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Abstract

Although there is an established link between smaller hippocampal volume and anxiety, the
longitudinal relations between hippocampus structure and anxiety in diverse youth are not

well understood. The present longitudinal study investigated hippocampal volumes related to
anxiety symptoms in a sample of Black 8-14-year-old youth (N = 64), a population historically
underrepresented in neuroimaging research. Smaller hippocampal volumes were associated with
greater anxiety symptoms independent of age, sex, intracranial volume and trauma exposure.
Exploratory longitudinal analyses showed smaller hippocampal volume as a predictor for anxiety
symptoms (n = 37) and not a consequence of anxiety symptoms (n = 32), however results

were inconclusive as this finding was no longer significant after correcting for baseline anxiety
symptoms. Overall, this data increases our understanding of potential neurobiological mechanisms
for anxiety in a high-risk sample of Black youth and suggests future directions into studying
trajectories of developmental risk.
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Introduction

Anxiety disorders are common across childhood and adolescence, affecting approximately
30% of youth [1]. Importantly, childhood anxiety disorders are linked to increased risk

for adult anxiety disorders and other psychopathology across the lifespan. Understanding
neurobiological mechanisms underlying anxiety in youth will inform trajectories of risk and
potential treatment targets.

Identifying alterations in brain structure may elucidate mechanisms and vulnerability factors
for the development of anxiety disorders. Limbic regions including the hippocampus and
amygdala are implicated in anxiety through emotional processes related to threat and fear
learning. These regions are critical for stress regulation and are vulnerable to environmental
stressors during development through increased levels of stress hormones [2,3]. Multiple
cross-sectional studies in primarily white youth demonstrated associations between lower
hippocampal volume and anxiety disorders [4—6] or symptoms [7], while several smaller
studies (n < 40) showed no associations [8-12]. Structural findings for the amygdala are
mixed, showing both larger [8] and smaller [6,10,11] volumes in anxious youth. To our
knowledge, associations between pediatric anxiety and hippocampal and amygdala volume
have not been investigated in a predominately Black sample of youth. It is important to
understand neurobiological mechanisms of psychopathology and investigate these relations
in diverse samples to increase generalizability of findings and reduce health disparities
across underrepresented populations (Garcini et al., 2022). Although limbic structures

have been implicated in anxiety disorders, the temporal relations between hippocampus
structure and anxiety are not well understood. The majority of existing studies examined
cross-sectional relations- thus limiting understanding of longitudinal and developmental
structural alterations in the context of anxiety.

The present study investigated hippocampal and amygdala volumes related to anxiety
symptoms in a sample of Black youth. In line with existing structural neuroimaging

studies, we hypothesized that smaller hippocampal volume would be associated with higher
risk for anxiety symptoms. To examine the temporal direction of the results, exploratory
longitudinal analyses followed up on associations between brain structure and anxiety
symptoms. Specifically, we tested 1) if brain structure volume prospectively predicted
anxiety symptoms at follow-up assessments and 2) if anxiety symptoms at baseline predicted
later brain structure volume.

Methods

Participants and procedures

A sample of Black children and adolescents aged 8-14 years (N = 69; Mg = 10.8 years,
SD = 1.6; 52% female) underwent magnetic resonance imaging (MRI). Participants were
recruited through the Grady Trauma Project as part of two NIH-funded studies examining
intergenerational effects of trauma (R01 HD071982) and critical periods in fear processing
(RO1 MH111682) in Black children (see [13,14] for more details regarding recruitment
and study design). Exclusion criteria for children were a history of bipolar disorder or
schizophrenia, active psychotic symptoms, cognitive disability, previous head injury with
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loss of consciousness, history of stroke, epilepsy, neurological disorder, autism spectrum
disorder, or brain tumor, metal in the body, hearing, or vision impairment unable to be
corrected by glasses.

Children participated in research visits at the laboratory and an MRI scan at Emory
University. Children and caregivers completed a baseline assessment (n = 67) and at least
one follow-up assessment 9- and 18-months following baseline (n = 54 and n = 43,
respectively). Children completed a MRI scan at one of the three assessments, 50% (n =

34) completed their MRI at baseline, 30% (n = 20) at 9-month follow-up, and 20% (n = 15)
at 18-month follow up. The protocol was approved by the Institutional Review Boards of
Emory University and Grady Research Oversight Committee. Written consent was obtained
from the child’s legal guardian and oral (younger than 11) or written (ages 11 and older)
consent was obtained from child participants. Children and caregivers were compensated for
their time.

