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A B S T R A C T   

Dehydroepiandrosterone (DHEA) production is closely associated with the first pubertal hormonal event, 
adrenarche. Few studies have documented the relationships between DHEA and functional brain development, 
with even fewer examining the associations between DHEA and spontaneous cortical activity during the resting- 
state. Thus, whether DHEA levels are associated with the known developmental shifts in the brain’s idling 
cortical rhythms remains poorly understood. Herein, we examined spontaneous cortical activity in 71 typically- 
developing youth (9–16 years; 32 male) using magnetoencephalography (MEG). MEG data were source imaged 
and the power within five canonical frequency bands (delta, theta, alpha, beta, gamma) was computed to identify 
spatially- and spectrally-specific effects of salivary DHEA and DHEA-by-sex interactions using vertex-wise 
ANCOVAs. Our results indicated robust increases in power with increasing DHEA within parieto-occipital 
cortices in all frequency bands except alpha, which decreased with increasing DHEA. In the delta band, DHEA 
and sex interacted within frontal and temporal cortices such that with increasing DHEA, males exhibited 
increasing power while females showed decreasing power. These data suggest that spontaneous cortical activity 
changes with endogenous DHEA levels during the transition from childhood to adolescence, particularly in 
sensory and attentional processing regions. Sexually-divergent trajectories were only observed in later- 
developing frontal cortical areas.   

1. Introduction 

Adolescence is ushered in by a cascade of hormonal events (i.e., 
puberty) and ends with the acquisition of adult social roles (Dahl, 2004). 
Pubertal development is characterized by two distinct endocrine events, 
adrenarche and gonadarche, both of which exert profound effects on the 
developing brain (for review, Goddings et al., 2019). The onset of pu-
berty, adrenarche, is defined by the development of the adrenal cortex, 
which triggers a surge in androgens via the 
hypothalamic-pituitary-adrenal axis. It is thought that this process plays 
a key role in human brain development during the transition from 
childhood to adulthood (Byrne et al., 2017), but few studies have 

systematically investigated its effects on the developing brain. More 
broadly, adrenarche instigates the formation of dehydroepiandrosterone 
(DHEA) around five to six years of age and throughout the adrenarcheal 
period, DHEA increases in both males and females, a finding that is 
highly consistent across studies (Whittle et al., 2015) and distinguishes it 
from its derivative pubertal hormones (i.e., testosterone and estradiol), 
which follow differential trajectories between sexes (Harden et al., 
2014). DHEA continues to increase through adolescence and early 
adulthood, when it hits peak levels (Campbell, 2006; Rainey et al., 2002) 
and remains abundant throughout the lifespan (Corpéchot et al., 1981; 
Racchi et al., 2003). Although DHEA is a precursor to testosterone and 
estradiol, it is thought to additionally have a distinct role in puberty 
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(Byrne et al., 2017; Dorn and Chrousos, 1997; Whittle et al., 2015). 
Specifically, rises in DHEA are associated with pubic hair growth, body 
hair, and body odor, which represent the initial physical changes seen 
during puberty onset that occur as a function of adrenarche. Impor-
tantly, only a few studies have established neurodevelopmental links 
with normative changes in DHEA levels (Byrne et al., 2017), as existing 
work has largely focused on samples with premature adrenarche (e.g., 
Klauser et al., 2015; Whittle et al., 2015) or the specific effects of 
testosterone and estradiol (Goddings et al., 2019; Wierenga et al., 2018). 
To date, studies have shown that DHEA binds directly on androgen and 
estrogen receptors in the brain (e.g., Prough et al., 2016), suggesting 
there may be a neurological role of DHEA, however, the precise effects 
that DHEA has on the developing human brain are not well understood. 
Increases in DHEA during development are thought to occur in tandem 
with structural and functional changes in both cortical and subcortical 
regions (Byrne et al., 2017), but this is a relatively uncharted area of 
research. In large part, this is due to the standing literature focusing on 
the neurobiological effects of gonadarche, the second major endocrine 
event of puberty, which involves maturation of the 
hypothalamic-pituitary-gonadal axis. 

