doi:10.1093/scan/nsv0l4

Associations between early adrenarche, affective brain
function and mental health in children
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Early timing of adrenarche, associated with relatively high levels of Dehydroepiandrosterone (DHEA) in children, has been associated with mental health
and behavioral problems. However, little is known about effects of adreneracheal timing on brain function. The aim of this study was to investigate the
effects of early adrenarche (defined by high DHEA levels independent of age) on affective brain function and symptoms of psychopathology in late
childhood (N = 83, 43 females, M age 9.53 years, s.d. 0.34 years). Results showed that higher DHEA levels were associated with decreased affect-related
brain activity (i) in the mid-cingulate cortex in the whole sample, and (ii) in a number of cortical and subcortical regions in female but not male children.
Higher DHEA levels were also associated with increased externalizing symptoms in females, an association that was partly mediated by posterior insula
activation to happy facial expressions. These results suggest that timing of adrenarche is an important moderator of affect-related brain function, and

that this may be one mechanism linking early adrenarche to psychopathology.
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INTRODUCTION

Individual differences in the timing of puberty (i.e. the stage of puberty
one is at relative to their same-aged peers—early or late) are a strong
predictor of mental health problems, including depression, anxiety and
behavioral disorders, each of which show a dramatic rise in incidence
during the adolescent period (Patton et al., 2008; Paus et al., 2008). For
example, advanced maturation of the hypothalamic-pituitary-gonadal
axis (i.e. early timing of gonadarche) has been consistently associated
with emotional and behavioral problems in girls (Stattin and
Magnusson, 2003). The evidence for boys is more mixed, with reports
of associations between both delayed (Graber et al, 1997) and
advanced (Kaltiala-Heino et al, 2003) gonadal maturation and
psychopathology.

Less work has investigated whether timing of adrenarche, a matur-
ational process occurring prior to gonadarche, and characterized by a
marked increase in the adrenal androgen dehydroepiandrosterone
(DHEA) and its sulfate DHEA-S, also predicts mental health problems.
This is despite evidence that adrenarcheal processes may be especially
relevant for understanding risk for mental health problems. For ex-
ample, cross-sectional studies have shown that high DHEA levels are
associated with a number of mental health problems such as conduct
disorder, oppositional defiant disorder and anxiety disorders in boys
(Susman et al., 1996; Van Goozen et al., 1998; van Goozen et al., 2000;
Dmitrieva et al., 2001). Only one group to date has assessed whether
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adrenarcheal timing is associated with current mental health. Dorn
et al. (1999a, 2008) found that girls and boys with premature adre-
narche (a clinical term characterizing high levels of DHEA and Tanner
stage 2 pubic hair in 6-8 year olds) demonstrate increased levels of
depression, anxiety and behavioral problems compared with their nor-
matively developing peers.

It has been proposed that hormonal changes in puberty may create a
general vulnerability for dysregulated affect and psychopathology via
their effect on the development of cognitive and affective systems in
the brain during sensitive periods (Blakemore et al., 2010; Ladouceur,
2012). Thus, the effect of early exposure to pubertal hormones on
developmentally immature brain systems may partly explain the link
between early pubertal timing and vulnerability to mental health prob-
lems. This has previously been supported by findings of early pubertal
timing influencing internalizing symptoms via its effect on the struc-
ture of brain regions involved in emotional processing (Whittle et al.,
2012). To date, there is extremely limited understanding of the rela-
tionship between adrenarcheal processes and affective brain function.
A few studies have investigated the associations between DHEA and
affective brain function in human adolescents or adults. For example,
Goddings et al. (2012) found high DHEA levels to predict increased
anterior temporal lobe activity for social >basic emotion processing in
adolescent females. Sripada et al. (2013) found that in male adults,
acute administration of DHEA affected activity in the amygdala,
hippocampus and anterior cingulate cortex (ACC), during implicit
emotion processing. Activation in the left hippocampus was in turn
associated with negative emotional response to stimuli. Although no
similar studies have been done in children during the adrenarcheal
phase, the existing studies support a link between DHEA and affect-
related brain function.

Thus, no studies to date have explored the associations between
adrenarcheal processes, emotional brain function and mental health,
specifically during the adrenarchal transition. Furthermore, no studies
have investigated whether the timing of DHEA exposure during adre-
narche affects emotional brain function and mental health problems.
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These are critical questions given that the effects of this exposure may
be particularly important during this developmentally sensitive period.

