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Humans and the great apes are the only species demonstrated to exhibit adrenarche, a key endocrine event associated with prepubertal
increases in the adrenal production of androgens, most significantly dehydroepiandrosterone (DHEA) and to a certain degree testoster-
one. Adrenarche also coincides with the emergence of the prosocial and neurobehavioral skills of middle childhood and may therefore
represent a human-specific stage of development. Both DHEA and testosterone have been reported in animal and in vitro studies to
enhance neuronal survival and programmed cell death depending on the timing, dose, and hormonal context involved, and to potentially
compete for the same signaling pathways. Yet no extant brain-hormone studies have examined the interaction between DHEA- and
testosterone-related cortical maturation in humans. Here, we used linear mixed models to examine changes in cortical thickness asso-
ciated with salivary DHEA and testosterone levels in a longitudinal sample of developmentally healthy children and adolescents 4 –22
years old. DHEA levels were associated with increases in cortical thickness of the left dorsolateral prefrontal cortex, right temporoparietal
junction, right premotor and right entorhinal cortex between the ages of 4 –13 years, a period marked by the androgenic changes of
adrenarche. There was also an interaction between DHEA and testosterone on cortical thickness of the right cingulate cortex and occipital
pole that was most significant in prepubertal subjects. DHEA and testosterone appear to interact and modulate the complex process of
cortical maturation during middle childhood, consistent with evidence at the molecular level of fast/nongenomic and slow/genomic or
conversion-based mechanisms underlying androgen-related brain development.

Introduction
The processes underpinning brain development during middle
childhood are particularly important to elucidate given the emer-
gence of behavioral and prosocial skills during this period. This
development coincides with adrenarche, a uniquely human en-
docrine event shared only with great apes and preceding the onset

of puberty (Campbell, 2011). While dehydroepiandrosterone
(DHEA) and its sulfated derivative DHEAS represent the most
abundant steroid hormones in circulation across the lifespan
(Adams, 1985), their levels increase most significantly during
adrenarche between ages 3 and 13 (Remer et al., 2005). DHEA
then remains at a steady level until the third decade of life and
decreases thereafter, coinciding with synaptic loss/cortical thin-
ning (Salat et al., 2004; Glantz et al., 2007). A variety of neural
effects have been ascribed to DHEA and its derivatives: while
DHEA has been associated with axonal/dendritic growth (Com-
pagnone and Mellon, 2000; Li et al., 2009), DHEAS appears to
increase apoptosis in neural precursors (Zhang et al., 2002). Ad-
renarche has thus been speculated to play an important role in the
extended period of brain development and synaptic pruning in
humans (Campbell, 2011). Yet its role in human brain develop-
ment has never been studied in children and adolescents.

While DHEA represents the primary steroid hormone in cir-
culation during adrenarche, adrenal production of testosterone
may also play a role during this developmental period (Remer et
al., 2005; Rege, 2012). Prior findings from our group showed that
higher testosterone levels tend to be associated with decreased
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cortical thickness (CTh) during adolescence (Nguyen et al.,
2013), consistent with in vitro evidence that high testosterone
levels may exert anti-proliferative effects (Estrada et al., 2006).
Yet in other settings when lower testosterone levels predominate,
it may be associated with neuroprotection and increased CTh
(Vasconsuelo et al., 2011; Nguyen et al., 2013).

These paradoxical effects of DHEA and testosterone on neu-
ronal survival may rely on different androgen pathways that are
more or less active depending on the levels of each hormone: a slow/
genomic pathway requiring changes in DNA transcription and a
faster/nongenomic pathway acting mainly through second-
messenger signaling systems (Foradori et al., 2008). In addition,
DHEA and testosterone appear to have competing and antagonistic
effects on the same final common pathways such as the modulation
of intracellular calcium levels (Pérez-Neri et al., 2008; Vasconsuelo et
al., 2011). This suggests that androgens may interact in shaping brain
development, and this interaction likely varies across the age span
depending on the respective levels of each steroid hormone.

Here, we examine longitudinal changes in CTh associated with
DHEA and testosterone in a population-based sample of children
and adolescents. We take an exploratory approach, hypothesizing
that DHEA levels are associated with increased CTh, particularly
during adrenarche, and predicting that DHEA may interact with
testosterone to modulate CTh in testosterone-sensitive brain
regions such as the dorsolateral prefrontal, cingulate, or so-
matosensory cortices identified in a previous examination of
the same sample (Nguyen et al., 2013). We expected no signif-
icant sex differences in DHEA-related cortical maturation
given previous reports of similar levels of DHEA and its me-
tabolites in boys and girls 3–17 years of age (Remer et al.,
2005).