Nevertheless, there is growing evidence for adrenal hormone effects 
on both anatomical and functional brain development. Specifically, a 
series of structural MRI studies have revealed mixed associations be-
tween DHEA concentrations and structural brain metrics in a regionally- 
specific manner during adrenarche (Barendse et al., 2018; Klauser et al., 
2015; Murray et al., 2016; Nguyen et al., 2013, 2016). For example, in 
several regions throughout the brain, Nguyen et al. (2013) reported a 
positive correlation between DHEA level and cortical gray matter 
thickness. Alternatively, white matter volume has been found to have a 
negative correlation with DHEA levels (Klauser et al., 2015). One study 
also found that children with higher levels of DHEA exhibited larger 
pituitary gland volumes (Murray et al., 2016). In terms of brain function, 
functional MRI (fMRI) studies have shown correspondence between 
DHEA levels and functional activation to emotional stimuli, primarily in 
frontal and temporal regions (e.g., cingulate, dorsal lateral prefrontal, 
and anterior temporal cortices; Goddings et al., 2012; Klapwijk et al., 
2013; Whittle et al., 2015). However, these findings are also mixed, with 
reports of both positive and negative associations between DHEA and 
patterns of brain activation. These mixed results are likely due to 
methodological differences, including the use of different cognitive tasks 
and stimuli during fMRI. An alternative, complementary approach is to 
investigate how DHEA levels correspond to neural activity in the 
absence of task demands (i.e., resting-state). Prior work in adult par-
ticipants has shown that exogenous administration of DHEA is related to 
decreases in amygdala-precuneus connectivity, suggesting modulatory 
effects of DHEA on brain function (Sripada et al., 2013). However, 
surprisingly, studies have yet to determine how DHEA varies with 
resting-state neural activity levels in a developmental sample. Impor-
tantly, resting-state fMRI approaches have shown great utility in the past 
two decades in uncovering age- and puberty-related changes in the 
functional organization of neural networks (e.g., Fair et al., 2009; Fareri 
et al., 2015), but far less work has integrated hormonal measures and 
even fewer have investigated metrics like regional spectral power of 
neurophysiological signals to identify whether development is associ-
ated with changes in the strength of spontaneous cortical rhythms. 

Building on the expansive fMRI resting-state literature, several 
recent studies have used magnetoencephalographic (MEG) approaches 
to address similar age- and hormone-related developmental questions 
(Fung et al., 2020; Ott et al., 2021). Unlike other noninvasive neuro-
imaging techniques, MEG is able to capture regional spectral power, or 
spectrally specific spontaneous neural dynamics originating in the cor-
tex due to its high spatial, spectral, and temporal precision. This is 
important in resting-state literature because it allows for observation of 
both where the amplitude of spontaneous cortical activity is changing 
and the precise rhythms involves (e.g., theta, alpha, etc.). For example, a 
previous study using MEG elucidated age- and sex-related effects in 

spontaneous neural dynamics in adolescents across specific canonical 
frequency bands (Ott et al., 2021). In addition, several prior MEG studies 
have shown that task-related neural oscillatory dynamics are sensitive to 
critical indicators of development, including pubertal testosterone, and 
that this developmental sensitivity is modulated by sex (Fung et al., 
2020, 2021; Killanin et al., 2020; Taylor et al., 2021). 

Taken together, existing literature shows modulatory effects of pu-
bertal hormones and sex on the development of cortical dynamics, but 
studies to date have yet to examine whether the development of spon-
taneous cortical rhythms are affected by the adrenal hormone, DHEA, 
which does not show the same degree of sexual-dimorphism compared 
to the gonadal hormones that have been more heavily studied (e.g., 
testosterone; Goddings et al., 2019; Harden et al., 2014; Whittle et al., 
2020). Since there is a lack of clarity surrounding sex differences in 
DHEA during the pubertal period (Orentreich et al., 1984; ̌Sulcová et al., 
1997), it is likely that any existing differences are subtle. Moreover, 
given that DHEA increases with age during adolescence, it is crucial to 
examine the effects of DHEA on neural function above and beyond age. 
Thus, the current study focused on the extent to which endogenous 
DHEA levels are related to spontaneous cortical dynamics in a devel-
opmental sample, while also examining potential interactive effects with 
sex. Because DHEA levels increase similarly in males and females (unlike 
gonadal hormones), we hypothesized that associations between DHEA 
and spontaneous cortical dynamics would be similar among both sexes, 
with minimal sexual divergence. 

2. Methods 

2.1. Participants 

We enrolled 71 healthy children and adolescents (32 male; Mage =

13.07 years, SD = 1.66, range = 9.99–16.99 years). Exclusionary criteria 
included any medical illness or medication known to affect CNS func-
tion, neurological or psychiatric disorders, history of head trauma, 
current substance abuse, and the standard exclusion criteria related to 
MEG acquisition (e.g., dental braces, metal implants, battery operated 
implants, and/or any type of ferromagnetic implanted material). All 
demographic data were reported by a parent or legal guardian as part of 
the intake process. Parents of the child participants signed informed 
consent forms, and child participants signed assent forms before pro-
ceeding with the study. The local Institutional Review Board reviewed 
and approved this study, and all protocols were in accordance with the 
Declaration of Helsinki. 