2.2. Measures

2.3. MRI

2.2.1. Anxiety symptoms—Caregivers reported on child anxiety symptoms using the
Behavioral Assessment System for Children (BASC-2 [15]). The anxiety subscale includes
14 items for the child version and 11 items on the adolescent version [16], rated on a
four-point Likert Scale from 0 (never) to 4 (almost always). Age and sex-normed 7 scores
were generated using scoring software and ranged from 29 to 89. T scores of 50 indicate
the mean; scores between 60-69 indicate at-risk and above 70 were considered clinically
significant. The BASC was collected at baseline assessment (a = .84), and follow-up visits
(84% completed at 9-month follow up, and 67% completed at 18-month follow up).

2.2.2. Trauma exposure—Children reported on trauma exposure with the Traumatic
Events Screening Inventory (TESI) for children[17] at baseline. This 19-item questionnaire
assessed potentially traumatic events, including disasters, accidents, injuries, violence, and
abuse, with Yesor Noto each item. The summed child trauma exposure score was used as a
covariate in analyses.

Before their actual scan, participants completed a separate mock scan visit during which
they were acclimated to the scanner. Structural MRI scans were acquired on 3.0-T Siemens
Tim Trio (whole-body) MR scanners using a 32-channel head coil. MRI data for five
participants were collected using a separate 3.0-T Siemens Tim Trio (whole-body) MR
scanner; however, the same parameters and sequences were used for all participants. A
T1-weighted image (176 slices, repetition time [TR] = 2250 ms, echo time [TE] = 4.18
ms, and voxel size 1 x 1 x 1 mm) was used for within-subject registration and to measure
left and right hippocampal volumes. Structural T1-weighted MRI scans were analyzed
using Freesurfer v6.0. Quality control and processing were performed in conjunction with
standardized ENIGMA protocols (http://enigma.ini.usc.edu). Left and right hippocampal
and amygdala and intracranial volumes (ICV) were extracted and exported to SPSS 26.0
(IBM SPSS Statistics 26.0). Structural data that failed extraction with Freesurfer due to
motion were excluded, resulting in N = 64 for analyses.
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2.4, Statistical analyses

IBM SPSS Statistics, Version 26 (IBM Corp., Armonk, NY) was used for all statistical
analyses. Data was checked for normality, skewness, and kurtosis. Missing data was handled
using listwise deletion. Power analyses conducted in SPSS indicated a sample size of

61 was needed to achieve 80% power for detecting a moderate effect (.35) at a = .05

in correlation analyses. Caregiver report of anxiety symptoms and child report of trauma
exposure were used in primary analyses to minimize bias from using the same reporter

for both anxiety symptoms and trauma exposure. Results using child report of anxiety
symptoms are included as supplementary results in Supplementary Table 1.

2.4.1. Cross-sectional analyses—We performed correlation analyses between
hippocampus and amygdala volumes and anxiety symptoms reported at the visit concurrent
with the MRI scan. Partial correlations correcting for age, sex, and ICV were performed.
Based on prior studies with this sample illustrating significant associations between trauma
exposure and hippocampus volume [18], partial correlations also corrected for trauma
exposure.

2.4.2. Exploratory longitudinal analyses—To examine the temporal direction of

the results, exploratory longitudinal analyses followed up on potential significant cross-
sectional correlations between brain structure (hippocampus or amygdala volume) and
anxiety symptoms collected at different timepoints. As children completed their MRI scan at
only one of three visits, subsamples of the overall sample were used to examine correlations
between brain structure volume and anxiety symptoms reported at visits 9-18 months before
or after their MRI scan. Thirty-two children had baseline anxiety data and completed their
MRI scan at a follow-up visit and 37 children had follow-up anxiety data 9-18 months

after their MRI scan. Correlation and partial correlation analyses correcting for ICV, age,
seX, and baseline anxiety symptoms were performed. Based on power analyses described
above, follow-up analyses with subgroups may be underpowered and should be considered
exploratory.

3. Results

Children reported exposure to an average of 5.6 potentially traumatic events (SD= 3.5,
range = 0-18) at the baseline assessment. The mean levels of anxiety at baseline in this
sample were 48.4 (SD = 11.8) with 20.6% (n = 13) of children in the at-risk category for
anxiety and 4.8% (n = 3) with clinically significant scores. At follow up, mean anxiety levels
were 47.1 (SD = 11.8) with 7% (n = 4) of children in the at-risk category and 5% (n = 3)
with clinically significant scores. There were no significant differences in anxiety symptoms
(0 =".99) or hippocampal volume (p=.72) between children with MRI at baseline versus
follow-up.

