materials. Importantly, to address
potential issues of multicollinearity between the CBCL subscales, the
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Table 2

Model fit comparison for covariate variables with CBCL raw score outcomes.
Model AIC BIC Adjust BIC Chi-square RMSEA CFI SRMR
Left Amygdala Subnuclei
Model 1 1111.12 1186.79 1061.27 p=.15 .21 .98 .04
Model 2 1118.68 1205.71 1061.36 p <.001 <.001 .70 .14
Right Amygdala Subnuclei
Model 1 1084.08 1159.75 1034.23 p=.15 .20 .98 .07
Model 2 1141.46 1236.05 1079.15 p=.01 .01 .93 .06
Left Hippocampus Subfields
Model 1 772.58 887.98 696.56 p=.39 .46 1.00 .03
Model 2 830.30 968.40 739.33 p=.01 .01 .95 .05
Right Hippocampus Subfields
Model 1 734.43 849.83 658.41 p=.61 .66 1.00 .06
Model 2 794.48 932.58 703.50 p=.05 .07 .98 .07

Note. Model 1 = mediation model (MM) with age at time of MRI scan and total intracranial volume (TIV) — TIV 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, TIV as covariates. AIC = Akaike’s Information Criterion,
BIC = Bayesian Information Criterion, RMSEA = root mean square error of approximation, SRMR = standardized root mean square residual, CFI = comparative fit

index.

Table 3

Model fit comparison for covariate variables with CBCL change score outcomes.
Model AIC BIC Adjust BIC Chi-square RMSEA CFI SRMR
Left Amygdala Subnuclei
Model 1 1370.58 1446.25 1320.73 17 .22 .98 .06
Model 2 1420.93 1515.52 1358.62 .02 .04 .94 .05
Right Amygdala Subnuclei
Model 1 1351.14 1426.81 1301.29 .06 .08 .96 .08
Model 2 1403.38 1497.97 1341.07 .01 .02 .93 .07
Left Hippocampus Subfields
Model 1 1033.15 1148.55 957.13 .21 .26 .99 .05
Model 2 1087.37 1225.48 996.40 .01 .02 .96 .05
Right Hippocampus Subfields
Model 1 1001.18 1116.59 925.16 .13 17 .99 .07
Model 2 1055.19 1193.29 964.22 .02 .04 .97 .08

Note. Model 1 = mediation model (MM) with age at time of MRI scan and total intracranial volume (TIV) — TIV 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, TIV as covariates. AIC = Akaike’s Information Criterion,
BIC = Bayesian Information Criterion, RMSEA = root mean square error of approximation, SRMR = standardized root mean square residual, CFI = comparative fit

index.
Fig. 2. Mediation model example with amygdala
Age v subnuclei. Mediation model with amygdala sub-
nuclei volume (Time 2) as an example of mediating
the relationship with trauma exposure from the
Trauma History Profile (Time 1) and concurrent
Internalizing internalizing, externalizing, and/or dysregulation
Symptom:{:logy (T2) symptoms measured via the CBCL (Time 2). Cova-
) riates included TIV for amygdala subnuclei volumes
and age at the time of the structural MRI scans for all
variables. Note that the amygdala and hippocampal
subregions were modeled separately by hemisphere
T Externalizing with either concurrent or change scores for CBCL for a
Exposure (T1) Symptor?:())logy (T2) total of 8 separate models (See Figs. S3-S6 in the

X)

dysregulation profile was removed and the model was recomputed with
only internalizing and externalizing profiles. This follow-up analysis
yielded the same pattern of results and conclusions. There were no other
significant mediating effects of amygdala subnuclei volumes on the
relationship between trauma exposure and either concurrent or

Supplemental Materials for all models). Abbrevia-
tions: X = independent predictor variable; M =
mediator variable(s); Y = dependent outcome vari-
able; T1 = Time 1; T2 = Time 2.

Dysregulation
Symptomology (T2)
(Y)

longitudinal changes in internalizing, externalizing, or dysregulation
symptoms. Complete model results are reported in Tables S3 and S5.
CBCL change score outcomes. Bilateral basolateral and cen-
tromedial complexes did not mediate associations between trauma and
change in psychopathology symptoms, and there were no direct effects
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Trauma Exposure

=0

TR

Fig. 3. Mediation model results. (a) results of the
mediation model showed that the volume of the right
basolateral complex of the amygdala (Time 2, in
green) mediated associations between trauma expo-
sure (Trauma History Profile, Time 1) and concurrent
(Time 2) internalizing symptoms from the CBCL. (b)
results of a separate mediation model showed that the
right CA4/DG of the hippocampus mediated (Time 2,
in orange) associations between trauma exposure
(Trauma History Profile, Time 1) and change in
internalizing symptoms (i.e., difference score from

the CBCL; Time 3 — Time 1). All estimates shown are

Internalizing standardized. Indirect models in both (a) and (b)

symptoms were significant based upon bootstrapped 95% con-
@ fidence intervals. Significant individual paths (p <

@ > .05) are shown as solid lines and non-significant in-

" dividual paths are shown as dotted lines. Note that

covariates are not depicted here, but that age at the

0.28
Right CA4/DG

Trauma Exposure

i

time of the scan was covaried for each variable, as
well as TIV on the amygdala and hippocampal vol-
ume measures. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

A Internalizing
symptoms

on change in psychopathology symptoms.