Healthy individuals typically activate regions such as the superior
temporal gyrus, anterior cingulate and basal ganglia in response to
happy stimuli, the inferior frontal gyrus and parahippocampal gyrus
in response to angry stimuli and the amygdala insula in response to
fear stimuli (see Vytal and Hamann, 2010, for a meta-analysis of brain
regions activated in response to emotional stimuli). Given preliminary
evidence that early adrenarche may be associated with increased risk
for psychopathology (both internalizing and externalizing), we pro-
pose that relatively high levels of DHEA during late childhood (i.e.
early timing of adrenarche) will be associated with a pattern of brain
activation that is typical of children with internalizing and/or externa-
lizing symptoms. Specifically, we hypothesize that children with early
timing of adrenarche will show brain activation consistent with child-
hood internalizing problems [i.e. increased limbic (e.g. amygdala) and
decreased prefrontal activation to negative emotional stimuli, and
decreased striatal and prefrontal activity to positive emotional stimuli
(Hulvershorn et al., 2011)], and/or childhood externalizing problems
[i.e. decreased prefrontal activation to negative emotional stimuli,
reduced limbic (e.g. amygdala) activity to negative stimuli (Bellani
et al., 2012) and increased striatal activity to rewarding positive stimuli
(Bjork et al., 2010)]. We also hypothesize that these patterns of brain
function will be associated with mental health problems. While there
has been no brain imaging research that has investigated sex differences
in the association between DHEA and affective brain function, and the
literature regarding sex differences in the association between DHEA
levels and psychopathology in childhood is mixed, given consistent
support for sex differences in the effects of pubertal timing on psycho-
pathology, we hypothesize that relatively early exposure to DHEA will
have a differential effect on brain function and psychopathology in
females and males.

METHODS

Participants

Ninety-six participants completed an affective face task during the
neuroimaging component of the Imaging Brain Development in the
Childhood to Adolescence Transition Study (iCATS). Data from 83
participants (43 females, M age 9.53 years, s.d. 0.34 years) were
included in analyses after exclusions based on image acquisition prob-
lems (n=28) and excessive motion (n=>5).

Recruitment

Full details of the recruitment strategy and data acquisition can been
found in the iCATS study protocol (Simmons et al., 2014). To sum-
marize, equal numbers of male and female children were invited to
participate in iCATS based on their age and adrenal androgen levels
measured during participation in the broader Childhood to
Adolescence Transition Study (CATS) (Mundy et al., 2013). In total,
1239 8- to 9-year-old students were recruited from 43 primary schools
across Melbourne, Australia to participate in CATS. Male and female
children were selected whose morning DHEA and testosterone levels
(which were highly correlated, and obtained from passive drool saliva
collection) fell in the lower and upper tertiles for each sex. The purpose
of this selection was to obtain a sample of male and female children
who varied widely in their exposure to adrenal androgens, capturing
those who were relatively advanced or mature in their adrenal matur-
ation to those where the hormone changes associated with adrenarche
were not conspicuously underway. Groups were intentionally matched
for age so as to maximize our ability to comment on the effects of
relative timing of exposure to adrenal hormones (i.e. timing of adre-
narche). Note that we did not examine testosterone in this study
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because DHEA is the key hormone primarily associated with the ini-
tiation of adrenarche, and acts as a precursor for production of more
potent androgens including testosterone. Further, the strong correl-
ation between these two hormones means that attempting to dissociate
the influence of each would be difficult and interpretation of results
would not be straight forward.

Ethics approval was granted by the Royal Children’s Hospital
Human Research Ethics Committee (32171), and ratified by the
University of Melbourne Human Research Ethics Office (1238745).

Procedure and measures
Magnetic resonance imaging assessment: image aqcuisition

Approximately 6 months after CATS selection (M 0.55 years, s.d. 0.15
years), participants took part in a magnetic resonance imaging (MRI)
assessment. Neuroimaging data were acquired on the 3T Siemens TIM
Trio scanner (Siemens, Erlangen, Germany) at the Murdoch Childrens
Research Institute, Royal Children’s Hospital, Melbourne. Participants
lay supine with their head supported in a 32-channel head coil. For
each of the affective face tasks, 70 whole-brain T2*-weighted echo-
planar images (TR=3000ms, TE=40ms, pulse angle=385°,
FOV =216 mm) were acquired, corresponding to 40 interleaved
slices with a voxel size of 3 x 3 x 3mm. T1-weighted images were
acquired (TR = 1900 ms, TE =2.24 ms, flip angle =9°,
FOV =230 mm), producing 208 0.9mm contiguous sagittal slices
(voxel dimensions = 0.9 mm?).