2.2. Salivary DHEA collection and measurement 

At least 2.0 mL of whole unstimulated saliva was collected from each 
participant. Specifically, children were asked to passively drool into an 
Oragene DISCOVER (OGR-500; www.dnagenotek.com) collection tube 
until liquid saliva (not bubbles) exceeded the fill line indicated on the 
tube. Participants were instructed to refrain from consuming any food, 
liquids, or chewing gum for at least an hour before providing the saliva 
sample, and generally completed the study in the afternoon. Prior to the 
release of the protease inhibitors for long-term storage, a single-channel 
pipette was used to extract 0.5 mL from the collection tube, which was 
immediately transferred into a labeled micro-centrifuge tube and placed 
in a − 20 C freezer for storage. All samples were assayed with duplicate 
testing using a commercially-available assay kit for salivary DHEA 
(Salimetrics; www.salimetrics.com) by the University of Nebraska 
Lincoln Salivary Biosciences Laboratory (https://cb3.unl.edu/sbl/). The 
assay kit had a sensitivity of 5 pg/mL, with a range of 10.2–1000 pg/mL. 
The intra- and inter-assay coefficients of variation were 7.95% and 
10.17%, respectively. The averages of duplicate tests were used for 
analyses in the present study. A log transform was applied to DHEA 
measurements to account for skewness of the raw data (before trans-
form: skewness = 2.82, kurtosis = 9.15; after transform: skewness =
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0.32, kurtosis = − 0.41). 

2.3. MEG and MRI data acquisition 

All MEG recordings took place in a one-layer magnetically-shielded 
room with active shielding engaged for environmental noise compen-
sation. A 306-sensor MEGIN MEG system (Helsinki, Finland), equipped 
with 204 planar gradiometers and 102 magnetometers, was used to 
sample neuromagnetic responses continuously at 1 kHz with an acqui-
sition bandwidth of 0.1 – 330 Hz. Participants were seated with their 
heads positioned within the sensor array and were instructed to rest with 
their eyes closed for six minutes. Throughout MEG data acquisition, 
participants were monitored by a real-time audio-video feed from inside 
the shielded room. 

Structural T1-weighted images were acquired on a Siemens 3 T MRI 
scanner with a 32-channel head coil and a MPRAGE sequence with one 
of the following parameters: TR = 2400 ms, TE = 1.94 ms, flip angle =
8º, FOV = 256 mm, slice thickness = 1 mm (no gap), base resolution =
256, 192 slices, voxel size = 1 mm3; or TR = 2300 ms, TE = 2.98 ms, flip 
angle = 9º, FOV = 256 mm, slice thickness = 1 mm (no gap), voxel size 
= 1 mm3. These structural images were only used for co-registration 
with the MEG functional data and visualization of the results, thus 
minor differences in MRI acquisition would not be expected to affect the 
MEG results. 

2.4. Structural MRI processing and MEG-MRI coregistration 

Participants’ T1-weighted MRI data were segmented using the 
standard voxel-based morphometry pipeline in the computational 
anatomy toolbox (CAT12 v12.7; Gaser et al., 2022) within SPM12. T1 
images underwent noise reduction using a spatially-adaptive non-local 
means denoising filter (Manjón et al., 2010) and a classical Markov 
Random Field approach (Rajapakse et al., 1997). An affine registration 
and a local intensity transformation were then applied to the bias cor-
rected images. Finally, preprocessed images were segmented based on 
an adaptive maximum a posteriori technique (Ashburner and Friston, 
2005) and a partial volume estimation with a simplified mixed model of 
a maximum of two tissue types (Tohka et al., 2004). Images were 
normalized to MNI template space and the resulting segmented files 
were then imported into Brainstorm for co-registration. 

Prior to MEG acquisition, four coils were attached to the partici-
pant’s head and localized, together with the three fiducial points and 
scalp surface, using a 3-D digitizer (Fastrak 3SF0002, Polhemus Navi-
gator Sciences, Colchester, VT, USA). Once the participant was posi-
tioned for MEG recording, an electrical current with a unique frequency 
label (e.g., 322 Hz) was fed to each of the coils. This induced a 
measurable magnetic field and allowed each coil to be localized in 
reference to the sensors throughout the recording session. Since coil 
locations were also known in head coordinates, all MEG measurements 
could be transformed into a common coordinate system. With this co-
ordinate system (including the scalp surface points), each participant’s 
MEG data were co-registered with their structural MRI prior to source 
space analyses using Brainstorm. 