3.2.2. Hippocampal subfields

CBCL raw score outcomes. No hippocampal subfield volumes
mediated associations between trauma and psychopathology symptoms
and there were no direct effects on psychopathology symptoms.

CBCL change score outcomes. Right CA4/DG mediated the asso-
ciation between trauma exposure and change in internalizing symptoms
(p = —0.18, b = —0.26; 95% CI[-0.84, —0.01] (Fig. 3b). That is, there
was a significant positive association between trauma exposure and
volume such that youths with greater trauma exposure tended to have
larger right CA4/DG hippocampal volumes (f = 0.28, b = 0.02; 95% CI
[0.004, 0.03]). Larger volumes were modestly associated with
decreasing internalizing symptoms across time ( = —0.65, b = -0.52;
95% CI[-0.62, 0.13]). There was no direct relationship between trauma
exposure and change in internalizing symptoms (f = 0.14, b = 0.21;
95% CI[-0.32, 0.98]). As with the amygdala volume results, when the
dysregulation subscale was removed from the overall model, the same
pattern of results were obtained for the volume of the right CA4/DG. No
other subfield volumes were found to mediate associations between
trauma exposure and either concurrent or longitudinal changes in
internalizing, externalizing, or dysregulation symptoms. Complete
model results are reported in Tables S4 and S5.

4. Discussion

Traumatic experiences have been previously linked to the structural
properties of stress-sensitive brain regions, even in youth who do not go
on to develop psychopathology. Using state-of-the-art MR imaging and
multispectral segmentation techniques, the present study investigated
whether volumes of amygdala and hippocampal subregions mediated

associations between trauma and psychopathology symptoms in a
sample of typically developing youth who varied in exposure to trau-
matic events. We report two key findings from the present study that
uniquely contribute to the existing literature. First, we uncovered that
the right basolateral complex of the amygdala mediates the effect of
trauma exposure on concurrent internalizing symptoms during adoles-
cence. Specifically, although the direct path was nonsignificant, greater
trauma exposure was related to larger right basolateral complex volume,
which in turn, was significantly associated with lower concurrent
internalizing symptoms. Notably, this result could be described as an
“inconsistent mediation”, given that the indirect effect carried a
different sign (i.e., negative) than one of the specific direct effects (i.e.,
trauma — right basolateral complex volume; MacKinnon et al., 2000).
This finding is consistent with recent work demonstrating that larger
whole amygdala volumes in adults may serve as a protective factor
following trauma (Foell et al., 2019). Second, a similar pattern of results
was revealed in the right CA4/Dentate Gyrus (DG) subfield of the hip-
pocampus, with greater trauma exposure being significantly related to
larger right CA4/DG volumes, which in turn was related to lower
internalizing symptomology across longitudinal time points. Compara-
ble patterns of results have been found in a longitudinal assessment of
adults in the DG of the hippocampus, with increased DG following
trauma predicting decreased PTSD symptoms across time (Koch et al.,
2021).

Taken together, the current study builds upon existing literature,
pointing to potential neurobiological protective factors that may serve
to mitigate risk against the development of psychopathology in the face
of trauma. As others have suggested, examining these processes in
typically developing samples without currently diagnosed psychopa-
thology and who are at low-risk of developing psychopathology may
provide unique insight into potential resilience-promoting biomarkers
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in higher-risk samples (MacMillan et al., 2001). In other words, this
study provides an essential link to understanding how underlying
neurobiological factors may deter concurrent and longer-term emer-
gence of psychopathology symptoms following trauma. This work ex-
tends previous pediatric work demonstrating that higher-risk samples
with trauma exposure exhibit smaller amygdala and hippocampal sub-
regional volumes (Merz et al., 2018, 2020; Nogovitsyn et al., 2020; Oshri
etal., 2019; Teicher et al., 2012; Zhang et al., 2019). Although there is a
paucity of research, there is consistency in the regions (i.e., basolateral
complex and CA4/DG) identified here with those previously found to be
systematically smaller in relation to stress in developmental samples.
This suggests that the effects of trauma may target specific subnuclei of
the amygdala and subfields of the hippocampus in distinct ways that
alter risk profiles toward or away from psychopathology.

Future work should aim to uncover whether typically developing
youth who evince larger volumes in relation to trauma exposure possess
any protective predisposing factors. It may be the case that such in-
dividuals either begin with larger volumes that buffer against potential
atrophying effects of stress, or there may be other intermediary factors
that promote regional growth (i.e., synaptogenesis or neurogenesis).
Given that the current study was largely cross-sectional (apart from the
change in symptomology), more thorough longitudinal investigations
are necessary to understand whether and to what extent the effects
found here are partially endogenous or in direct response to trauma. It is
plausible that there are moderating factors, such as genetic pre-
dispositions as well as social or environmental factors that promote or
hinder the protective effects uncovered in the current study. Social
support factors, in particular, have been shown to promote adaptive
outcomes following traumatic experiences (Cheong et al., 2017; Evans
et al., 2013; Horan and Widom, 2015; Shin et al., 2019). Thus, future
studies would benefit from examining mediating and moderating social
factors that protect against developmental psychopathology, as they
may help to establish interactive effects among biological and envi-
ronmental factors that explain adaptive patterns in outcomes following
trauma exposure.