MRI assessment: fMRI task

Participants were administered a modified version of a common face
emotion-viewing task used in children (Gaffrey et al, 2011). As in
these prior studies, children were presented with a series of faces vary-
ing in affective content and asked to complete a simple button press
each time a face appeared. In addition to being more ‘child friendly’, a
less constrained response was used due to evidence that neural re-
sponses associated with psychopathology may be more apparent
during such tasks (Monk et al., 2008). Calm, happy, angry and fearful
facial expressions from the Nimstim Set of Facial Expressions
(Tottenham et al., 2009) were presented in two 3 min 40s runs using
a block design. Calm as opposed to neutral faces were used as a control
expression due to evidence that neutral expressions can be perceived as
mildly threatening (Tottenham et al., 2009). Each run contained one
block of each face type, with each containing eight faces (four males
and four female) presented in a random order for 3s each, separated
by a 1s fixation. Blocks were separated by 15s fixation rests. Block
order was counterbalanced across participants.

Mental health symptoms

Externalizing, depressive and anxiety symptoms were assessed using
The Child Behavior Checklist—Parent Report (CBCL-PR; Achenbach,
1999), The Children’s Depression Inventory 2—self-report (CDI-2;
Kovaks, 2004), and The Spence Children’s Anxiety Scale—self report
(SCAS; Spence, 1997, 1998), respectively.

Saliva samples

Saliva samples were collected on two consecutive days (including the
day of the MRI assessment) immediately after waking. Samples were
initially frozen at —30°C, and prior to analysis, defrosted and centri-
fuged, with the supernatant assayed for levels of DHEA. Hormonal
assays were conducted using Salimetrics ELISA kits. The range of sen-
sitivity was from 10.2 to 1000 mg/ml. The inter-assay coefficient of
variation (CV) was 5.45%, and intra-assay CV 8.56%. Given that the
majority of participants (88%) had detectable DHEA levels, and thus
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could be considered adrenarcheal (i.e. as having entered adrenarche;
Ellis and Essex, 2007), and that there is no precedent for grouping
children into different phases of adrenarche, DHEA levels were inves-
tigated as a continuous measure. Thus, DHEA levels were averaged
across the two days and this average measure was used in subsequent
analysis. Note that the correlation between DHEA measured at recruit-
ment (not used in analyses) and average DHEA measured at scanning
was high (Rho 0.714, P<0.011). All DHEA values were log trans-
formed due to their non-Gaussian distribution.

Physical maturation
Tanner Stage was assessed via parent report of pubertal development

using the Sexual Maturity Status line drawing instrument (Morris and
Udry, 1980).

Body mass index

Two measures of height (to nearest 0.1 cm) and weight (to nearest
0.1kg) were obtained and averaged, and used to calculate a body
mass index (BMI) for each participant.

Statistical analysis

Image pre-processing

Images were processed on a Linux platform running MATLAB version
7 and using Statistical Parametric Mapping 8 (SPM8,www.fil.ion.ucl.
ac.uk/spm/). Motion correction involved the alignment of each par-
ticipant’s time series to their first image using least squares minimiza-
tion with a six-parameter (rigid-body) spatial transformation.
Translation and rotation estimates (x, y, z) were required to be
<3mm or 3° respectively, for all subjects. The realigned functional
sequences were then co-registered to the participants’ respective ana-
tomical scans. As the brain structure of children differs from that of
adults, spatial normalization was conducted using the ‘DARTEL’
(Diffeomorphic Anatomical Registration using Exponential Lie
Algebra; Ashburner, 2007) technique, rather than transformation to
a standard adult template. This involved first creating a study-specific
T1 template, by segmenting the subjects’ T1 images into gray matter,
white matter, and cerebrospinal fluid, and warping them together in a
series of iterations. This study-specific template was then warped to the
Montreal Neurological Institute (MNI) standard template. Next, at a
single-subject level, the individuals’ echo planar images were warped
into MNI space using the deformation information from the previous
steps. Functional images were then smoothed with a 6 mm (full-width
at half-maximum) Gaussian filter. All time-series were routinely in-
spected for potential normalization artifacts.

Estimating face viewing activation

Estimates of functional activation during each condition were obtained
using block-design analyses. First-level (i.e. single-subject) whole-
brain, linear regression analyses were conducted in SPMS, including
motion parameters as covariates. A high-pass filter set at 128 s was used
to remove low-frequency drifts of less than approximately 0.008 Hz.
Contrast images for each participant were generated, comparing each
of the emotional face conditions (happy, angry and fear) to the calm
face condition.