Materials and Methods
Sampling and recruitment. The National Institutes of Health (NIH) MRI
Study of Normal Brain Development is a multisite project providing a
normative database to characterize healthy brain maturation (Evans and
Brain Development Cooperative Group, 2006). Subjects were recruited
across the United States with a population-based sampling method seek-
ing to achieve a representative sample in terms of income level and com-
position by race and ethnicity based on the US 2000 Census (Evans and
Brain Development Cooperative Group, 2006). Informed consent from
parents and child assent were obtained for all subjects. Detailed sampling
methodology has been described elsewhere (Evans and Brain Develop-
ment Cooperative Group, 2006). The Objective 1 database (release 4.0)
used for this study included 433 healthy children from 4 to 22 years old
(226 females, 207 males) who underwent repeated magnetic resonance
brain imaging (MRI) every 2 years, with a maximum of three scans over
4 years. To limit the sample to developmentally healthy children, rigor-
ous exclusion criteria were applied, including current or past treatment
for DSM-IV axis 1 psychiatric disorders, learning disabilities, evidence of
significant axis I disorders on structured parent or child interview
(DICA), family history of major axis 1 disorder, family history of inher-
ited neurological disorder or mental retardation due to nontraumatic
events, abnormality on neurological examination, gestational age at birth
�37 weeks or �42 weeks, and intrauterine exposure to substances
known or highly suspected to alter brain structure or function. After
strict quality control of MRI data (see Image processing, below), two
samples could be determined (Tables 1, 2): a first sample of 255 subjects
(143 females, 112 males) for which measures of DHEA levels were avail-
able (total 407 scans, 238 scans from female subjects, 169 scans from male
subjects) and a second sample of 234 subjects (131 females, 103 males)
for which measures for both testosterone and DHEA levels were available
(total 369 scans, 216 from female subjects, 153 from male subjects).

MRI protocol. A three-dimensional T1-weighted (T1W) Spoiled Gra-
dient Recalled (SPGR) echo sequence from 1.5 tesla scanners was ob-
tained on each participant, with 1 mm isotropic data acquired sagittally

from the entire head for most scanners (slice thickness of �1.5 mm was
allowed for GE scanners due to their limit of 124 slices). In addition,
T2-weighted (T2W) and proton density-weighted (PDW) images were
acquired using a two-dimensional (2D) multislice (2 mm) dual echo fast
spin echo (FSE) sequence. Total acquisition time was �25 min and was
often repeated when indicated by the scanner-side quality control
process.

Image processing. All quality-controlled MR images were processed
through the CIVET pipeline (version 1.1.9) developed at the MNI for
fully automated structural image analysis (Ad-Dab’bagh et al., 2006).
The main pipeline processing steps include: (1) Linearly registering na-
tive (i.e., original) MR images to standardized MNI–Talairach space
based on the ICBM152 dataset (Talairach and Tournoux, 1988; Collins et
al., 1994; Mazziotta et al., 1995). This step is implemented to account for
gross volume differences between subjects. (2) Correct for intensity non-
uniformity artifacts using N3 (Sled et al., 1998). These artifacts are intro-
duced by the scanner and need to be removed to minimize, in the current
context, biases in estimating gray matter boundaries. (3) Classify the
image into white matter (WM), gray matter (GM), CSF and background
using a neural net classifier (INSECT) (Zijdenbos et al., 2002). (4) Fit
images with a deformable mesh model to extract two-dimensional inner
(WM/GM interface) and outer (pial) cortical surfaces for each hemi-
sphere with the third edition of CLASP. This produces high-resolution
hemispheric surfaces with 81,924 polygons each [40,962 vertices (i.e.,
cortical points) per hemisphere] (MacDonald et al., 2000; Kabani et al.,
2001; Kim et al., 2005; Lyttelton et al., 2007). This step places 40,962
cortical points on each hemisphere for each subject. (5) Register both
cortical surfaces for each hemisphere nonlinearly to a high resolution
average surface template generated from the ICBM152 dataset to estab-
lish intersubject correspondence of the cortical points (Mazziotta et al.,
1995; Grabner et al., 2006; Lyttelton et al., 2007). (6) Apply a reverse of
the linear transformation performed on the images of each subject to
allow cortical thickness estimations to be made at each cortical point in
the native space of the magnetic resonance image (Ad-Dab’bagh et al.,
2005). This avoids having cortical thickness estimations biased by the
scaling factor introduced by the linear transformations (i.e., step 1) ap-
plied to each subject’s brain. (7) Calculate cortical thickness at each cor-
tical point using the tlink metric (Lerch and Evans, 2005) and blur each
subject’s cortical thickness map using a 20 mm full-width at half-
maximum surface-based diffusion smoothing kernel (a necessary step to
impose a normal distribution to corticometric data and to increase
signal-to-noise ratio) (Chung et al., 2001).

In addition to the CIVET pipeline, a multistage quality control (QC)
process was implemented. The first step was a simple inspection of the
raw MR images of each subject. Raw MR images that exhibited gross
artifacts (e.g., ringing artifacts) were eliminated from further processing.
A second step consisted in inspecting each subject’s white/gray matter
surface boundaries against their native MR images to ascertain proper
placement of the boundaries. In a third step, each subject’s white and gray
matter surfaces from the final CIVET output were examined. Subjects
that exhibited gross white or gray matter artifacts were eliminated from
the statistical analyses. This stringent manual QC process was imple-
mented by two independent investigators with an inter-rater reliability of
�0.9 (Karama et al., 2009).