2.5. MEG data pre-processing 

Each MEG dataset was individually corrected for head motion and 
subjected to noise reduction using the signal space separation method 
with a temporal extension (tSSS; MaxFilter v2.2; correlation limit: 
0.950; correlation window duration: 6 s; Taulu and Simola, 2006). MEG 
data processing was completed in Brainstorm (Tadel et al., 2019) and 
largely followed established analysis procedures (Niso et al., 2019). 
Briefly, a high pass filter of 0.3 Hz and a notch filter at 60 Hz and its 
harmonics were applied. Cardiac artifacts and eye movements were 
identified in the raw MEG data and removed using an adaptive 
signal-space projection (SSP) approach, which was subsequently 

accounted for during source reconstruction (Ille et al., 2002; Uusitalo 
and Ilmoniemi, 1997). Data were then divided into four-second epochs 
and scanned for artifacts at the individual level. Briefly, in MEG, the raw 
signal amplitude is strongly affected by the distance between the brain 
and the MEG sensor array, as the magnetic field strength falls off sharply 
as the distance from the current source (i.e., brain) increases. To account 
for this source of variance across participants, as well as other sources of 
variance, we used an individualized threshold based on the signal dis-
tribution for both amplitude and gradient to reject artifacts. Specifically, 
epochs with amplitudes and/or gradients exceeding ± 3 SD of that 
participant’s distribution of values were marked as bad and excluded 
from further analyses. The mean number of accepted epochs was 66.9 
with a SD of 8.40 and a range of 54–104 epochs. The number of accepted 
epochs did not significantly vary as a function of age (r(65) = .12, p =
.35), sex (t(63) = − 1.49, p = .14), or DHEA (r(65) = .12, p = .36). 

2.6. MEG source imaging and frequency power maps 

In accordance with prior literature (Niso et al., 2019), we computed 
minimum norm estimates normalized by a dynamic statistical para-
metric mapping (dSPM) algorithm for source imaging. To account for 
environmental noise, we utilized empty room recordings to compute a 
noise covariance matrix for source imaging (Baillet et al., 2001). The 
forward model was computed using an overlapping spheres head model 
(Huang et al., 1999). Finally, the imaging kernel of depth-weighted 
dSPM constrained to the individual cortical surface (Dale et al., 2000) 
was computed. 

Using these source estimates, we then computed the power of 
cortical activity in canonical frequency bands: delta (2–4 Hz), theta 
(4–8 Hz), alpha (8–12 Hz), beta (15–30 Hz), and gamma (30–80 Hz). We 
used Welch’s method for estimating power spectral densities (PSD; 
Welch, 1967) on each four-second epoch, with one second sliding 
Hamming windows overlapping at 50%. We then standardized the PSD 
values in each canonical frequency band to the total power across the 
frequency spectrum. For each participant, we averaged PSD maps across 
epochs to obtain one set of PSD maps per participant. Finally, we pro-
jected these maps onto the MNI ICBM152 brain template (Fonov et al., 
2009) and applied a 3 mm FWHM smoothing kernel. These normalized 
source maps, showing the distribution of relative power in each fre-
quency band, were used for further statistical analysis. 

2.7. Statistical analyses 

We analyzed the whole-brain PSD maps using ANCOVA models in 
SPM12 to identify spatially specific effects of DHEA and the interaction 
between DHEA and sex. Because DHEA is known to increase with age 
(Buck Louis et al., 2008), and because of recent work showing 
age-related changes in spontaneous cortical activity (Ott et al., 2021) we 
included age as a control variable in our statistical models. This allowed 
us to explore the unique effects of DHEA above and beyond the effects of 
age. Thus, for each frequency band, we ran an ANCOVA model with age 
as a continuous variable of no interest, DHEA as a continuous predictor, 
and sex as a categorical predictor, along with the respective 
DHEA-by-sex interaction term. To correct for multiple comparisons, we 
applied threshold free cluster enhancement (TFCE; Smith and Nichols, 
2009) with a weighting factor of E = 0.6. Finally, TFCE maps were 
thresholded using the clusters that survived p < 0.05 uncorrected with k 
> 100. TFCE values were averaged across individual clusters, separated 
by hemisphere. A cluster level family wise error (FWE) of 0.05 was 
applied to the remaining clusters to control for multiple comparisons 
and these data were used to display the corresponding effects. 

S.H. Penhale et al.                                                                                                                                                                                                                              



Developmental Cognitive Neuroscience 57 (2022) 101153

4

3. Results 

3.1. Descriptive statistics 

Of the 71 healthy youths who participated in the study, six had DHEA 
levels that were below the detection threshold. Thus, those participants 
were excluded from analysis. The results presented here include data 
from the remaining 65 participants (29 males, Mage = 13.22 years, SD =
1.61; range = 9.99 – 16.99 years). Demographic characteristics are 
detailed in Table 1. 

3.2. Spontaneous neural dynamics 

Relative power was calculated across five canonical frequency 
bands: delta, theta, alpha, beta and gamma (Fig. 1). Patterns of power 
distribution varied between frequency bands, with delta, beta and 
gamma showing the highest relative power in anterior regions of the 
brain, theta having the highest relative power centrally, and relative 
alpha power being strongest in the posterior portion of the brain. 

