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ARTICLE INFO ABSTRACT

Keywords: Rodent research suggests that dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis and the resulting

Cortisol stress response cortisol stress response can alter the structure of the hippocampus and amygdala. Because early-life changes in

g‘_“ygdala brain structure can produce later functional impairment and potentially increase risk for psychiatric disorder, it
ippocampus

is critical to understand the relationship between the cortisol stress response and brain structure in early
childhood. However, no study to date has characterized the concurrent association between cortisol stress
response and hippocampal and amygdala volume in young children. In the present study, 42 young children
(Mgge = 5.97, SD = 0.76), completed a frustration task and cortisol response to stress was measured. Children also
underwent magnetic resonance imaging (MRI), providing structural scans from which their hippocampal and
amygdala volumes were extracted. Greater cortisol stress response was associated with reduced right amygdala
volume, controlling for whole brain volume, age, sex, and number of cortisol samples. There were no significant
associations between cortisol stress response and bilateral hippocampus or left amygdala volumes. The associ-
ation between right amygdala volume and cortisol stress response raises the non-mutually exclusive possibilities
that the function of the HPA axis may shape amygdala structure and/or that amygdala structure may shape HPA
axis function. As both cortisol stress response and amygdala volume have been associated with risk for psy-
chopathology, it is possible that the relationship between cortisol stress response and amygdala volume is part of
a broader pathway contributing to psychiatric risk.

Structural MRI
Early childhood

(Gaffrey et al., 2018), and, similarly, alterations in hippocampal (Barch
et al., 2019) and amygdala structure (Tottenham et al., 2010) have also
been observed in children with psychiatric symptoms. These findings
suggest that the relationship between cortisol stress response and brain

1. Introduction

The relationship between developing brain structure and the cortisol
stress response remains poorly understood. This is a noteworthy gap in

the literature given that rodent studies suggest that a dysregulated
cortisol stress response produces alterations in the structure of the hip-
pocampus and amygdala (Magarinos and McEwen, 1995; Sapolsky et al.,
1986). Both structures in the subcortex of the brain, the hippocampus
and amygdala serve critical functions. Specifically, the hippocampus is
involved in learning and memory (Karlsgodt et al., 2005), while the
amygdala is involved in emotion processing and salience detection
(Phelps, 2006). Because early childhood is a period of enormous
neurobiological growth (Giedd et al., 1999), it is possible that early al-
terations to the structure of the hippocampus and amygdala could
disrupt their function, impairing emotional and cognitive development.
Indeed, a correlation between heightened cortisol stress response and
heightened psychiatric symptoms has been observed in children
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structure in childhood may contribute to the development of psycho-
pathology. However, before it is possible to intervene to prevent any
hypothesized disruptions to early childhood brain or behavioral devel-
opment, a key first step is to better understand the relationship between
the cortisol stress response and the structure of the hippocampus and
amygdala in early childhood. In the present study, we examine the
concurrent relationship between variation in the cortisol stress response
and hippocampal and amygdala volume in preschool age children.

The hypothalamic-pituitary-adrenal (HPA) axis describes the com-
plex inter-relationship between the hypothalamus, pituitary gland, and
adrenal gland. When the hypothalamus detects a stressor in the envi-
ronment, it sends neural signals to the pituitary gland, which, in turn,
signals to the adrenal gland to release cortisol, a stress hormone. This
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process initiates the cortisol stress response, an increase in cortisol that
peaks roughly 30 min after the onset of an acute stressor and returns to
baseline levels approximately 1 h later (Seltzer et al., 2010; Send et al.,
2019). Release of cortisol in response to a stressor mobilizes energy
resources, increases the inflammatory response, and suppresses the
immune system (Herman et al., 2011). These functions are helpful in
coping with an immediate, short-term threat. However, they can also be
damaging when the HPA axis is hyperactive and too much cortisol is
released: cortisol is able to cross the blood-brain barrier (Mora et al.,
2012), and its presence can promote toxicity and cell death in the brain
(Behl et al., 1997; Sapolsky et al., 1986).

In rodents, hypersecretion of corticosterone—the rodent equivalent
of cortisol—has been linked to neuroanatomical changes, particularly in
the hippocampus and amygdala. Specifically, in the rodent hippocam-
pus and amygdala, neuronal death (Ding et al., 2010; Sapolsky et al.,
1986) and dendritic retraction (Conrad, 2006; Magarinos et al., 1998;
Vyas et al., 2002) have been observed following major stress and
corticosterone administration. These findings generally suggest that
shrinkage of the hippocampus and amygdala follows corticosterone
hypersecretion, although the directionality of these findings is not al-
ways consistent. (For example, see Mitra and Sapolsky (2008) for a
positive correlation between corticosterone administration and den-
dritic branching in the amygdala). Moreover, rodent studies suggest that
the developing rodent brain is particularly susceptible to the effects of
stress and stress hormones. In rodents, heightened corticosterone in
early life can have a larger impact on brain structure than elevations in
corticosterone experienced later on (Sousa et al., 1998).