Emotional face processing and DHEA levels

In order to assess the potential associations between DHEA levels and
activation to emotional faces at the group level, participants’ blood oxy-
genation level-dependent (BOLD) activation maps were included in
second-level (i.e. group-based) random-effects analyses. These involved
a design with run (first and second) as a within-subjects factor, including
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DHEA as the primary regressor of interest. Analyses were run separately
for each of the emotion vs calm face comparisons, and for the whole
sample as well as separately for males and females, given our a priori
hypotheses for differences in associations for each sex. Age and BMI
were treated as nuisance factors in all analyses. Based on our a priori
hypotheses that DHEA would be associated with activation in specific
regions whose activity has previously been shown to be (i) modulated
by DHEA (Sripada et al., 2013), and (ii) associated with emotional and
behavioral dysregulation in children (Hulvershorn et al, 2011), potential
associations between DHEA levels and activation to emotional faces were
explored using a region-of-interest (ROI) analysis. Our ROI mask
included the following regions [defined by WFU Pick Atlas Toolbox
(http://www.fmriwfubmc.edu/; Maldjianet al, 2003)]: bilateral amygdala,
hippocampus, cingulate cortex, insula, dorsolateral prefrontal cortex
(DLPEC, i.e. Brodmann’s Area 46) and striatum. Correction for multiple
comparisons was performed using Monte Carlo simulation. A corrected
threshold of P<0.05 (two-tailed) was derived from a combined threshold
of P<0.01 for each voxel and a cluster size of >146 voxels was determined
using AlphaSim (Ward, 2000), implemented in the SPM Rest toolbox
(Song et al., 2011). Input parameters to AlphaSim included 1000 iter-
ations, a full-width, half maximum (FWHM) of 10 mm, and a single voxel
threshold of P<0.01.

Relationship with psychiatric symptoms

Relationships between DHEA-related brain activation and psychiatric
symptoms were explored for each of the significant clusters identified
in analyses. Measures of activation for each significant cluster were
obtained by extracting the first eigenvariate from ROIs formed by
3-mm-radius spheres around the peak voxels. Partial correlations (cov-
arying for age and BMI) were conducted to assess associations between
DHEA-related brain activation and CDI, SCAS and CBCL-externaliz-
ing scores. The B-Y method (Benjamini and Yekutieli, 2001) was used
to correct for multiple comparisons. Unlike Bonferroni corrections,
which are considered to be too conservative in dependent data sets
(Armitage et al., 2002), or earlier false discovery rate (FDR) approaches
(Benjamini and Hochberg, 1995), which can lead to large Type 1 error
rates (Narum, 2006), the method described by Benjamini and Yeketuli
was designed to accommodate dependence among hypothesis tests
while providing a more conservative Type 1 error rate than earlier
FDR approaches (Narum, 2006).

For any significant cluster identified in analyses where activation was
found to be associated with symptoms, mediation analyses were per-
formed to investigate the possibility of an indirect association whereby
brain activity mediates the association between DHEA levels and
symptoms. Mediation was tested regression analyses and a bootstrap-
ping method to test the significance of the indirect (mediation) effect
(Hayes, 2009). Bootstrapping generates an empirical approximation of
the sampling distribution of the indirect effect statistic by repeated
random resampling from the available data, and uses this distribution
to construct bias corrected and accelerated confidence intervals. Five
thousand resamples were taken and 95% confidence intervals were
used. Significant mediation is indicated if the confidence intervals do
not contain 0.

In order to increase confidence that any associations found were due
to the timing of exposure to DHEA, rather than overt physical signs or
early gonadarche, all analyses were re-run using Tanner stage as a
nuisance factor.

RESULTS

Descriptive data for the sample can be found in Tables 1 and 2. Of
note, DHEA levels were positively associated with parent reported
externalizing symptoms in female but not male children.
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Behavioral

Across face types, 78-88% of participants successfully made a button
press to all faces. After correcting for multiple comparisons (four face
types: alpha =0.024 as per the B-Y method), DHEA was not associated
with omissions or reaction time in either boys or girls. This suggests
that any associations between DHEA and brain activation were un-
likely to be attributed specifically to attention.

Associations with DHEA
Fear vs calm

In the right insula and mid-cingulate cortex, higher DHEA levels were
associated with less activation to fear vs calm faces (see Table 3 and
Figure 1). Analyses conducted separately for each sex showed that for
females, there were negative associations between DHEA and activa-
tion in the insula, cingulate and DLPFC bilaterally, and in the left
caudate (see Figure 2a). No associations were found for males.