3.3. DHEA and spontaneous neural dynamics 

As mentioned previously, we examined the impact of DHEA on the 
developmental trajectory of spontaneous neural dynamics by computing 
a series of ANCOVA models. Specifically, we probed the main effect of 
DHEA and the interaction between DHEA and sex on spontaneous 
power. In all computed models, age was included as a variable of no 
interest due to its correlation with DHEA levels in the whole sample 
(Fig. 2). There were no significant differences between males and fe-
males in age or DHEA levels (Table 1). The data were modeled for each 
of the five frequency bands using TFCE and FWE 0.05 corrections. 
Clusters that were identified as significant are described in detail below. 

3.4. Main effects of DHEA 

Models of spontaneous power revealed that increasing DHEA was 
associated with increases in spontaneous delta (Fig. 3; left: F(1, 60) 
= 10.975, k = 4427, pFWE = 0.021; right: F(1, 60) = 9.884, k = 3565, 
pFWE = 0.022) across occipital and parietal regions. Conversely, we 
found a main effect of DHEA in the alpha frequency band, such that 
relative power decreased with increasing DHEA. This effect was seen 
broadly across the parietal cortex, extending into the bilateral temporal 
cortices (right: F(1, 60) = 10.905, k = 5420, pFWE = 0.013; left: F(1, 60) 
= 10.463, k = 4793, pFWE = 0.014). Beta (right: F(1, 60) = 13.908, 
k = 1534, pFWE = 0.023; left: F(1, 60) = 12.898, k = 1270, pFWE 
= 0.031) and gamma power (right: F(1, 60) = 19.920, k = 2187, pFWE 
= 0.008; left: F(1, 60) = 14.502, k = 493, pFWE = 0.017) was observed 
to increase in relative power with increasing DHEA, concentrated in the 
occipital cortex. Table 2 provides the full ANCOVA results for each of the 

canonical bands. 

3.5. DHEA-by-sex interaction 

Interestingly, delta was the only frequency band that exhibited an 
interaction between DHEA and sex. Specifically, there was a significant 
DHEA-by-sex interaction in the right frontal, left frontal, and left tem-
poral (Fig. 4; right frontal: F(1, 60) = 7.590, k = 153, pFWE = 0.023; left 
frontal: F(1, 60) = 8.106, k = 199, pFWE = 0.024; left temporal: F(1, 60) 
= 6.397, k = 195, pFWE = 0.023). In all clusters, females showed very 
gradual decreasing delta power with increasing DHEA levels, and males 
showed very gradual increasing delta power with increasing DHEA 
levels. Lastly, to ensure the greater number of females did not bias our 
analyses, we excluded seven female participants and reran all analyses 
using the remaining 29 participants per sex group. The results were 
virtually identical and thus all reported results include the full 65 par-
ticipants described above in Section 3.1. 

4. Discussion 

In the present study, we examined the effect of DHEA on spontaneous 
cortical activity during the transition from childhood to adolescence in a 
large cohort of typically-developing youth. Specifically, we identified 
the relationship between DHEA levels and power within five canonical 
frequency bands (delta, theta, alpha, beta and gamma), above and 
beyond age. Further, we probed the interaction between DHEA and sex 
on these measures of spontaneous power. We found robust DHEA- 
specific effects across posterior brain regions in several frequency 
bands. Specifically, increasing DHEA levels were associated with 
increasing delta, beta and gamma power in bilateral parieto-occipital 
regions. Conversely, alpha power decreased with increasing DHEA 
levels across largely overlapping regions of the bilateral parieto- 
occipital cortices. Interestingly, delta was the only frequency band in 
which DHEA exhibited dissociable sex effects such that, with increasing 
DHEA levels, males showed gradually increasing delta power and fe-
males showed the opposite. This relationship was observed across three 
clusters spanning the bilateral frontal and left anterior temporal cortices. 

DHEA is an adrenal steroid hormone that acts as a precursor to 
gonadal hormones like estradiol and testosterone (Goddings et al., 
2019). Unlike its derivatives, which are known to vary between males 
and females (Goddings et al., 2019), one study showed that DHEA in-
creases at a similar, linear rate for both males and females during the 
8–14 year-old developmental period (Whittle et al., 2020), which is 
comparable to what we report in our sample of 9–16 year-olds. This 
could suggest that during pubertal development, sex-specific effects of 
DHEA on spontaneous cortical activity are less likely due to the lack of 
sexual divergence that is seen in DHEA levels between males and fe-
males. Indeed, in the current study, we observed similar levels of DHEA 
between males and females, and the majority of findings reported were 
main effects of DHEA, irrespective of sex. 