While these rodent studies suggest that corticosterone hypersecre-
tion impacts the developing brain’s subcortical structure, the literature
describing this relationship in human children is sparse. To date, very
few studies have measured the relationship between cortisol stress
response and hippocampal and amygdala structure in children, although
a larger number of studies have examined the relationship between
hippocampal and amygdala structure and other measures of cortisol. In
this broader work, findings have been mixed. Some authors find that
elevations in cortisol are associated with larger amygdala volumes (Buss
et al., 2012), some smaller (Pagliaccio et al., 2014). Most authors find a
relationship between a smaller hippocampal volume and elevations in
cortisol, but some have suggested this relationship is only present for
specific subregions of the hippocampus (Blankenship et al., 2019; Merz
et al., 2019).

These discrepancies may be due to the fact that not all of these
studies have measured cortisol via the cortisol stress response. Cortisol
can be measured as the cortisol stress response, but researchers may also
measure overall levels of cortisol by sampling concentrations of the
hormone in hair or by taking saliva samples at rest. These measures are
often considered interchangeable; yet a recent study which measured
cortisol stress response, hair cortisol, and resting salivary cortisol levels
in 400 youths found only small correlations among these measures
(Malanchini et al., 2020). In addition, if a dysregulated cortisol stress
response alters brain structure in early life, ,then it is particularly
important to understand how this specific measure of cortisol relates to
brain structure during early childhood. To date, two studies have spe-
cifically examined the relationship between cortisol stress response and
subcortical brain structure in children: Blankenship et al. (2019) and
Pagliaccio et al. (2014). The former found that a heightened cortisol
stress response in early childhood (ages 3-5.96 years) predicted smaller
hippocampal volumes in later childhood (ages 5.57-10 years), but only
in the hippocampal body; in contrast, the latter reported that cortisol
stress response in early childhood (ages 3-5 years) predicted smaller
volumes in the bilateral amygdala and the left hippocampus in later
childhood (ages 7-12 years). However, critically, both of these studies
measured cortisol stress response in early childhood and then measured
brain structure at a later time point (Blankenship et al., 2019; Pagliaccio
et al.,, 2014). The concurrent relationship between cortisol stress
response and hippocampal and amygdala structure during early
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childhood—when the brain is likely most susceptible to the effects of
cortisol—has not yet been explored (Gunnar, 2017).

In the present study, we begin to address some of the limitations in
the existing literature by concurrently measuring cortisol stress response
and hippocampus and amygdala structure in a sample of preschool age
children. In line with the research reviewed above, we hypothesized that
a heightened cortisol stress response would correlate with alterations in
hippocampal and amygdala volume. We did not hypothesize that
cortisol stress response would correlate with larger or smaller hippo-
campal or amygdala volume given the mixed nature of previous findings
(Blankenship et al., 2019; Pagliaccio et al., 2014).

2. Material and methods
2.1. Participants

Seventy-three children completed all parts of a behavioral assess-
ment and a magnetic resonance imaging (MRI) session. During recruit-
ment, parents completed a brief screening questionnaire over the phone.
Children with neurological disorder, autism spectrum disorder, devel-
opmental delays, MRI contraindications, use of psychiatric medication,
and/or who were born prematurely (e.g., <36 weeks of gestation) were
excluded from study participation. Parents were also asked about their
children’s depressive symptoms using the short version of the Preschool
Feelings Checklist (PFC; Luby et al., 1999). Depressive symptoms were
measured during recruitment because the children in this study were
part of a larger study examining the development of depressive symp-
toms beginning at preschool age (see Gaffrey et al. (2018)). Children
were recruited from day care centers, pediatrician’s offices, and the
community at-large. 33.3% of children in the present study sample had
elevated depressive symptoms. Elevated depressive symptoms were
defined as a score of 3 or higher on the short version of the PFC. A score
of 3 indicates the presence of 3 or more behaviors associated with core
depressive symptoms (e.g., change in appetite, pretend play about scary
or sad things). A detailed description of this measure can be found in the
Supplement. Analyses are conducted with and without controlling for
depressive symptoms.