DHEA and testosterone collection. Over the course of 4 years, during
each MRI visit, children provided two separate 1–3 cm 3 samples of saliva,
collected at two time points during the day, which were assayed by ELISA
methods for DHEA and testosterone levels (Salimetrics Salivary DHEA,
ELISA; Salimetrics Salivary Testosterone ELISA Kit). DHEA, as opposed
to its sulfated hydrophilic derivative DHEAS, is easily measured in saliva
and crosses the blood– brain barrier due to its lipophilicity (Vining and
McGinley, 1987; Stanczyk, 2006). In contrast to the reported CNS pro-
duction of DHEA in rats, de novo CNS synthesis of DHEA in humans is
unlikely to be significant given the low/negligible levels of P450c17 and
cytochrome b5 in the human brain (Baulieu, 1998; Compagnone and
Mellon, 2000). Therefore, CNS DHEA levels are representative of the
high inflow of DHEA from the periphery, the major portion of which is
produced in the adrenal cortex with a small contribution from nerve
terminals in the peripheral nervous system (Compagnone and Mellon,
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2000; Maninger et al., 2009). This is further confirmed by a study of
human subjects in which serum DHEA levels were shown to correlate
with CSF DHEA levels (Kancheva et al., 2011). Peripheral DHEA levels
may thus be especially representative of CNS levels and relevant to the study
of brain developmental changes (Compagnone and Mellon, 2000). Simi-
larly, testosterone easily crosses the blood–brain barrier when not bound to
sex hormone-binding globulin. Salivary testosterone measures that free, bi-
ologically active portion of circulating testosterone levels, which may be
more relevant to studies of brain-hormone associations compared to total
serum testosterone levels (Nguyen et al., 2013). Although most samples were
obtained mid-morning to early afternoon, a period of reduced diurnal fluc-
tuation for steroid hormones, variability in the collection times led to the
selection of the earliest sampling of DHEA and testosterone for each subject
to maximize data homogeneity. Indeed, DHEA and testosterone levels have
been shown to follow diurnal patterns in response to the pulsatile release of
adrenocorticotropic hormone and gonadotropin-releasing hormone, re-
spectively (Stanczyk, 2006; Brambilla et al., 2009).

Pubertal staging. The Pubertal Development Scale (PDS) was admin-
istered to all subjects included in this study (Petersen et al., 1988). This
scale consists of five items on a four point ordinal scale for each gender
and has been shown to have good reliability (coefficient �: 0.77) and
validity (r 2 � 0.61– 0.67) compared to physical examination (Petersen et
al., 1988). During an interview with the child/adolescent, questions were
asked about physical development. Following the method previously
used by Wichstrøm et al., we computed a puberty variable consisting of
five stages, representing increasing levels of physical maturity similar to
Tanner staging, based on the sum of scores for each of the five items
divided by 5 (Dorn et al., 1988; Wichstrøm, 1999): (1) Prepubertal � 0 to
1.7, (2) Early pubertal � 1.8 –2.4, (3) Midpubertal � 2.5–3, (4) Late
pubertal � 3.1–3.6, (5) Postpubertal � 3.7– 4.

A dichotomous puberty variable was created differentiating between pre/
early pubertal (stages 1 and 2) and mid/postpubertal subjects (stages 3, 4, and
5). This allowed us to examine separately: (1) subjects at an earlier stage of
physical maturation who are exposed to insignificant levels of gonadal hor-
mones (pre-gonadarche) and (2) subjects more likely to have truly initiated
gonadarche with a sustained exposure to gonadal hormones (post-
gonadarche). We refer to these two groups throughout the text as prepuber-
tal (stages 1 and 2) and postpubertal (stages 3, 4, 5) subjects.

Handedness. A measure of hand preference was adapted from the
Edinburgh Handedness Inventory. It included handwriting and seven
gestural commands. The criterion for hand preference was defined as at
least seven of eight responses with the same hand (Waber et al., 2007).

Statistical analyses. Statistical analyses were done using SurfStat
(http://www.math.mcgill.ca/keith/surfstat/) and SPSS 18 (SPSS). Con-

trary to previous reports, mean and local cortical thickness trajectories
across the broader age range in our total sample have been found to be
best described by first-order linear functions in contrast to cubic or qua-
dratic functions (Brain Development Cooperative Group, 2012; Nguyen
et al., 2013), and consequently age was modeled as a first-order linear
function. Each subject’s absolute native-space CTh was linearly regressed
against DHEA at each cortical point after controlling for the effects of
age, sex, total brain volume, collection time, scanner, and handedness.
Linear mixed-effects designs were used to model the relationship be-
tween DHEA and CTh while taking into account the within- and
between-individual variances in this longitudinal sample. These models
were run separately in all subjects and then in the prepubertal and post-
pubertal groups. Age or sex differences in the associations between
DHEA and CTh were tested using models with the double-interaction
terms “DHEA by age” and “DHEA by sex” controlling for all of the
aforementioned covariates. To illustrate differences in the association
between DHEA levels and CTh for subjects at different ages, linear
mixed-effects models were run at different centered ages (from ages 4 to
22). This approach is similar to other published methods, and uses a
modified age term to examine group differences at each age based on
values estimated from developmental trajectories modeled on acquired
data for all subjects (Shaw et al., 2006). Finally, we examined the “DHEA
by testosterone” and “DHEA by testosterone by sex” interactions using
full-factorial models. Of note, sex differences in testosterone-related cor-
tical maturation have been previously examined in the same sample
(Nguyen et al., 2013). A whole-brain correction, using random field
theory (RFT) with p � 0.05, was used in all analyses to control for mul-
tiple comparisons (Worsley et al., 2004).