DHEA was associated with the power of spontaneous activity in 
alpha, beta, and gamma, above and beyond age. Of note, these fre-
quency bands have been implicated in attention and sensory processing 
(Wang et al., 2013). In fact, previous work has found alpha, beta, and 
gamma each to be important in mediating perception and attention, 
particularly in the parietal cortex (Misselhorn et al., 2019; Zaretskaya 
and Bartels, 2015). Specifically, during this developmental period, in-
creases in theta activity have been reported during abstract reasoning 
(Taylor et al., 2020) and selective attention performance (Taylor et al., 
2021), age-related changes in visual gamma activity have been seen 
during basic visual processing (Fung et al., 2021), alterations in alpha 
activity have been reported during verbal working memory processing 
(Embury et al., 2019; Killanin et al., 2022), and beta and gamma os-
cillations have been found to change in relation to a developing senso-
rimotor system (Heinrichs-Graham et al., 2018; Trevarrow et al., 2019; 
Wilson et al., 2010). In the current study, beta and gamma activity 

Table 1 
Demographic characteristics of the final sample.   

Male Female t/chi- 
square 
value 

p- 
value 

Mean Age (years) 13.53 12.97 .45 .66 
Age Range (years) 9.99–16.99 10.61–16.34 – – 
Mean DHEA (ln(pg/mL) 3.40 3.49 .39 .70 
DHEA Range (ln(pg/mL) 1.98–5.28 1.64–5.80 – – 
Race (White/Black or African 

American/Other/Unknown) 
27/1/1/0 29/2/3/2 1.01 .60 

Ethnicity (Not Hispanic or Latino/ 
Hispanic or Latino) 

29/0 33/3 2.53 .11 

Handedness (R/L/both) 28/0/1 35/1/0 2.05 .36 

Note: Differences in age between males and females were assessed using an in-
dependent samples t-test; differences in race, ethnicity, and handedness were 
assessed using a chi-square test. 
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increased with increasing DHEA in posterior parietal and occipital re-
gions of the brain, which are in line with roles in attention and early 
sensory processing. Thus, these relationships may reflect that these 
processing capabilities are fine-tuned behaviorally and neurally during 
this period of development (Morandini et al., 2021). 

Conversely, our results revealed that alpha power decreased with 
increasing DHEA in parieto-occipito-temporal regions. In these brain 
regions, alpha has formerly been associated with cortical inhibition of 
visual sensory input (Heinrichs-Graham and Wilson, 2015; McDermott 
et al., 2017; Proskovec et al., 2016, 2018; Wiesman et al., 2017; Wilson 
et al., 2017). For example, several studies have reported alpha oscilla-
tions in the left parieto-occipito-temporal cortices during the encoding 
and maintenance phases of verbal working memory tasks. Presumably 
such activity reflects active encoding and rehearsal of the 
language-based visual stimuli, as well as attention processes (McDer-
mott et al., 2017; Proskovec et al., 2016, 2018; Wiesman et al., 2017). 

Similar findings have been observed in developmental populations such 
that these alpha responses appear to become stronger with increasing 
age during the development of working memory (Embury et al., 2019). 
Further, many of these same studies have shown robust alpha dynamics 
in parieto-occipital cortices during maintenance phase, when partici-
pants are actively rehearsing the stimuli presented during the encoding 
phase and suppressing incoming visual information that could act as 
interference (Heinrichs-Graham and Wilson, 2015). These alpha re-
sponses are thought to be largely distinct, as their time courses and di-
rection (increase/decrease) are distinct. The findings in the current 
study, which link DHEA to shifts in alpha power in parieto-occipital 
regions, may allude to refinement of working and attention circuitry, 
but future studies using such paradigms are needed to verify such a 
relationship. 

Of interest, delta was the only frequency band in which an interac-
tion effect between DHEA and sex was uncovered in the frontal and 
temporal lobes. This is unsurprising, given that the frontal and temporal 
lobes are among the last to develop during adolescence, both in terms of 
structure and function (Bludau et al., 2014; Fuster, 2002; Gogtay et al., 
2004; Romine and Reynolds, 2005; Tsujimoto et al., 2011). Further, 
delta power has been found to have strong developmental effects, 
particularly in frontal regions, and changes in delta power appear to 
continue throughout the lifespan (Gómez et al., 2013; Ott et al., 2021; 
Vlahou et al., 2014). Prevailing theoretical and empirical work on 
adolescent brain development suggests there are DHEA-related alter-
ations to the frontal and temporal lobes, in particular (Goddings et al., 
2012; Nguyen et al., 2013). However, these studies have not examined 
any sexually-dimorphic interactions associated with these alterations, 
which the present study more closely probed. For example, one previous 
fMRI study in only female adolescents revealed positive associations 
between DHEA levels and activity in the left anterior temporal cortex 
during an emotion processing task (Goddings et al., 2012). Together 
with the current study, this suggests that DHEA-specific effects in tem-
poral regions are detected across neuroimaging modalities, and in both 
task-dependent and task-free designs. The current study further builds 
upon prior research by incorporating both males and females to help 
disentangle how adrenal hormones, above and beyond age, are associ-
ated with cortical activity. Given our inclusion of both sexes, we were 
able to identify differential trajectories in relation to sex, with males 
showing increases in delta with increasing DHEA while females show 
the opposite. Moreover, the present study included a wider swath of 
development compared to previous work, which included only 
11–13-year-old youths and thus may not have been fully representative 
of the developmental course of adrenarche. 