All children participated with their biological mother. Mothers
signed a written consent form, and children provided verbal assent.
Families were compensated for their participation. During the behav-
ioral assessment, mothers completed questionnaires regarding their and
their child’s mental health, physical health, behavior, and life experi-
ences. Children completed behavioral tasks, including a frustration task
and cortisol sampling procedure detailed below. The MRI session
occurred approximately 7-10 days after the behavioral assessment (M =
8.52 days, SD = 6.18). The Washington University in St. Louis Institu-
tional Review Board approved the study. All research was carried out in
accordance with the Declaration of Helsinki.

46 of the 73 children who completed both study sessions produced
very high-quality imaging data. Prior work demonstrates that MRI scans
with motion artifacts may bias results and that obtaining low movement
MRI data with developmental populations or populations with psychi-
atric symptoms—both of which describe the current sample—is highly
challenging (Backhausen et al., 2016). 63 of the 73 children provided
high-quality salivary cortisol samples. These two groups overlapped to
produce a final sample of 42 children who generated both high-quality
salivary cortisol samples and high-quality structural brain images.

The final sample of N = 42 children (Mag. = 5.97 years, 38% male)
was 26% African American, 69% White, and 5% Multiracial. Thirty-
three percent displayed elevated depressive symptoms on the short
version of the PFC when screened during recruitment. Using a two
sample t-test, there was no difference in short version PFC scores during
screening (t(71) = —0.03, p = .97) or scale version PFC scores at the
assessment (t(71) = —0.45, p = .66) between children in the present
sample of N = 42 and those excluded due to poor-quality imaging and
cortisol data. There was also no difference in cortisol values between
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children in the present sample and those excluded due to poor-quality
imaging data (t(61) = —0.42, p = .68). Statistics describing the sample
can be found in Table 1.

2.2. Frustration task, cortisol collection, and cortisol analysis

Children completed a well-validated frustration task (Kryski et al.,
2011) previously shown to elicit a cortisol stress response in young
children (Send et al., 2019). At the start of the task, children were pre-
sented with a large board covered in pictures of bumblebees and frogs, a
basket containing blue and red Velcro buttons, and a small stoplight (see
Supplemental Fig. 1). Children were told that they could earn a prize if
they matched the red buttons to the frogs and the blue buttons to the
bumblebees within a specific time. The stoplight would signal how much
time remained. A green light indicated plenty of time remaining, a
yellow light indicated that only a small amount of time remained, and a
red light indicated that no time remained. However, the experimenter
always triggered the red light before the child completed the task, so
that the child never finished the task within the allotted time. Each child
attempted three rounds of the task. Immediately after the last round of
the task, children were informed that the stoplight was broken. Their
matching abilities were praised, and they were offered a prize.

After completing 30 min of neutral activities (e.g., coloring and
watching a neutral nature video) and prior to completing the frustration
task, a baseline salivary cortisol sample was obtained from each child.
Additional saliva samples were collected at 0, 10, 20, 30, 40, and 50 min
after the frustration task. These times are relative to the child’s
completion of the frustration task (e.g., time O represents a sample taken
as soon as the task was completed). The child and experimenter
completed neutral activities while the post-task saliva samples were
collected. The sampling procedure began between 10:15 a.m. and 2 p.m.
to minimize diurnal variation in cortisol (Kudielka et al., 2004).

Salivary cortisol samples were measured (ng/mL) in duplicate using
a commercially available enzyme-linked immunosorbent assay kit ac-
cording to manufacturer instructions (ELISA; DRG International kit SLV-
2930; Springfield, New Jersey USA). Intra- and inter-assay coefficients
of variation were 3.80% and 6.85%, respectively. Samples producing
unreliable measures (i.e., intra-assay CVs > 20%) even after being re-
assayed in duplicate were excluded.

A participant had to have the first or second sample and at least 5 of
the 7 collected saliva samples to be included in analyses. 38 of the 42
participants had all 7 samples. Salivary stress-induced cortisol response

Table 1

Sample characteristics.
Characteristic Percentage
Sex (M/F) 38% M, 62% F

Race (W, AA, MR)
Short PFC (High, Low)

69% W, 26% AA, 5% MR
33% High, 66.67% Low

Mean SD Range

Age (years) 5.97 0.76 4.31-7.00

Scale PFC 15.31 11.04 1-47

Life Events Checklist 8.69 10.36 0-41

Cortisol (AUCg) 36.41 6.30 22.81-53.59

Left Amygdala Volume 2022.01 171.13 1701.00-2399.50
(mm®)

Right Amygdala Volume  2085.68 155.90 1740.60-2526.90
(mm®)

Left Hippocampus 4955.67 366.37 4173.90-6109.80
Volume (mm?)

Right Hippocampus 5048.02 393.27 4321.10-5974.70
Volume (mm?)