3.1. Cross-sectional analyses

3.1.1. Hippocampal volume and concurrent anxiety symptoms—Smaller left
and right hippocampal volume correlated with higher levels of anxiety symptoms (Table
1.1, Fig. 1a,b). Partial correlations between left and right hippocampus volume with anxiety
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symptoms were significant (r=-.29, p=.02, and r=-.26, p= .04, respectively ) after
correcting for ICV. After controlling for ICV, age, sex, and trauma exposure, the correlations
between anxiety and both left and right hippocampus volume remained significant (Table
1.1).

3.1.2. Amygdala volume and concurrent anxiety symptoms—Anxiety symptoms
were not correlated with right or left amygdala volume, r=-.10, p= .44, and r=-.13,

p =30, respectively. All partial correlations correcting for ICV, age, sex, and trauma were
non-significant (ps = .51-.95).

3.2. Longitudinal analyses

Exploratory longitudinal analyses followed up on significant correlations between anxiety
and hippocampal volume. Baseline anxiety symptoms did not significantly predict right or
left hippocampus volume at follow-up assessments 9-18 months later (Table 1.2 (top); Fig.
1c). However, smaller left hippocampus volume significantly predicted increased anxiety
symptoms at follow-up assessments (Table 1.2 (bottom); Fig. 1d). The negative correlation
between left hippocampus and follow up anxiety symptoms remained significant after
correction for ICV, r=-.42, p=.01 but not when additional covariates age, sex, trauma,
and baseline anxiety were included (Table 1.2 (bottom)). Right hippocampus volume was
not significantly correlated with later anxiety symptoms (Table 1.2 (bottom)).

4. Discussion

In this study, we demonstrated that smaller bilateral hippocampal volume was associated
with higher levels of anxiety symptoms in a sample of highly-trauma exposed Black youth.
The cross-sectional results are consistent with our hypothesis and prior studies that observed
associations between smaller hippocampus with anxiety diagnoses or symptoms in adult
and pediatric samples[4—7]. The association between hippocampus and anxiety symptoms
remained after controlling for age, sex, ICV, and child trauma exposure, highlighting the
relationship between anxiety and hippocampal volume independent of trauma exposure.
This is notable as trauma exposure has been linked with reduced hippocampal volume [18]
and risk for anxiety problems in youth [21]. This finding adds to prior work demonstrating
reduced hippocampal volume as a potential mechanism between early adversity and stress
regulation [19] and internalizing outcomes across the lifespan [20-22]. Taken together,
existing research suggests that smaller hippocampal volumes in the context of early
adversity and high-risk environments may increase sensitivity to later exposure to stressful
life events and confer vulnerability for the development of psychopathology.

One possible explanation may be that lower hippocampal volume serves as a risk factor
increasing vulnerability for anxiety disorders [20,23]. Alternatively, smaller hippocampal
volume may be a consequence of anxiety disorders such that increased anxiety symptoms
and related levels of stress hormones reduce hippocampal volume. Exploratory analyses
examined the direction of this effect, however, were limited by the small sample size and
attrition across data collection. Associations between baseline anxiety symptoms and later
hippocampal volume were not observed. Smaller hippocampal volume was associated with
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later anxiety problems; however, this association did not survive correction for baseline
levels of anxiety symptoms.

The lack of prospective findings emphasizes the observed cross-sectional association
between hippocampal volume and anxiety symptoms and requires replication of prospective
analyses in larger samples. Existing longitudinal neuroimaging studies have examined
bidirectional relationships between psychopathology and brain structure with mixed
findings[25,26]. Early internalizing symptoms at age 5-6 predicted altered patterns of

brain development 2.5 years and decreased bilateral hippocampal volume predicted later
internalizing symptoms without accounting for earlier levels of internalizing symptoms.
However, in a cohort of healthy adolescents no associations were observed between limbic
volumes and internalizing symptoms in either direction. Notably, prior studies included
primarily white, healthy samples with low trauma exposure. It is possible that other social
and environmental factors may influence hippocampal development and be contributing to
the lack of prospective findings in our sample of urban high-risk Black youth, including high
levels of trauma exposure, socioeconomic status, or discrimination.

Additionally, the lack of prospective findings and inconsistencies in the directions of effects
between our results and prior studies may be related to the participant ages and time
between assessment periods. Age specific effects have been observed in this cohort and
prior longitudinal studies showing differences in brain structure and function between youth
below and above age 10 [18,26] related to trauma and psychopathology risk. As children in
this study were first assessed at age 8-12 years of age, it is possible that anxiety symptoms
had already developed for many youths, thus limiting the capacity to fully detect causal
directions. Muetzel [25] included youth as young as 5 to 6 years old, highlighting the
importance of capturing these developmental trajectories at earlier timepoints when the
brain is rapidly developing, and behavioral problems may first emerge. Due to the sample
size, we could not explore the moderating effects of age, but further exploration of these
developmental sensitive periods is warranted. Lastly, the present study did not include
repeated measurements of hippocampal volume; thus, we were not able to fully test the
bidirectional relationships while accounting for prior hippocampal volume.