Further, our results build upon prior studies of DHEA in that they 
provide a link between production of adrenal hormones and changes in 
spontaneous cortical activity, filling the gap that currently exists in this 
area of research. The effects of DHEA unveiled in this study were all in 
regions spanning the parietal and occipital cortices, extending into 

Fig. 1.. Relative power in each frequency band: Template brains show grand averaged relative power maps, with color bars scaled to the minimum and maximum 
values of each map. Power distribution is shown for the five frequency bands. From left to right, these include delta, theta, alpha, beta, and gamma. 

Fig. 2.. Correlation between DHEA and Age: A scatter plot displays the cor-
relation between DHEA and age for each sex. The natural log of DHEA is plotted 
on the y-axis and age is plotted on the x-axis, with individually plotted points 
representing each participant. Males (r = .391) and females (r = .459) are 
plotted separately to enhance clarity. An additional black trendline represents 
the entire sample (r = .410, p = .001). 
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inferior temporal regions. This is consistent with structural MRI research 
showing vast developmental changes in brain structure are occurring 
throughout the transition from childhood to adolescence (Blakemore 
et al., 2010; Wierenga et al., 2014). Specifically, studies show that pri-
mary sensory areas, including the primary occipital and temporal 
cortices, reach peak volume and thickness first, closely followed by 
parietal regions (Blakemore et al., 2010; Shaw et al., 2008; Sowell et al., 
2004; Wierenga et al., 2014). Additional research has suggested that 
adrenarche is closely tied with structural brain development (Barendse 
et al., 2018; Klauser et al., 2015; Nguyen et al., 2013). In fact, a prior 
study found DHEA levels to be related to cortical thickness and volume 
of both the left occipital pole and the right parietal lobe (Nguyen et al., 
2016), similar regions to where our data displayed effects of DHEA on 
spontaneous cortical activity. Future work will need to build upon this 
by capturing adrenarche and gonadarche (i.e., sex-steroid hormone ef-
fects) processes longitudinally to elucidate how these processes unfold 
and alter cortical dynamics subserving the transition from adolescence 
into adulthood. 

Despite a number of strengths, there remain several limitations of the 

current study that must be noted. First, the secretion of DHEA is not 
restricted to the early-pubertal period; DHEA levels continue to rise into 
early adulthood as the adrenal glands gradually mature throughout 
adrenarche. From here, the hormone remains abundant in circulation 
throughout the lifespan. Throughout the course of the lifespan, DHEA is 
known to act through a number of mechanisms as well, such as binding 
sex steroid receptors, synergizing with sex steroid hormones, inhibiting 
GABAergic responses and potentiating NMDA-mediated signaling, and 
occurring through de novo synthesis within the CNS, which cannot be 
fully ruled out or controlled for in the current study (Mellon and Griffin, 
2002). Relatedly, the onset of adrenarche is unique to each individual 
and the current study did not capture the onset of this process, per se, 
only interindividual variability. Thus, examining these processes in a 
younger sample would be beneficial to capturing the onset of adre-
narche with the explicit aim of disentangling the production of adrenal 
hormones from the production of gonadal hormones. However, Whittle 
and colleagues (2020) found a linear increase in children ages 8–14, so it 
is likely we are capturing the majority of this linear increase across the 
current study. In order to fully ascertain which stages of puberty 

Fig. 3.. Main Effect of DHEA: Scatter plots display the significant effect of DHEA on relative power. Relative power across the significant cluster denoted in the title is 
plotted for each participant on the y-axis and the natural log of DHEA is plotted on the x-axis. Trendlines are plotted on each graph to represent an increase or 
decrease in relative power with DHEA. Note that the scatterplots reflect the strongest cluster, but the effects were virtually identical across the other clusters (i.e., sub- 
peaks) per map. F-maps were thresholded using a TFCE mask at p < 0.05 uncorrected with k > 100, as to only display significant effects, and are displayed with a 
color bar showing the scale of F values from weakest (blue) to strongest (yellow). Areas of the brain in gray are nonsignificant. DHEA has significant effects in 
posterior clusters in four frequency bands. Delta power increased in bilateral parietal clusters with increasing DHEA (A; left: r = .210; right: r = .230). Alpha power 
decreased in bilateral parieto-occipital clusters with increasing DHEA (B; left: r = − .287; right: r = − .297). Relative power increased in bilateral occipital regions in 
both beta (C; left: r = .463; right: r = .462) and gamma (D; left: r = .463; right: r = .462) frequency bands with increasing DHEA. 
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participants are in, other measures of pubertal development will be 
necessary for subsequent studies. Second, salivary assays were used to 
estimate the DHEA hormone measures for this study, which are 
well-suited to developmental studies due to the non-invasive method-
ology. However, these samples are dependent on several factors (Hert-
ing and Sowell, 2017; Matchock et al., 2007) and are less sensitive to low 
hormone concentrations compared to other methods of hormone 
collection, which may be an issue at the onset of adrenarche (Herting 
and Sowell, 2017). Future studies should prospectively investigate 
participants to ensure that a more complete understanding of the 
adrenarcheal process is being captured. In fact, future work focusing on 