Whole Brain Volume 1,464,959 39,259.10 1,391,717-1,557,453

(mm?®)

Note. M = Male, F = Female. W = White, AA = African American, MR =
Multi-racial. PFC = Preschool Feelings Checklist. AUCg = Area Under the
Curve with respect to ground.
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was calculated as the Area Under the Curve with respect to ground
(AUCg), which captures the full cortisol response to stress by including
both circulating cortisol and the increase in cortisol in response to acute
stress (Pruessner et al., 2003). The cortisol assay procedure, quality
control, and quantification details are described in the Supplement.

2.3. MRI imaging

2.3.1. Structural MRI acquisition, quality control, and processing

To help ensure child comfort and familiarity with the scan environ-
ment, all children completed a mock scan prior to the MRI. Please see the
Supplement for more details on this procedure. During the scan, 3D T1-
weighted magnetization-prepared rapid gradient echo (MPRAGE) im-
ages were acquired using the following parameters: TR = 2400 ms, TE =
3.16 ms, flip angle = 8°, slab = 176 mm, 176 slices, matrix size = 256 x
256, field of view (FOV) = 256 mm, voxel size =1 x 1 x 1 mm, sagittal
plane acquisition. These data were acquired on a Siemens Tim Trio 3T
scanner (Siemens Healthcare, Erlangen, Germany).

T1-weighted images were reviewed slice-by-slice using FreeSurfer’s
image viewing software FreeView (Fischl and Dale, 2000). The quality
of each image was rated using the qualitative rating system validated by
Backhausen et al. (2016). Specifically, each image was rated on a scale
of good, moderate, or bad in the following four categories: overall image
sharpness, ringing, clarity of subcortical structures, and clarity of
grey/white matter boundaries. Quality ratings of images were per-
formed by C.H.F. and were reviewed by M.S.G. No image with a rating of
“bad” in any category was included in the present study. C.H.F. and M.S.
G. were blinded to children’s cortisol values when reviewing the struc-
tural images.

T1-weighted images were processed using the recon-all command of
FreeSurfer 6.0 (Fischl and Dale, 2000). Recon-all completes
surface-based and volume-based image processing. In FreeSurfer, im-
ages are intensity normalized, skull stripped, segmented into grey and
white matter, and subcortical volumes are automatically labeled. White
matter and pial surfaces are created by following the intensity gradient,
and the distinction between the surfaces is placed at light/dark transi-
tions. A detailed description of this processing can be found elsewhere
(Fischl, 2012; Fischl and Dale, 2000). Before being processed in Free-
Surfer, images were transformed to a common template space using a
transformation (Talairach and Tournoux, 1988) that has been validated
for use with young children (Ghosh et al., 2010).

Prior work demonstrates that FreeSurfer’s calculations of subcortical
volumes correlate highly with measurements generated manually in
tracing studies (Morey et al., 2009). Further, use of FreeSurfer’s volu-
metric processing stream has been validated for use with young children
(Schoemaker et al., 2016) and is regularly used in work examining the
relationship between hippocampal/amygdala volume and behavior in
developmental populations (Barch et al., 2019).

Following processing in recon-all, all images were visually inspected
again. When minor errors were detected in the surfaces (e.g., pial surface
capturing skull or dura mater), manual edits were applied. Subcortical
structures were not edited. Our reasons for not editing subcortical
structures were twofold: first, following review of the segmentations, we
did not observe any major problems with the segmentation of the hip-
pocampus or amygdala; second, the makers of FreeSurfer advise Free-
Surfer users to avoid editing subcortical volumes when possible, since
these changes can sometimes cause even greater problems. For example,
see: http://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/Troublesh
ootingDataV6.0.

2.3.2. Structural MRI analysis

Volumetric measurements of the amygdala, hippocampus, and
whole brain were obtained using the asegstats2table command native to
FreeSurfer 6.0. (See Fig. 1). This command reports the volumes of all of
the structures labeled in the aseg.mgz file generated by recon-all. All
statistical analyses were performed in R Studio, version 3.5.3, with the
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Fig. 1. Example of a participant’s volumetric segmentation. The hippocampus is in yellow. The amygdala is in sky blue.

exception of outlier detection, which was performed in IBM SPSS 26.0.

2.4. Child depressive symptom severity

Mothers completed the scale version of the Preschool Feelings
Checklist (PFC-S; Luby et al., 1999) about their child. This measure is a
longer, more detailed version of the short version of the Preschool
Feelings Checklist that was completed during recruitment. The scale
version of the PFC is designed to assess a child’s depressive symptoms
and the severity of these symptoms in a more detailed manner than the
short version of the PFC. Neither the scale version nor the short version
may establish the presence or absence of a DSM-5 depression diagnosis
(American Psychiatric Association, 2013). The scale version of the PFC
contains 23 items, with items such as: “My child pretends or make be-
lieves about scary or sad things.”; “My child blames himself for things.”
Each item is rated on a 0-4 scale, with 0 = Never and 4 = Most of the
Time. Higher scores indicate greater depressive symptom severity. Prior
work demonstrates that the PFC-S reliably assesses child depressive
symptom severity (Luby et al., 2004). This measure was intended as a
covariate in analyses.