Angry vs calm

In the right mid-cingulate cortex, higher DHEA levels were associated
with less activation to angry vs calm faces (see Table 4 and Figure 1). In
females, DHEA was negatively associated with activation in the right
mid-cingulate and putamen, and left caudate (see Figure 2b). No as-
sociations were found for males.

Happy vs calm

In the left dorsal cingulate cortex, higher DHEA levels were associated
with less activation to happy vs calm faces (see Table 5 and Figure 1).
In females, DHEA was negatively associated with activation in the
insula bilaterally and in the right cingulate, and positively associated
with activation in the left subgenual and right ventromedial prefrontal
cortex (see Figure 2c).

See Supplementary Figure S1 for scatterplots of associations for
males and females separately for all regions where there were sex-
specific findings. Note that including Tanner Stage as a nuisance
factor did not change the pattern of significant results for any contrast.

Attenuation to affective faces vs potentiation to calm faces

Follow-up analyses were run to assess the association between DHEA
and activation for calm faces (relative to baseline). These analyses
produced null results, indicating that the associations found in females
reflected a diminished response to affective faces rather than a poten-
tiated response to calm faces.
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Associations with symptoms

Critical alpha values were set based on the number of correlations
performed for each contrast and each group (i.e. based on the
number of significant clusters found for each contrast for the whole
sample and for females) using the B-Y method. Thus, for the whole
sample, the critical value was set at 0.050 for fear vs calm, and 0.033 for
angry vs calm and happy vs calm. Symptoms were not associated with
ROI activation for any contrast.

For females, the critical value was set at 0.020 for happy vs calm
ROIs, 0.019 for fear vs calm ROIs and 0.024 for angry vs calm ROIs.
Higher externalizing symptoms were associated with decreased activa-
tion in the anterior insula for happy faces (r=—0.42, P=0.007), and
(at a trend level) increased activation in the ventromedial prefrontal
cortex for happy faces (r=0.33, P=0.035) (see Figure 3). Winsorizing
the apparent anterior insula outlier did not alter the association sub-
stantially (r=—0.354, P=0.023). There were no other significant as-
sociations between symptoms and ROI activation for females.
Mediation analyses revealed that in females, high DHEA levels indir-
ectly predicted higher externalizing symptoms via decreased insula ac-
tivation to happy faces (indirect effect=5.89, SE=3.59, 95%
confidence interval =0.42-5.71). Controlling for Tanner Stage did
not change the significant indirect effect (indirect effect=5.23,
SE =3.14, 95% confidence interval =0.51-13.55).

DISCUSSION

In this unique study of adrenarcheal timing, we found that male and
female children with high DHEA levels for their age showed reduced
cingulate cortex activation to emotional (angry, fear and happy) face
stimuli. Furthermore, there were a number of female-specific findings:
in females higher DHEA levels were\associated with reduced activation
in the cingulate cortex (in response to all emotional faces), insula
cortex (happy and fearful faces), striatum (angry and fearful faces)
and DLPFC (fearful faces), and increased activation in the subgenual
cingulate/ventromedial prefrontal cortex (happy faces). Higher DHEA
levels were also associated with parent-reported externalizing symp-
toms in females, and this association was partly mediated by decreased
posterior insula activity to happy faces.

Our findings are inconsistent with the only study to date to investigate
associations between DHEA levels and neural response to ‘basic’ affective
stimuli. Sripada et al. (2013) found that acute administration of DHEA
in adult males was associated with increased rostral ACC and deceased
amygdala and hippocampus activation to emotional faces. However, a
number of methodological factors are likely to explain the discrepant
results, including the age and gender distribution of participants, meas-
ure of DHEA (i.e. acute administration vs baseline levels) and type of

Fig. 1 (a) Sagittal, (b) coronal and (c) axial slices showing negative BOLD signal associations with DHEA in the whole sample for fear > calm (green), angry > calm (blue), and

happy > calm (yellow). Purple, overlap.
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Fig. 2 BOLD signal associations with DHEA in females for (a) fear > calm, (b) angry > calm and (c) happy > calm. Cool colors, negative associations; warm colors, positive associations.