Our overall finding that smaller hippocampal volumes is associated with anxiety problems in
childhood has important clinical implications. Smaller hippocampal volumes may reflect
altered capacity for stress regulation and emotional processing, contributing to higher

levels of symptoms. The levels of anxiety symptoms in this sample were mainly below
clinical significance, suggesting that hippocampal volume may be a potential biomarker

of subclinical anxiety levels. Existing mechanisms found to increase hippocampal volume
could help mitigate risk for anxiety, including physical exercise, meditation/mindfulness-
based interventions, and cognitive stimulation [27-29]. Early caregiving experiences and
maternal behavior may also influence hippocampal growth at sensitive periods of brain
development [19,30], suggesting early windows of opportunity for interventions.

Several strengths and limitations of this study should be noted. Our findings build on
prior work by showing associations between smaller hippocampal volume and anxiety in a
nonclinical sample of Black youth. This was a longitudinal study with a minoritized and
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socioeconomically under-resourced sample that is largely understudied in neuroimaging
research. Additionally, majority of prior studies examined cross-sectional associations
limiting interpretation of longitudinal and developmental effects. Although the study

was adequately powered to detect moderate effects in the full sample, the longitudinal
analyses were likely underpowered due to reduced sample size, thus replication in larger
longitudinal samples is necessary. This study focused on anxiety, however prior research has
shown associations with depression and broader internalizing symptoms [24-26,31,32], thus
conclusions regarding the specificity of these findings with anxiety symptoms are limited.
Additional research should examine transdiagnostic mechanisms underlying internalizing
psychopathology. While our findings are in line with prior studies, findings from this high-
risk Black population from urban Atlanta may not generalize to other populations. Research
has also demonstrated deleterious effects of poverty on hippocampus and amygdala structure
[33], thus it is possible that brain structure in this sample may have been influenced by
growing up in poverty. Although we did not examine unique effects of poverty in the
sample, there was little variation in socioeconomic status among families as most of the
families were from a low-resourced sample [34].

In this study, we demonstrate that smaller hippocampal volume is associated with

greater anxiety symptoms in a high-risk sample of trauma-exposed Black youth that

is underrepresented in neuroimaging research. Additional longitudinal research in larger
samples is needed to examine if lower hippocampal volume is a risk factor for the
development of anxiety symptoms or a consequence of experiencing anxiety and further
understand these developmental adaptations even earlier in childhood. These results increase
our understanding of neurobiological mechanisms for anxiety, which is important for
identification of trajectories of risk and intervention opportunities.
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Fig. 1.
Correlation analyses of Hippocampal volume with anxiety symptoms. Results show the

uncorrected analyses, the results from corrected analyses (corrected for ICV, age, sex,
trauma) can be found in Table 1. (a) and (b) correlations between concurrent anxiety
symptoms and hippocampus volume (N = 64). (c) correlation between baseline anxiety
symptoms and follow up left hippocampus volume(n = 32) (d) correlation between left
hippocampus volume and follow up anxiety symptoms (n = 37). ROI = region of interest.
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Table 1

Correlations between Anxiety symptoms and Hippocampus volume.

1.1 Cross-sectional analyses

(N=64)

a) Uncorrected Anxiety 1

b) Corrected for ICV

c) Corrected for ICV, age, sex, and trauma

1.2 Longitudinal analyses

(n=32)

a) Uncorrected Anxietypss — Hippopy
b) Corrected for ICV Anxietypas — Hippogy
c) Corrected for age, sex, ICV and trauma
(n=37)

a) Uncorrected Hippo — Anxietyry

Anxiety,as — Hippogy

b) Corrected for ICV Hippo — Anxietyry

c) Corrected for ICV, sex, ICV and trauma baseline anxiety ~ Hippo — Anxietygy

L Hippo
r

—31*
-30*
35 *
L Hippo
r

.06

.04

-.01

-34*
_.42 *

-.15

0.01

0.02
0.01

72
.84
.94

.03
.01
41

R Hippo

_27*
-26*
_27*
R Hippo

.00
-.05
-.05

-.25
-.26
-.20

.03

.04
.04

.98
.79
.80

14
12
.28

Note.

Page 11

'ZAnxiety symptoms assessed at the same timepoint as the MRI scan. L Hippo = Left Hippocampal volume. R Hippo = Right Hippocampal volume.

ICV = intracranial volume. Bas = baseline assessment. FU = follow up assessment.
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