2.5. Life Events Checklist

Mothers completed the Life Events Checklist (Johnson and
McCutcheon, 1980), a well-validated measure that asks parents about
the occurrence and impact of stressful events in their child’s life. For
example, items include— “parents divorced”; “new brother or sis-
ter”—events that are directly relevant to young children. Parents indi-
cate with a 0 or 1 if the event has ever occurred in the child’s lifetime or
in the last 6 months. For events that have happened, parents indicate if
they believe the impact of the event on the child was positive or nega-
tive, and they rate the impact of the event on the child using a 1-4 scale
(1 = No effect, 2 = Some effect, 3 = Moderate effect, 4 = Great effect).
While events are rated on a 1-4 scale, it is possible to obtain a score of 0,
if no negative events ever occurred. Impact scores are summed, pro-
ducing four scores: a positive 6-month impact score, a negative 6-month
impact score, a positive lifetime impact score, and a negative lifetime
impact score. These reflect, respectively, the impact of positive and
negative stressful life events that have occurred within the past 6 months
and over the course of the child’s lifetime. In our analyses, we employed
the negative lifetime impact score because, while negative life events are
linked to increased stress, positive life events are generally considered to
buffer against stress (Blonski et al., 2016). This measure was intended as
a covariate in analyses.

2.6. Analysis plan

Based on our a priori hypotheses, we planned to conduct 4 separate
linear regressions to examine the relationship between subcortical
structure and cortisol stress response. Right amygdala volume, left

amygdala volume, right hippocampal volume, and left hippocampal
volume would each be separately regressed onto cortisol stress response
values (AUCg). We elected to examine each hemisphere separately
because previous research with adults (Barry et al., 2017) and adoles-
cents (Klimes-Dougan et al., 2014) suggests that the relationship be-
tween cortisol stress response and subcortical structure may vary by
hemisphere. Further, age, sex, and whole brain volume may all influence
subcortical volume (Giedd et al., 1999), so these variables were intended
to be included as covariates. Additionally, while most children had all 7
cortisol samples (90%), some did not, prompting us to include total
number of obtained samples as a covariate in the four primary re-
gressions of interest.

Further, although time of day was accounted for in the experimental
design, we also planned to conduct a supplementary analysis to confirm
that minor variation within the 3.5-h time frame during which all
samples were collected did not impact the results. To do this, we planned
to conduct a separate regression controlling for time of day. Addition-
ally, it has been previously observed that children with psychiatric
symptoms, such as symptoms of depression (Luby et al., 2003) or anxiety
(Kryski et al., 2013), may display a heightened cortisol stress response,
while—in contrast—children with histories of early life stress may show
a blunted cortisol stress response (Koss et al., 2016). For this reason, two
additional regressions were planned, one controlling for stressful,
negative life events, and another controlling for depressive symptoms.
The sample was not enriched for stressful life events, but because the
sample here is a subsample of a larger study examining development of
depressive symptoms in preschoolers, one-third of the children in the
present sample displayed elevated depressive symptoms.

3. Results
3.1. Mahalanobis D?

Prior to conducting all analyses, we calculated Mahalanobis D? for
each analysis to identify potential multivariate outliers. No outliers (p <
.001) were identified.

3.2. Cortisol stress response and subcortical brain volumes

Relationships between AUCg and left hippocampal volume, left
amygdala volume, and right hippocampal volume were not significant.
However, there was a statistically significant relationship between AUCg
and right amygdala volume. Using the Benjamini-Hochberg procedure
(Benjamini and Hochberg, 1995), this result survived correction for
multiple comparisons, p = .04. See Tables 2a — 2d for statistics. Fig. 2
displays a graphical depiction of the relationship between right amyg-
dala volume and AUCg. Additionally, we also ran a model in which we
included the negative impact of stressful life events as a covariate, and a
separate model in which we included time of day as a covariate. In each
of these models, cortisol stress response remained significantly
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Table 2a
Regression of left hippocampal volume onto cortisol stress response.
B SE B B t p

Constant 1459.7 2312 n/a 0.63 .53
Cortisol (AUCg) 12.76 9.65 0.22 1.32 .20
Child age at scan (months) 4.87 7.75 0.12 0.63 .53
Child sex 4.60 127.14 0.006 0.04 97
Whole brain volume (mm3) 0.002 0.002 0.22 1.28 21
Number of samples —57.56 119.33 —0.08 —0.48 .63