fMRI paradigm. Our findings are largely consistent, however, with our
hypothesis that early exposure to DHEA during childhood would be
associated with brain function reflecting emotion dysregulation.
Interestingly, early exposure to DHEA (particularly in females) was
associated with a pattern of brain function more typically associated
with externalizing as opposed to internalizing symptoms (Bellani
et al., 2012). Higher DHEA levels in females were also directly associated
with higher parent-reported externalizing symptoms. These findings
might suggest an association between early adrenarche in girls and exter-
nalizing problems via a dampening of brain responses to emotionally
laden stimuli. This idea is discussed further below in relation to the
specific indirect effects of DHEA on externalizing symptoms found.
Across the whole sample (i.e. males and females), and consistent
across all emotions, high DHEA levels were associated with lower ac-
tivation in the mid-cingulate region. This finding is consistent with our
hypothesis that relatively early adrenarche would be associated with a
reduction of activation in prefrontal areas involved in emotional and
behavioral regulation. The mid-cingulate has been ascribed a general
role in evaluative functions (Etkin ef al., 2011), and more specific roles
in emotion regulation, interoceptive processes and emotional ap-
praisal, conflict, pain and empathy (Etkin et al., 2011). As such, it is
difficult to speculate about the specific meaning of the observed

association. However, given that greater maturity (i.e. adulthood vs
young adolescence) is associated with increased activation in this
region during emotional face processing (Passarotti et al, 2009),
decreased activity associated with higher DHEA levels may reflect an
immaturity of prefrontal control during affective challenge.

The most striking findings relate to female-specific associations be-
tween DHEA and brain activation to emotional faces (no associations
between DHEA levels and brain activation were observed for males).
Although the regions implicated and the direction of associations were
not as expected (e.g. a positive relation between DHEA and limbic
activation to negative faces was not observed), the general finding of
sex-specific results is consistent with hypotheses. This finding is also
consistent with other research supporting a complex interaction be-
tween sex and pubertal hormones with respect to brain organizational
processes, whereby male and female brains respond differentially to the
impact of exposure to pubertal hormones (Peper et al., 2011).
However, it is of note that a study of brain structure found no sex
differences in the association between DHEA levels and cortical thick-
ness in a group of pre-pubertal children (Nguyen et al., 2013). Further
research is required to understand why during childhood, individual
differences in DHEA levels may have an effect on female, but not male,
emotional brain function.
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Fig. 3 Association between externalizing symptoms and (left) right posterior insula and (right) right ventromedial prefrontal activation to happy > calm faces in females.

Table 1 Sample demographics

Table 2 Pearson’s bivariate correlations between demographic and symptom data (fe-
males above diagonal and males below diagonal)

Females (n = 54) Males (n = 46)
DHEA TST Age Tanner BMI (BCL SCAS 0]

Mean s.d. Mean s.d. stage
DHEA 60.20 54.01 4234 31.51 DHEA 1 0.833** 0108  0391**  0.526** 0364 0.057 0.123
ST 31.43 14.88 29.48 9.637 ST 0.679** 1 0.036  0.345* 0.411**  0.354* —0.027  0.156
Age* 9.44 0.31 9.56 0.38 Age 0.488**  0.292 1 0.281 0.285 0.156 0.226  0.354*
Tanner stage 136 .59 1.29 51 Tanner 0.021 —0.180 —0.011 1 0.452**  0.359* —0.008  0.153
BMI 18.07 2.52 17.06 1.89 stage
(BCL 6.52 6.16 5.52 442 BMI 0.307 0.332* 0.132 —0.133 1 0.226 0.210  0.149
SCAS 20.56 12.58 18.22 10.18 (BCL —0271  —0143  —0.193 —0.109 —0.171 1 0.342%  0.466**
0] 3.48 2.90 415 3.43 SCAS —0.007 —0.128 0.140 —0.361* 0.071  —0.056 1 0.633**

0] —0.251  —0321* —0.124 —0.339* —0.056 0.227 0.732%* 1

*Significant sex difference P < 0.05. TST, testosterone; (BCL, child behavior checklist—externalizing;
SCAS, Spence Children’s Anxiety Scale; (DI, child depression inventory 2.

In females, but not males, DHEA levels were negatively associated
with insula activity for both fearful and happy faces. While the pos-
terior insula was implicated in fearful faces, both anterior and posterior
insula cortex were implicated in happy faces. The insula cortex is an
important area for integrating emotional and homeostatic information
to and from limbic and cortical areas. The insula can trigger and map
bodily states, and represent the relationship between changes in the
bodily states and the objects that elicited them (Bechara and Damasio,
2005). It has been suggested that interoceptive information regarding
the physiological condition of the entire body is received by the pos-
terior insula which is then projected to the anterior insula for subject-
ive evaluation of internal conditions (Craig, 2002; Critchley et al,
2004). Further, connections between the insula and the mid-cingulate
have been suggested to form a general salience and action system
(Taylor et al, 2009). That higher levels of DHEA were associated
with reduced activity in both of these regions in females for happy
and fearful faces might suggest a decreased ability to process bodily
states associated with experiencing affect.