Results
Sample characteristics
Tables 1 and 2 show comparisons for the main variables of inter-
est between males and females in the complete sample, as well as
in the prepubertal and postpubertal groups. Table 1 outlines
sample characteristics in the DHEA-only sample and Table 2
outlines the sample characteristics in the DHEA and testosterone
sample. In the complete sample, there were no significant differ-
ences in age between males and females. Comparing prepubertal
males and females on one hand, and postpubertal males and
females on the other hand, age differences were significant, as
expected given the well-replicated data reporting an earlier onset
of puberty in females compared with age-matched males (Dorn

Table 1. Characteristics of the DHEA sample (means and SDs)

Males and females N � 255 subjects;
Scans: 407

Males N � 112 subjects;
Scans: 169

Females N � 143 subjects;
Scans: 238

Comparisons between
males and females:
p values and significance*

Age (years) 13.3 (SD: 3.6) 13.1 (SD: 3.5) p � 0.508
Prepubertal 11.0 (SD: 2.2) 10.2 (SD: 1.9) p � 0.006*
Postpubertal 16.7 (SD: 2.2) 15.7 (SD: 2.5) p � 0.003*

Pubertal stage 2.3 (SD: 1.4) 2.8 (SD: 1.5) p � 0.001*
Prepubertal 1.3 (SD: 0.5) 1.4 (SD: 0.5) p � 0.183
Postpubertal 3.9 (SD: 0.8) 4.2 (SD: 0.7) p � 0.027*

Handedness R � 144; L � 25 R � 222; L � 16 p � 0.008*
Prepubertal R � 84; L � 17 R � 103; L � 10 p � 0.079
Postpubertal R � 60; L � 8 R � 119; L � 6 p � 0.075

Total brain volume (mm 3) 1 366 394.0 (SD: 106 502.4) 1 222 185.0 (SD: 105 428.7) p � 0.0001*
Prepubertal 1 378 719.9 (99 753.0) 1 252 089.0 (101 179.5) p � 0.0001*
Postpubertal 1 348 086.4 (114 107.9) 1 195 151.1 (102 206.3) p � 0.0001*

DHEA levels (pg/ml) 148.3 (SD: 143.4) 159.8 (SD: 162.2) p � 0.460
Prepubertal 110.0 (SD: 110.8) 89.5 (SD: 107.3) p � 0.169
Postpubertal 205.0 (SD: 166.8) 223.3 (SD: 177.0) p � 0.485

Collection time (min after midnight) 684.5 (SD: 139.9) 702.9 (SD: 140.2) p � 0.193
Prepubertal 689.4 (SD: 131.8) 691.4 (SD: 119.9) p � 0.910
Postpubertal 677.2 (SD: 151.8) 713.3 (SD: 156.1) p � 0.123

*Significance threshold of p � 0.05, comparing males and females using t test except for handedness for which �2 was used.
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et al., 2006). In the complete sample, more males tended to be
left-handed as opposed to females, consistent with the higher
proportion of left-handers previously reported in males (Rent-
ería, 2012). In all groups, total brain volume was higher in males
compared with females, in line with the absolute difference in
intracranial and total brain volumes previously reported between
males and females (Brain Development Cooperative Group,
2012; Giedd et al., 2012). As predicted, there were no sex differ-
ences in DHEA levels in any of the comparison groups, while
testosterone levels were higher in males than in females in the
complete sample, a difference driven by the postpubertal group

(means and SDs displayed in Tables 1, 2). Tables 3, 4 outline the
number of longitudinal scans in each group, including the com-
plete sample, males and females, and the prepubertal and post-
pubertal groups. Detailed social and demographic comparisons
between males and females have been published elsewhere
(Nguyen et al., 2013).