Table 2b
Regression of left amygdala volume onto cortisol stress response.
B SEB p t P

Constant 558.9 1068 n/a 0.52 .60
Cortisol (AUCg) —-2.09 4.46 —0.08 —-0.47 .64
Child age at scan (months) 3.78 3.58 0.20 1.06 .30
Child sex 42.63 58.71 0.13 0.73 47
Whole brain volume (mm®) 0.0007 0.0007 0.17 0.98 .33
Number of samples 25.90 55.10 0.08 0.47 .64

Table 2¢
Regression of right hippocampal volume onto cortisol stress response.
B SEB p t p

Constant 624.3 2435 n/a 0.26 .80
Cortisol (AUCg) 10.61 10.61 0.17 1.04 .30
Child age at scan (months) -5.19 8.16 -0.12 —0.64 .53
Child sex 106.1 133.9 0.13 0.79 43
Whole brain volume (mm®) .003 .002 0.33 1.93 .06
Number of samples —69.67 125.7 -0.10 —0.55 .58

Table 2d
Regression of right amygdala volume onto cortisol stress response.
B SE B Y t p

Constant -1299 747.0 n/a -1.74 .09
Cortisol (AUCg) —8.28 3.12 —0.33 —2.65 .01*
Child age at scan (months) -7.27 2.50 -0.43 -2.90 .006%*
Child sex -11.62 41.1 —0.04 —0.28 .78
Whole brain volume (mm?) .003 .0005 0.66 4.94 .00002%**
Number of samples 54.30 38.55 0.18 1.41 17

Note. *p < .05, **p < .01, ***p < .005. B represents the unstandardized
regression coefficient. § represents the standardized regression coefficient.

200+

o
o S

Right Amygdala Volume
g

-200+

-10 0 10
Cortisol (AUCg)

Fig. 2. Partial regression plot of the relationship between cortisol stress
response (AUCg) and right amygdala volume, controlling for whole brain vol-
ume, age, sex, and total number of cortisol samples. Grey boundary represents
95% confidence interval. AUCg = Area Under the Curve with respect to ground.
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associated with right amygdala volume (for the regression with stressful
life events: B = —8.24, f = -0.33, t(35) = —2.61, p = .01; for the
regression with time of day: B = —7.57, f = -0.31, t(35) = —2.31,p =
.03). Additionally, a separate regression which included depressive
symptoms as a covariate showed that the relationship between AUCg
and right amygdala volume was not affected (B = —8.53, f = -0.34, t
(35) = —2.51, p = .02).

We also noticed that the regression coefficient for whole brain vol-
ume in the regression of right amygdala volume onto cortisol stress
response was highly significant. This prompted us to investigate the
correlations among whole brain volume, right amygdala volume, and
left amygdala volume. As anticipated, there was a significant bivariate
correlation between right and left amygdala volume, r = 0.44, p = .004.
There was also a significant bivariate correlation between whole brain
volume and right amygdala volume, r = 0.55, p = .0002. However, there
was not a significant correlation between whole brain volume and left
amygdala volume, r = 0.20, p = .21. Graphs of these relationships are
included in the Supplement. While there were no multivariate outliers
according to Mahalanobis D? calculations, the plot displayed in Sup-
plemental Fig. 2 suggests that a few points shape the left amygdala
volume/whole brain volume relationship, preventing these variables
from being as correlated as they otherwise might be in a larger sample.

4. Discussion

In rodents, hypersecretion of cortisol can change the structure of the
hippocampus and amygdala (Magarinos and McEwen, 1995; Sapolsky
et al., 1986). However, to date, only two studies (Blankenship et al.,
2019; Pagliaccio et al., 2014) have examined the link between childhood
cortisol stress response and subcortical structure, and these studies have
examined cortisol stress response in childhood and brain structure years
later. The present work is the first to demonstrate a concurrent rela-
tionship between HPA axis function (via the cortisol stress response) and
hippocampal and amygdala volume in early childhood—when the brain
is thought to be most vulnerable to negative effects of stress and stress
hormones (Gunnar, 2017). Controlling for number of cortisol samples,
age, sex, and whole brain volume, we found that heightened cortisol
stress response correlated with reduced volume in the right amygdala,
but not the left amygdala or either of the hippocampi. This result also
held when controlling for the negative impact of stressful life events and
depressive symptoms. While time of day was accounted for by the
experimental design, a supplementary analysis that controlled for vari-
ation in the 3.5-h window in which all visits took place also yielded the
same results. These findings suggest that a heightened cortisol stress
response may interfere with the structural development of the right
amygdala, possibly via a neurotoxic pathway in which a heightened
cortisol stress response promotes cellular damage in the structure (Behl
et al., 1997; McEwen, 2005; Sapolsky et al., 1986). Alternatively, these
findings could also suggest that a smaller right amygdala volume pre-
disposes children to display a heightened cortisol stress response—an
idea that is consistent with the amygdala’s involvement in initiating the
cortisol stress response.