Higher DHEA levels in females were also associated with reduced
striatal activity for fearful and angry faces, and reduced DLPFC activity
for fearful faces. While caudate nucleus activation has been shown with
negative affective stimuli in some research (Goldin et al, 2008),
increased striatal activation to happy faces is a more consistent finding,
and it has been suggested that this activation might represent reward
processing (Mende-Siedlecki et al., 2013). Further, disorders marked

*P < 0.05, **P < 0.01. TST, testosterone, (BCL, child behavior checklist—externalizing, SCAS, Spence
Children’s Anxiety Scale, (DI, Child Depression Inventory 2.

by deficits in reward processing show decreased striatal activation to
negative affective stimuli (Townsend et al., 2010). As such, it is possible
that reduced striatal activation to negative faces in females with high
DHEA represents difficulties in reward-related processing. DLPFC ac-
tivation has been consistently implicated in the regulation of negative
emotion (e.g. Goldin et al., 2008). Decreased activity in this region has
also been found during exposure to negative affective stimuli in dis-
orders marked by deficits in emotion regulation (Lee et al, 2008;
Townsend et al., 2010). As such, it is possible that reduced DLPFC
activation to fearful faces in females with high DHEA represents diffi-
culties in the regulation of responses to fearful affective stimuli.

In addition to the negative associations described above, DHEA
levels were positively associated with activation to happy faces in the
subgenual and ventromedial prefrontal cortices in females. While ac-
tivation in the subgenual prefrontal area has been predominantly seen
in relation to negative affective stimuli, activation by happy faces and
in reward paradigms has also been reported in healthy populations
(Elliott ef al., 2000a, b), suggesting that this region may play a specific
role in positive emotional states. Activation in the ventromedial pre-
frontal cortex has been associated with reward processing and emo-
tional decision making (Rushworth et al., 2011). The significance of
the current finding of an association between DHEA and activation in
these regions to happy faces in females is unclear; however, the trend
level association between ventromedial prefrontal cortex activation to
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Table 3 DHEA-related brain activation associated with viewing fear vs calm faces
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Table 5 DHEA-related brain activation associated with viewing happy vs calm faces

Region Cluster size Peak Z  Peak MNI coordinates Region Cluster size Peak Z Peak MNI coordinates
X y z X y z

Negative association with DHEA (whole sample) Negative association with DHEA (whole sample)

Right posterior insula 179 33 4 —-12 =3 Left dorsal cingulate 224 3.39 =3 -1 30
Right anterior mid-cingulate 248 3.19 4 0 33 Negative association with DHEA (females)

Negative association with DHEA (females) Right posterior insula 388 3.72 44 —6 -8
Right posterior insula 2598 432 38 —4 3 Right mid insula 217 3.63 32 4 19
Right posterior mid-cingulate 760 41 6 —10 30 Right posterior cingulate 1017 3.57 8 —13 33
Left posterior insula 3062 3.87 -30 —18 Left anterior insula 679 331 -28 21 1
Left dorsolateral prefrontal 538 332 —45 33 21 Positive association with DHEA (females)

Right dorsolateral prefrontal 202 3.27 45 45 Left subgenual cingulate 214 434 -8 12 =21
Left caudate 158 3.24 —18 18 7 Right ventromedial prefrontal 239 3.94 14 27 -20
Right dorsal anterior cingulate 182 2.92 10 20 34

Note: Clusters of significant activation that survived statistical threshold for multiple comparisons
(montecarlo simulation determined cluster size >146 voxels).

Table 4 DHEA-related brain activation associated with viewing angry vs calm faces

Region Cluster size Peak Z Peak MNI coordinates
X y z
Negative association with DHEA (whole sample)
Right mid-cingulate 409 31 3 0 34
Negative association with DHEA (females)
Right mid-cingulate 161 3.48 8 -10 30
Right putamen 1277 3.4 27 9 —6
Right mid-cingulate 636 3.29 12 0 45
Left caudate 789 3.3 -20 18 3

Note: Clusters of significant activation that survived statistical threshold for multiple comparisons
(montecarlo simulation determined cluster size >146 voxels).

happy faces and externalizing symptoms in females may provide some
clues.