DHEA: positive associations with cortical thickness in
prepubertal subjects
The main effect of DHEA was examined in the complete sample
(255 subjects, 407 scans) and then in the prepubertal (160 sub-

Table 2. Characteristics of the DHEA and testosterone sample (means and SDs)

Males and females N � 234 subjects;
Scans: 369

Males N � 103 subjects;
Scans: 153

Females N � 131 subjects;
Scans: 216

Comparisons between males and females:
p values and significance*

Age (years) 13.3 (SD: 3.6) 13.2 (SD: 3.5) p � 0.892
Prepubertal 11.0 (SD: 2.3) 10.2 (SD: 2.0) p � 0.014*
Postpubertal 16.8 (SD: 2.3) 15.6 (SD: 2.5) p � 0.002*

Pubertal stage 2.3 (SD: 1.4) 2.9 (SD: 1.5) p � 0.0001*
Prepubertal 1.3 (SD: 0.5) 1.4 (SD: 0.5) p � 0.124
Postpubertal 4.0 (0.8) 4.2 (SD: 0.7) p � 0.066

Handedness R � 131; L � 22 R � 204; L � 11 p � 0.006*
Prepubertal R � 76; L � 17 R � 89; L � 6 p � 0.027*
Postpubertal R � 55; L � 5 R � 115; L � 5 p � 0.250

Total brain volume (mm 3) 1 366 528.8 (SD: 103 066.7) 1 216 609.8 (SD: 106 716.5) p � 0.0001*
Prepubertal 1 377 442.4 (96 250.8) 1 245 476.6 (104 898.8) p � 0.0001*
Postpubertal 1 349 612.7 (111 545.7) 1 193 516.3 (102 864.8) p � 0.0001*

DHEA levels (pg/ml) 147.3 (SD: 142.2) 167.1 (SD: 166.1) p � 0.234
Prepubertal 109.6 (110.0) 92.9 (110.4) p � 0.299
Postpubertal 205.8 (165.9) 226.4 (179.2) p � 0.457

Testosterone levels (pg/ml) 72.7 (SD: 64.8) 52.4 (SD: 43.5) p � 0.0001*
Prepubertal 51.5 (SD: 65.3) 40.6 (SD: 44.7) p � 0.180
Postpubertal 105.4 (SD: 48.6) 61.8 (SD: 40.3) p � 0.0001*

Collection time (min after midnight) 686.8 (SD: 131.8) 702.3 (SD: 142.0) p � 0.286
Prepubertal 696.2 (SD: 112.6) 687.9 (SD: 124.8) p � 0.635
Postpubertal 672.2 (SD: 157.0) 713.9 (SD: 154.0) p � 0.091

*Significance threshold of p � 0.05, comparing males and females using t test except for handedness for which �2 was used.

Table 3. Number of subjects and longitudinal scans by gender and pubertal status* for the DHEA sample

Males Females Total N

Prepub Postpub Total Prepub Postpub Total Prepub Postpub Total

DHEA N: 73 N: 52 N: 112 N: 87 N: 81 N: 143 N: 160 N: 133 N: 255
S: 101 S: 68 S: 169 S: 113 S: 125 S: 238 S: 214 S: 193 S: 407

1 MRI scan N: 48 N: 39 N: 65 N: 65 N: 46 N: 72 N: 113 N: 85 N: 137
S: 48 S: 39 S: 65 S: 65 N: 46 S: 72 S: 113 S: 85 S: 137

2 MRI scans N: 22 N: 10 N: 37 N: 18 N: 26 N: 47 N: 40 N: 36 N: 84
S: 44 S: 20 S: 74 S: 36 N: 52 S: 94 S: 80 S: 72 S: 168

3 MRI scans N: 3 N: 3 N: 10 N: 4 N: 9 N: 24 N: 7 N: 12 N: 34
S: 9 S: 9 S: 30 S: 12 S: 27 S: 72 S: 21 S: 36 S: 102

*Of note, although the number of scans adds up across different gender and pubertal categories, combining numbers for the prepubertal and postpubertal subjects will not lead to the indicated total number of subjects. This is because some
subjects have had several scans over the years: for example, some scans may have been completed when a subject was in the prepubertal stage, while some scans may have been completed when the same subject was in the postpubertal
stage; therefore this subject may be counted toward the number of subjects for both the prepubertal and postpubertal groups. Prepub, Prepubertal; Postpub, postpubertal; N, number of subjects; S, number of scans.

Table 4. Number of subjects and longitudinal scans by gender and pubertal status* for the DHEA and testosterone sample

Males Females Total

Prepub Postpub Total Prepub Postpub Total Prepub Postpub Total

DHEA and testosterone N: 68 N: 47 N: 103 N: 75 N: 76 N: 131 N: 143 N: 127 N: 234
S: 93 S: 60 S: 153 S: 96 S: 120 S: 216 S: 189 S: 180 S: 369

1 MRI scan N: 45 N: 36 N: 60 N: 56 N: 48 N: 65 N: 101 N: 84 N: 125
S: 45 S: 36 S: 60 S: 56 S: 48 S: 65 S: 101 S: 84 S: 125

2 MRI scans N: 21 N: 9 N: 36 N: 17 N: 24 N: 47 N: 38 N: 33 N: 83
S: 42 S: 18 S: 72 N: 34 S: 48 S: 94 S: 76 S: 66 S: 166

3 MRI scans N: 2 N: 2 N: 7 N: 2 N: 8 N: 19 N: 4 N: 10 N: 26
S: 6 S: 6 S: 21 S: 6 S: 24 S: 57 S: 12 S: 30 S: 78

*See Table 3 for note and conventions. N, Number of subjects; S, number of scans.
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jects, 214 scans) and postpubertal (133 subjects, 193 scans)
groups. There were no significant DHEA-CTh associations in the
complete sample. Consistent with the hypothesized association
between DHEA and cortical maturation during adrenarche,
DHEA was associated with CTh in specific regions of the left
frontal, right temporal, and right parietal lobes in the prepubertal
group (r value of maximal significance � 0.15). There were no
significant DHEA-CTh associations in the postpubertal group.