how adrenarche impacts developing cortical dynamics may benefit from 
focusing on younger ages to assess changes specific to the onset of 
adrenarche. Additionally, the sulfated form of DHEA (DHEA-S) is 
thought to contribute to brain development, thus future studies could 
benefit from collecting both DHEA and DHEA-S. These studies should 
also consider using hair samples, which are more stable, to obtain more 
representative assays of hormone levels (Short et al., 2016). Together, 
more robust pubertal and hormonal assessments will allow for a greater 
understanding of how specific hormonal events relate to cortical dy-
namics during pubertal development. 

5. Conclusion 

Our study revealed that spontaneous cortical activity during child-
hood and adolescence is coupled with DHEA production and the inter-
action between DHEA and sex. Using MEG we found that delta power 
varied as a function of sex in the frontal and temporal cortices such that 
delta increased with DHEA in males, while females exhibited decreased 
delta with increasing DHEA. Sex-invariant DHEA effects were also seen, 
such that delta, beta and gamma increased in posterior cortices with 
increasing DHEA. Conversely, alpha exhibited decreased power with 
increasing DHEA. Our findings suggest that, above and beyond the in-
fluences of age, DHEA production is associated with changes in spon-
taneous cortical activity. Consistent with past work showing structural 
and oscillatory changes within the brain, these data provide further 
evidence for adrenal hormone development supporting neural dynamics 
during adolescent development. Future studies should probe the ties 
between DHEA and oscillatory activity serving task performance to 
further expand our understanding of adrenarche, as it relates to brain 
function. In summary, this novel study sheds light on the correspon-
dence between DHEA and spontaneous cortical activity, above and 
beyond age, during the transition from childhood to adolescence. By 
understanding these relationships, we are making strides towards 
greater understanding of the contribution of adrenarche to neuronal 
development. 
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Table 2 
Table of ANCOVA results.  

Frequency/ 
Cluster 

Effect Cluster 
Size 
(voxels) 

Peak 
Coordinates 
(MNI: x y z) 

F-Value 
(from 
peak) 

p- 
FWE 
Value 

Delta RP DHEA Main 
Effect  

3565 32 − 68 29  9.884  0.022 

Delta LP DHEA Main 
Effect  

4427 -10 − 56 30  10.975  0.021 

Alpha RP DHEA Main 
Effect  

5420 36 − 79 23  10.905  0.013 

Alpha LP DHEA Main 
Effect  

4793 -5 − 68 43  10.463  0.014 

Beta RO DHEA Main 
Effect  

1534 34 − 89 25  13.908  0.023 

Beta LO DHEA Main 
Effect  

1270 -29 − 98 19  12.898  0.031 

Gamma RO DHEA Main 
Effect  

2187 38 − 92 6  19.92  0.008 

Gamma LO DHEA Main 
Effect  

493 -26 − 102 13  14.502  0.017 

Delta RF DHEA x Sex 
Interaction 
Effect  

153 19 61 − 7  7.59  0.023 

Delta LF DHEA x Sex 
Interaction 
Effect  

199 -35 33 − 23  8.106  0.024 

Delta LT DHEA x Sex 
Interaction 
Effect  

195 -60 5 − 33  6.397  0.023 

Note: RP: Right Parietal; LP Left Parietal; RO: Right Occipital; LO: Left Occipital; 
RF: Right Frontal; LF: Left Frontal; LT: Left Temporal 

Fig. 4.. Interaction Effect of DHEA and Sex: Scatter plots display the significant interaction between DHEA and sex in the delta frequency band. Relative delta power 
averaged across the cluster is plotted on the y-axis and natural log of DHEA on the x-axis in three separate clusters in the right frontal (A; r(males) = .126, r(females) 
= .045), left frontal (B; r(males) = .045, r(females) = .084) and left temporal (C; r(males) = .167, r(females) = .077) cortices. The blue circles and trendline on each 
plot represent males, while the green circles and trendline represent females. In all clusters, relative delta power increased with DHEA levels in males and decreased 
with DHEA levels in females. Thresholded TFCE maps are displayed with a color bar on the far right showing the scale of logged TFCE values. 
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the work reported in this paper. 
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