As mentioned above, in females, but not males, high DHEA levels
were associated with high parent-reported externalizing symptoms.
One study in animals suggests that DHEA may be important in influ-
encing aggression, independent of testosterone levels (Soma et al,
2015). While a link between DHEA levels and aggression in boys has
been more consistently documented, there is some evidence for a link
in girls (Berenbaum and Resnick, 1997). Further, premature adre-
narche has been associated with increased behavioral problems in
both boys and girls (Dorn et al., 1999b, 2008), although it is of note
that our participants experiencing relatively early exposure to DHEA
cannot be classified as undergoing premature adrenarche as it is usually
defined. We found some evidence, albeit cross-sectional, that relatively
early exposure to DHEA in girls may [independently of physical de-
velopment (i.e. Tanner stage)] influence externalizing symptoms via its
effects on posterior insula activation to happy affective stimuli. As
noted above, the posterior insula is an important region for interocep-
tive processing, and therefore its decreased activation to happy faces
may reflect a deficit in the processing of bodily states associated with
experiencing positive affect, which may in turn have an effect on be-
havior. There is some evidence that externalizing problems may be
associated with insula dysfunction in the processing of positive affect-
ive stimuli. For example, youth with a family history of substance use
disorders have been shown to have reduced insula activity to happy
faces (Cservenka et al., 2014). Also, young females with conduct dis-
order have been shown to have reduced insula volumes in comparison

Note: Clusters of significant activation that survived statistical threshold for multiple comparisons
(montecarlo simulation determined cluster size >146 voxels).

to healthy females, and males with conduct disorder (Fairchild et al.,
2013). Given the cross-sectional nature of the finding, further research
is required to establish the causal nature of the identified associations.

As alluded to, one limitation of our study is its cross-sectional
design, which limits our ability to make assumptions about the tem-
poral ordering of effects. Second, we attempted to measure adrenarchal
timing by implementing a design that specifically selected individuals
who were matched for age but differed in their exposure to DHEA.
Although DHEA levels were correlated with age at the time of scanning
(although not in the female sample), we controlled for age in all ana-
lyses, allowing stronger conclusions to be drawn about relative timing
of exposure to DHEA (i.e. adrenarcheal timing). However, further
research is needed that measures changes in measures over time, in
order to more comprehensively investigate adrenarcheal timing and its
relation to brain function. Third, although DHEA levels were not stat-
istically significantly different between boys and girls in the current
sample, other research suggests that the rise in DHEA levels charac-
teristic of adrenarche may occur 1-2 years earlier in girls (Ducharme
et al., 1976). This difference supports our decision to examine associ-
ations separately for males and females. However, it is possible that
fMRI effects observed for females and not males may be partly attrib-
utable to females being more advanced in their adrenarcheal develop-
ment. On a related note, it is important to emphasize that we did not
formally test for sex differences in associations, and as such, while we
can say that there are no statistically significant associations between
DHEA and brain activation specifically for males, we cannot say that
our female-specific associations are statistically significantly different
from those in males. Fourth, it is possible that the effects of DHEA on
brain function may reflect the influence of some unmeasured variable.
Predictors of adrenarche are far less well understood as compared with
gonadarche, although there is some evidence for environmental (Ellis
and Essex, 2007) and other influencing factors such as birth weight
(Auchus and Rainey, 2004). Thus, future work is needed to investigate
the influence of potential confounding factors on brain function. Fifth,
only parent report of physical maturation was obtained. Future studies
should also include self-report and physical exam to gain a potentially
more accurate measure of physical maturation. Finally, due to the
design of this study, we are not able to comment on the mechanisms
of action of DHEA on brain function. Future research should investi-
gate the meaning of the found associations at a more mechanistic level.

In conclusion, we found that relatively earlier exposure to DHEA
was associated with decreased affect-related brain activity (i) in the
mid-cingulate cortex in the whole sample, and (ii) in a number of
cortical and subcortical regions in female children. Relatively early
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Adrenarche and affective brain function

exposure to DHEA in late childhood was also associated with increased
externalizing symptoms in females, and this association was partly
mediated by reduced posterior insula activation to happy facial expres-
sions. One interpretation of these findings is that early adrenarche
might put children (particularly females) at risk for the development
of psychopathology as a result of the effects of early DHEA exposure
on affective brain function. However, it is also possible that existing
psychopathology might affect adrenarcheal timing. Further longitu-
dinal research is now needed to better understand the temporal order-
ing of these effects.
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