This finding fits well with the existing work on cortisol stress
response and amygdala volume. In line with the present findings, Barry
et al. (2017) found that heightened cortisol stress response correlated
with a smaller right—but not left—amygdala volume in young adults
with postnatally depressed mothers. Similarly, Pagliaccio et al. (2014)
found a relationship between preschool cortisol stress response and
reduced amygdala volume several years later. Further, Klimes-Dougan
et al. (2014) also found that a heightened cortisol stress response was
associated with altered volume in the right—but not the left—amygdala
in depressed versus healthy teenagers. Interestingly, the result of Kli-
mes-Dougan et al. (2014) only corresponds to that of our sample for
their healthy adolescent participants. They found that, for healthy par-
ticipants, a heightened cortisol response to stress correlated with a
smaller right amygdala volume; in contrast, for depressed adolescents,
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heightened cortisol stress response correlated with a larger right
amygdala. This finding essentially corresponds to the present findings in
the sense that, in our sample, the relationship between heightened AUCg
and smaller right amygdala held when controlling for children’s
depressive symptoms.

One interpretation of the present findings is that an elevated cortisol
stress response might be disruptive to the structural development of the
right amygdala. Possibly, a heightened cortisol stress response alters the
structure of the right amygdala via a neurotoxic pathway. One possi-
bility is that cortisol hypersecretion may directly impact the structure of
the amygdala via cellular toxicity. For example, the presence of gluco-
corticoids has been demonstrated to be toxic to neurons (Sapolsky et al.,
1986) and to amplify the effects of other neurotoxic insults in the brain
(Behl et al., 1997). Thus, it could be that cortisol hypersecretion begins a
process that directly alters the structure of the amygdala. Another pos-
sibility is that cortisol hypersecretion could lead to hyper-reactivity of
the amygdala (Dannlowski et al., 2013), which may, over time, produce
cellular toxicity and cell death, leading to volumetric shrinkage of the
amygdala (Hanson et al., 2015; McEwen, 2005).

Another, less explored possibility is that a smaller right amygdala
may contribute to a greater cortisol stress response. Because we
measured both cortisol stress response and amygdala volume at the
same time point, our findings are also consistent with this hypothesis.
The idea that amygdala structure may influence the cortisol stress
response stems from research demonstrating that the amygdala helps
initiate the cortisol stress response (Herman et al., 2011). In response to
an acute stressor, the amygdala relays information about the stressor to
the bed nucleus of the stria terminalis, which, in turn, projects to the
paraventricular nucleus (PVN) of the hypothalamus. The PVN then
triggers the hormonal cascade that results in the release of cortisol. Yet,
most research on stress and development does not consider the possi-
bility that amygdala structure may influence cortisol secretion as well as
vice versa. To our knowledge, only one study—VanTieghem et al.
(2020)—has considered this possibility and attempted to disentangle the
effect of cortisol secretion on the amygdala from the effect of the
amygdala on cortisol secretion. In this work, the authors examined a
large sample of youth who experienced early caregiving adversity and
healthy controls at two separate time points. The authors found that
amygdala volume at baseline predicted morning cortisol levels at follow
up, but that the inverse was not true: cortisol levels at baseline did not
predict amygdala volume at follow up. However, the VanTieghem et al.
(2020) work did not specifically examine cortisol stress response,
instead examining morning and diurnal cortisol at rest.

Additionally, it is also interesting to note that, in our study and in the
studies of others, the volume of the right, but not the left, amygdala
correlates with a heightened cortisol stress response. Notably, the right
amygdala, more so than the left, is implicated in the processing of
negative emotion (Lanteaume et al., 2007)—a phenomenon that has
been observed even in preschool children (Gaffrey et al., 2013). Because
early studies on amygdala function suggested that the amygdala was
critically important for threat detection (Adolphs, 2002), some re-
searchers have suggested that a larger amygdala would be maladaptive
and cause greater distress due to excessive threat detection (Tottenham
etal., 2010). However, research has also found that the amygdala is also
involved in emotion processing and salience detection more broadly
(Cunningham and Brosch, 2012), potentially suggesting that a smaller
amygdala might produce impairments more generally in emotion pro-
cessing. In line with the idea that a smaller right amygdala contributes to
a greater cortisol stress response, it is possible that a smaller right
amygdala contributes to less thorough processing of negative stimuli,
which, in turn, produces a hyper-reactive cortisol stress response to
those stimuli.