DHEA: positive associations with cortical thickness from ages
4 to 13
To explore the difference in findings between the prepubertal and
postpubertal groups, the interaction between DHEA and age was
examined in the complete sample (255 subjects, 407 scans), and
revealed DHEA-related associations with CTh that significantly
varied across the age span. A subsequent analysis at each age point
revealed positive associations between DHEA and CTh in several
brain regions between the ages of 4 and 13 years old. More spe-
cifically, DHEA was positively associated with CTh of the left
dorsolateral prefrontal cortex (DLPFC; Brodmann 9) from ages 4
to 8 (r value of maximal significance � 0.2), the right premotor
cortex (PM) (Brodmann 6) from ages 5 to 11 (r value of maximal
significance � 0.2), the right temporoparietal junction (TPJ; an-
gular and supramarginal gyrus; Brodmann 39, 40) from ages 7 to

12 (r value of maximal significance � 0.2), and the right entorhi-
nal/perirhinal cortex (ER) (Brodmann 28, 34, 35) from ages 4 to
13 (r value of maximal significance � 0.2; Fig. 1). There were no
significant DHEA-CTh associations in the 14 to 22 age group.

DHEA and sex: no significant interaction on
cortical thickness
The interaction between DHEA and sex was examined in the
complete sample (255 subjects, 407 scans) and then in the prepu-
bertal (160 subjects, 214 scans) and postpubertal groups (133
subjects, 193 scans). Consistent with the absence of sex differ-
ences in DHEA levels, there was no significant interaction be-
tween DHEA and sex on CTh in the complete sample. There was
also no significant interaction between DHEA and sex in the
prepubertal or postpubertal groups.

DHEA by testosterone interactions
The interaction between DHEA and testosterone was examined
in the complete sample (234 subjects, 369 scans) and then in the
prepubertal (143 subjects, 189 scans) and postpubertal (127 sub-
jects, 180 scans) groups. In the complete sample, there was a
significant interaction between DHEA and testosterone involv-
ing the right anterior cingulate cortex (ACC; Brodmann 32; r
value of maximal significance � 0.2; Fig. 2). In the prepubertal

Figure 1. Positive associations between DHEA and cortical thickness across the age span: the relationship between DHEA and cortical thickness is displayed for each age point between ages 4 –13.
There were no significant associations between ages 14 –22. From top to bottom, the brain views include a left lateral view, followed by a right lateral view, and then a right sagittal view. There were
positive associations between DHEA and the left dorsolateral prefrontal cortex (L_DLPFC) between ages 4 – 8, the right temporoparietal junction between ages 7–12 (R_TPJ), the right premotor
cortex (R_premotor) between ages 5–11, and the right entorhinal/perirhinal cortex (R_entorhinal) between ages 4 –13. The graphs display the relationship between DHEA and mean cortical
thickness of each region in the age range of interest, with longitudinal trajectories outlined for subjects with 2 or more data points. A correction for multiple-comparisons using whole-brain random
field theory was applied to all analyses. Note that standardized residuals were used for cortical thickness values on the y-axis, and the natural logarithm of DHEA was used on the x-axis to improve
visualization of all data points.
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group, there was also a significant interaction between DHEA
and testosterone in the right posterior cingulate gyrus (PCC;
Brodmann 23) and occipital pole (OP; Brodmann 17, 18; r value
of maximal significance � 0.3 for both regions; Fig. 2). There was
no significant interaction between DHEA and testosterone in the
postpubertal group. The complex interaction present in the com-
plete sample and the prepubertal group showed antagonistic ef-
fects of DHEA and testosterone that varied relative to the
hormonal context. More specifically, in a high-testosterone con-
text, higher DHEA levels were associated with a relative preser-
vation of CTh while lower DHEA levels were associated with
reduced CTh of the right cingulate cortex and occipital pole. In
contrast, in a low-testosterone context, there was a reversal of that
relationship in the same brain areas such that, for a certain tes-
tosterone level, higher DHEA levels were associated with de-
creased CTh compared with lower DHEA levels. There was no
significant sex effect on the interaction between DHEA and tes-
tosterone in the complete sample (234 subjects, 369 scans) or in
the prepubertal (143 subjects, 189 scans) or postpubertal groups
(127 subjects, 180 scans).