Another important contribution of the present study is its state-of-
the-art methodology. Of the relatively few studies that have examined
amygdala and hippocampal subregions, most included only a T;-
weighted MRI scan. The present study used both Tj-and To-weighted
scans, which is optimal for examining more fine-grained subregions that
necessitate ultra-high resolution, <1 mm scans. That said, prior work
has largely focused on whole amygdala and hippocampal volumes,
which has likely contributed to mixed findings in the literature. Spe-
cifically, effects of trauma on whole amygdala and hippocampal vol-
umes have been inconsistent, with reports of larger, smaller, or no
volumetric differences (for reviews, see Hanson and Nacewicz, 2021;
Teicher et al., 2016; Teicher and Khan, 2019). This may, in part, be due
to that fact that each subnucleus and subfield is differentially connected
to other cortical and subcortical regions, and thus, may be differentially
affected by traumatic experiences. Indeed, prior literature on hippo-
campal and amygdala subregions in children and adolescents seems to
support this notion, showing targeted effects of trauma on specific
subregions (Merz et al., 2018, 2020; Nogovitsyn et al., 2020; Oshri et al.,
2019; Teicher et al., 2012). Other studies have shown that the devel-
opmental trajectory of hippocampal volumes varies along the long axis,
emphasizing the need to investigate the hippocampus at a finer scale in
youth samples (DeMaster et al., 2014; Lee et al., 2014). Leading up to
these findings, special focus was given to the development of submilli-
meter imaging sequences to more precisely investigate these subregions.
Of the past studies that have examined amygdala and hippocampal
subregions, most include only a T;-weighted MRI data, which has been
shown to have less reliability than studies which introduce a second
higher resolution scan into the processing workflow (Kahhale et al.,
2020; Wisse et al., 2021). The present study used both Tj-and
Ty-weighted scans, which are optimal for examining smaller subregions
that necessitate such specialized sequences.
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Although the current study adds substantively to the literature, a few
limitations must be acknowledged. First, while there is merit in exam-
ining the biological impacts of trauma in youth who have not developed
clinical levels of psychopathology, as was done in this study, future work
would benefit from incorporating higher-risk samples. That is, it would
be ideal to examine these processes in two groups (high and low risk for
psychopathology) with comparable levels of trauma to disentangle the
stress-related effects that may be incurred with emergent psychopa-
thology. Second, more studies are needed to establish the environmental
(e.g., social support) and biological processes (e.g., genetic and epige-
netic precursors) that may promote or hinder amygdala and hippo-
campal subregion growth trajectories following trauma. Third, although
the current study examined longitudinal changes in subclinical symp-
tomology, we did not have longitudinal MRI assessments, limiting
conclusions that can be made about correspondence between structural
brain development and emerging symptomology. Thus, to further
characterize developmental cascades associated with trauma, it will be
critical for longitudinal studies to establish if larger amygdala and hip-
pocampal subregions are an endogenous protective factor against
developing internalizing symptoms, or if they are a direct response to
stress that serves as a buffer. Relatedly, this study evaluated how many
traumatic experiences participants self-reported, which has been
cautioned against by researchers for its over simplification of traumatic
exposure (Smith and Pollak, 2021). It will be important for future
studies to comprehensively characterize trauma experiences beyond the
number of traumatic events by quantifying their specific type, timing,
and severity. Finally, the present study is limited by its sample size;
future work with larger cohorts is essential for replication and extension
of the current findings. In particular, it will be crucial for subsequent
studies with larger samples to examine all amygdala subnuclei to garner
greater specificity of trauma effects, rather than just the BLA and cen-
tromedial subregions which consist of multiple subnuclei.

5. Conclusions

This study provides new evidence that amygdala and hippocampal
subregional volumes mediate trauma and psychopathology sympto-
mology in a normative pediatric sample. Specifically, we report two
mediations: the right basolateral complex of the amygdala mediated
trauma exposure and internalizing symptoms, while the right CA4/DG
of the hippocampus mediated trauma exposure and changes in inter-
nalizing symptoms across time. These findings suggest potentially tar-
geted protective effects of larger right amygdala and hippocampal
subregion volumes against internalizing symptomology during adoles-
cence. This study extends prior work by revealing that the same sub-
nuclei and subfields that are highly stress-sensitive (basolateral complex
and CA4/DG) may also be pertinent in protecting against developmental
psychopathology in trauma-exposed youth. Importantly, this work
demonstrates the utility of examining these processes in youth who do
not exhibit clinical levels of psychopathology and may be applicable to
vulnerable samples at elevated risk of clinical diagnoses.
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