Beyond the amygdala, we also hypothesized that we would find a
relationship between cortisol stress response and hippocampal vol-
ume—a relationship that we did not observe in the present study.
Blankenship et al. (2019), Merz et al. (2019), and VanTieghem et al.
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(2020) have previously detected a relationship between elevated
cortisol and reduced hippocampal volume in children. However,
notably, Blankenship et al. (2019) and Merz et al. (2019) only detected
the influence of cortisol on specific regions of the hippocampal subfields.
Methodological difference could explain the discrepancy between the
findings of these previous studies and the findings reported here. While
we examined the concurrent association between cortisol stress response
and hippocampal volume, Blankenship et al. (2019) examined the
relationship between cortisol stress response in the preschool period and
hippocampal volume later in childhood. Additionally, Merz et al. (2019)
examined cortisol found in hair, and VanTieghem et al. (2020) examined
morning and diurnal cortisol levels. Alternatively, because this research
is the first work to test for a relationship between cortisol stress response
and hippocampal volume in preschool age children, another possibility
is that there is not yet a relationship between cortisol stress response and
hippocampal volume at the early age of the children in our sample.
Indeed, some rodent work suggests that stress-related hippocampal
shrinkage does not appear until later in life (Andersen and Teicher,
2004; Monroy et al., 2010).

Further, it is important to note that both cortisol stress response and
amygdala volume have been linked to psychiatric disorder. Previous
researchers have found that a heightened cortisol stress response cor-
relates with greater symptoms of depression (Gaffrey et al., 2018) and
anxiety (Kryski et al., 2013) in young children. Similarly, altered
amygdala volume has been associated with these same psychiatric dis-
orders (Hamilton et al., 2008; Milham et al., 2005). Our results
contribute to this literature. Indeed, in the Supplement, we also con-
ducted exploratory analyses examining the relationship among depres-
sive symptoms, cortisol stress response, and subcortical brain structure.
As expected, given that the current study is a subsample from Gaffrey
et al. (2018), we found a positive correlation between depressive
symptoms and cortisol stress response. However, we did not observe a
relationship between depressive symptoms and any subcortical struc-
ture tested. Our results could suggest a mechanistic relationship by
which cortisol stress response influences both brain structure and
behavior, but we shy away from over-interpreting these exploratory
results given that only 1/3 of 42 participants (N = 14) displayed
elevated depressive symptoms. Longitudinal studies, studies with larger
samples, and studies focusing on participants with psychiatric diagnoses
are needed to more thoroughly examine the relationship among cortisol
stress response, amygdala structure, and depression.

Finally, this study is not without limitations. First, while it is a crucial
first step to demonstrate an association between cortisol stress response
and subcortical brain structure in preschool age children, our analyses
cannot establish any temporal relationships among these variables. That
is, because our study is cross-sectional, our reported findings are
correlational in nature and cannot inform causation. Future studies
should employ prospective longitudinal designs in order to determine
the temporal ordering of relationships among the variables studied here.
Second, despite our sample size being similar to other studies of young
children (Merz et al., 2019), it is, nevertheless, small. A small sample
size limits study power and precision of effect size estimates, particularly
when small effect sizes are to be expected (Dick et al., 2020). It is also
possible that a relationship between cortisol stress response and hip-
pocampal volume was not detected due to the small sample size. Third,
we were not able to use data from 21 of the participants who provided
high-quality salivary cortisol due to participant motion in the scanner;
however, there was no difference in cortisol values between those who
scanned and those who did not. Finally, while the racial and ethnic
makeup of our sample generally matched the diversity of the community
where this study took place, our sample is not representative of the
broader United States, as there were no Asian American or Native
American families in our sample. Future studies should ensure partici-
pation of these groups.
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5. Conclusions

This research explored the concurrent association between cortisol
stress response and subcortical brain structure in a sample of young
children. We found that elevated cortisol stress response was associated
with reduced right amygdala volume, controlling for whole brain vol-
ume, age, sex, and number of cortisol samples. This result also held
when controlling for the negative impact of stressful life events, time of
day, and depressive symptoms. By demonstrating a link between cortisol
stress response and subcortical brain structure in young children, our
findings represent an important first step in understanding the rela-
tionship between stress hormones and the structure of the developing
brain. This work supports the idea that how children respond to stress
could play an important role in their neurodevelopmental trajectory.
Further, because both cortisol stress response and amygdala volume
have been linked to psychiatric disorder, this work raises the possibility
that cortisol hypersecretion and alterations in amygdala structure may
represent one step in a pathway that increases risk for psychiatric
diagnosis.
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