Discussion
This is the first study examining DHEA-CTh associations and the
interaction between testosterone and DHEA on CTh in humans.
These findings are remarkable because they show hormonal im-
pacts on the brain during early/middle childhood in contrast to
the general expectation that the brain is not shaped by hormones
until puberty/gonadarche. Findings that DHEA is associated with
an increase in CTh from ages 4 –13 are consistent with the timing
of adrenarche (Remer et al., 2005), as well as animal models
showing neurotrophic effects of DHEA (Suzuki et al., 2004) in-

dependent of its conversion to estrogens or other androgens
(Marx et al., 2000; Zhang et al., 2002; Suzuki et al., 2004). In-
creases in CTh may be driven mostly by intracortical glial cell
proliferation (Carlo and Stevens, 2013), although glial prolifera-
tion itself may be modulated by a variety of neurotrophic pro-
cesses, including synaptogenesis, axonal growth, vascular
changes, or neuroprotection against synaptic pruning (Fields and
Burnstock, 2006; Zatorre et al., 2012). During early, prepubertal
brain development, a period marked by increased metabolic
stress, DHEA may act through several mechanisms to promote
neurotrophic changes: (1) its antiglucocorticoid effects (Kamin-
ska et al., 2000; Karishma and Herbert, 2002); (2) an increase in
mitochondrial antioxidant potential (Patel and Katyare, 2007);
(3) a decrease in NMDA-related neurotoxicity (Kume et al., 2002;
Kurata et al., 2004; Li et al., 2009), (4) activation of neurotro-
phin nerve growth factor (NGF) pathways (Lazaridis et al.,
2011), and/or (5) binding to microtubule-associated proteins
such as MAP2C (Laurine et al., 2003). Still, more research is
needed to determine which of these mechanisms are particu-
larly critical in human brain development.

DHEA was not shown to be associated with increases in CTh
beyond age 13. This absence of significant associations in older ado-
lescents/young adults is consistent with the lack of significant change
in the brain weight of young adult rodents treated with DHEA—
while developing rats similarly treated showed an increase in brain
weight (Patel and Katyare, 2006). DHEA effects may thus be time-
and dose-dependent, with certain ages and doses associated with
different neurotrophic effects (Zhang et al., 2002; Li et al., 2009).

Consistent with this hypothesis, higher DHEA levels were
shown in this study to mitigate the negative relationship between

Figure 2. Interactive effects of DHEA and testosterone on cortical thickness: brain figures show regions with a significant DHEA by testosterone interaction on cortical thickness: (1) in all subjects:
the right anterior cingulate cortex (R_ACC); (2) in prepubertal subjects: the right posterior cingulate cortex (R_PCC) and the right occipital pole (R_occ). The graphs illustrate the relationship
between testosterone and mean cortical thickness for each region, with the blue line representing subjects with low DHEA levels and the green line representing subjects with high DHEA levels.
Higher DHEA levels mitigate the negative relationship between high testosterone levels and cortical thickness, while the opposite relationship is present in a low-testosterone context, such that
testosterone mitigates the negative relationship between DHEA and cortical thickness. A correction for multiple-comparisons using whole-brain random field theory was applied to all analyses. Note
that standardized residuals were used for cortical thickness values on the y-axis, and graph windows were restricted to a specific range of testosterone levels to facilitate comparisons across scatter
plots.
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testosterone levels and CTh in a high-testosterone context,
while the opposite relationship was observed in a low-
testosterone context, such that testosterone mitigated the neg-
ative relationship between DHEA and CTh. This complex
interaction parallels reports of both proliferative and anti-
proliferative changes observed with DHEA and testosterone in
vitro (Maninger et al., 2009; Vasconsuelo et al., 2011). Similar to
neurotrophic changes, anti-proliferative processes may be driven
by a variety of mechanisms, including synaptic pruning, glial, and
vascular changes or cell shrinkage (Zatorre et al., 2012). These
paradoxical effects may rely on two competing and time-
dependent androgen pathways: a slower, conversion-dependent
or genomic, nuclear receptor pathway that relies mostly on
changes in DNA transcription and a faster, nongenomic mem-
brane receptor pathway relying mainly on second-messenger
signaling systems (Foradori et al., 2008). The fast-acting, non-
genomic pathway appears to be most active when high
hormonal levels predominate, while the slower conversion-
dependent or genomic pathway may be more active when lower
hormonal levels are present (Foradori et al., 2008). Fast-acting,
nongenomic testosterone-related activation of the phosphatidyl-
inositol pathway has been associated with increased intracellular
calcium and decreased neuronal survival in the context of high
testosterone levels (Estrada et al., 2006), while DHEA-specific
neuroprotective effects mediated by its fast-acting, nongenomic
decrease in NMDA-induced calcium release may predominate at
higher DHEA levels (Kume et al., 2002). In a low-testosterone
and DHEA context, slow, genomic mechanisms involving the
nuclear androgen receptor has been associated with increased
testosterone-related neuronal survival (Foradori et al., 2008),
while the relatively slower conversion of DHEA to DHEAS may
be associated with anti-proliferative effects through inhibition of
the AKT pathway (Zhang et al., 2002). While these mechanisms
of interaction require further investigation, they represent con-
vergent pathways through which DHEA and testosterone can
modulate neuronal/glial development, an interaction that is re-
ported here for the first time in the context of dynamic brain
development in humans.

DHEA-related increases in CTh occurred only in specific
brain areas in this study. These regional effects may be related to
a critical concentration of NMDA, �-1, NGF, or MAP2 receptors,
and/or regional differences in enzymatic activity converting
DHEA to its derivatives, the latter being supported by findings of
variable DHEA concentrations across the brain postmortem (La-
croix et al., 1987). DHEA-responsive brain areas during adre-
narche may represent sites of neurotrophic changes during
significant developmental processes of middle childhood. Inter-
estingly, adrenarche also coincides with the emergence of many
forms of anxiety, mood, tic, and disruptive disorders (Costello et
al, 2003; Kessler et al., 2005). However, the direct relationships
between DHEA and child behavior remain poorly understood,
with the possible exception of increased adrenal androgens asso-
ciated with disruptive behavior (Van Goozen et al., 2000; Dmit-
rieva et al., 2001). The scarcity of these studies renders any
statement pertaining to links between DHEA-associated cortical
thickening and behavior highly speculative. Nonetheless, it is in-
triguing that associations between DHEA and cortical thickening
coincide, in time, with known behavioral changes that are, at least
partly, supported by the very same regions where associations
between DHEA and cortical thickness have been observed here.
For example, the association of DHEA with CTh of the right TPJ
in children ages 7–12 is consistent with the development of men-
talizing and differentiation of this region between 7 and 11 years

old (Saxe et al., 2009), whereas the association between DHEA
and CTh of the left DLPFC between ages 4 – 8 parallels reports of
increased activation in this region associated with improved lan-
guage/behavioral control across the same age range (Rueda et al.,
2005; Szaflarski et al., 2006). Similarly, DHEA-related matura-
tion of the right premotor cortex between ages 5–11 partially
overlaps with previous reports of developmental changes in spa-
tial working memory in children ages 8 –11 (Nelson et al., 2000).
Still, definitive statements about DHEA-related developmental
changes in behavior and executive control will only be warranted
if confirmed by direct studies assessing these relationships.

We have also observed interactive effects of DHEA and testos-
terone affecting CTh of the cingulate cortex and OP. One can
speculate that the requirement for finely tuned hormonal mod-
ulation of CTh in these regions is consistent with the need for
specific synaptic/glial modulation to integrate multimodal infor-
mation. Accordingly, the ventral ACC is thought to integrate
socio-affective processes (Amodio and Frith, 2006); the PCC ap-
pears to integrate self-referential mental thoughts during rest
(Fransson and Marrelec, 2008); and the OP participates in the
semantic integration of visual/language information (Amedi et
al., 2004). Connections to and from these regions were shown to
progress from childhood to adulthood, with the ventral ACC and
PCC viewed as key components of a functional default network
that evolves from weakly connected nodes to a more integrated
system with age (Fair et al., 2009). Mentalizing processes also
strongly activate the ventral ACC in children and adolescents,
moving posteriorly toward a stronger activation of the TPJ with
age (Blakemore et al., 2007; Moriguchi et al., 2007; Pfeifer et al.,
2007). These results have been interpreted as reflecting a change
in the relationship between the ventral ACC and TPJ over time to
integrate the socio-cognitive perspective of the self versus others
(Blakemore, 2008). Finally, the right OP has been hypothesized to
connect with prefrontal language areas, consistent with reports of
incremental and simultaneous activation of left prefrontal re-
gions and right OP in the development of language control in
children ages 5–11 (Szaflarski et al., 2006).

Strengths and limitations
Peripheral DHEA levels represent central DHEA and DHEAS
levels, and therefore differential effects of DHEA/DHEAS cannot
be distinguished in this study. Variation in collection time of
salivary samples was present, although this was controlled for in
the analyses. We did not directly examine associations between
DHEA-related brain development and behavioral changes, and
therefore inferences about the developmental skills acquired dur-
ing this period cannot be confirmed. In addition, given the limi-
tations of CTh as a measure of microstructural cortical changes,
we cannot state with great certainty which proliferative or anti-
proliferative effects predominate in a specific developmental pe-
riod. Yet this is the first study examining interactive effects of
DHEA and testosterone on the cortex of children/adolescents,
and the results point to the relevance of adrenarche as a critical
brain developmental period as well as the importance of apprais-
ing hormonal levels together rather than in isolation. The gener-
alizability of these findings is supported by the broad age range
examined in a longitudinal, representative sample.

Conclusions
DHEA appears to exert neurotrophic effects during adrenarche
and this influence was shown to change with age and specific
hormonal context. Positive associations between DHEA and CTh
during middle childhood in key brain regions known to integrate
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networks of emotional regulation and cognitive control may
reflect the neurotrophic processes necessary to establish long-
distance cortical connections in adulthood. The complex in-
teraction between DHEA and testosterone is consistent with
molecular evidence of slow conversion-based/genomic and
fast nongenomic mechanisms mediating androgen-related
brain development.
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