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Abstract

The adolescent brain undergoes tremendous structural and functional changes

throughout puberty. Previous research has demonstrated that pubertal hormones

can modulate sexually dimorphic changes in cortical development, as well as age-

related maturation of the neural activity underlying cognitive processes. However,

the precise impact of pubertal hormones on these functional changes in the develop-

ing human brain remains poorly understood. In the current study, we quantified the

neural oscillatory activity serving visuospatial processing using magnetoencephalog-

raphy, and utilized measures of dehydroepiandrosterone (DHEA) as an index of

development during the transition from childhood to adolescence (i.e., puberty).

Within a sample of typically developing youth (ages 9–15), a novel association

between pubertal DHEA and theta oscillatory activity indicated that less mature chil-

dren exhibited stronger neural responses in higher-order prefrontal cortices during

the visuospatial task. Theta coherence between bilateral prefrontal regions also

increased with increasing DHEA, such that network-level theta activity became more

distributed with more maturity. Additionally, significant DHEA-by-sex interactions in

the gamma range were centered on cortical regions relevant for attention processing.

These findings suggest that pubertal DHEA may modulate the development of neural

oscillatory activity serving visuospatial processing and attention functions during the

pubertal period.
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1 | INTRODUCTION

The adolescent brain is subject to major structural and functional

changes throughout puberty. These developmental processes are in

part mediated by steroid hormones, which after a period of quies-

cence in early childhood, reemerge during two distinct neuroendo-

crine events (i.e., gonadarche and adrenarche; Byrne et al., 2017;

Sisk & Foster, 2004). Adrenarche is one of the earliest phases of post-

natal neuroendocrine development where the unique hormonal milieu

of puberty begins to emerge (Byrne et al., 2017; Nguyen, 2017).Madison H. Fung and Raeef L. Rahman contributed equally to this study.
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During this period of late childhood, production of dehydroepiandros-

terone (DHEA) and its sulfate ester DHEAS substantially increases

(Campbell, 2006; Maninger et al., 2009; Neunzig & Bernhardt, 2014;

Racchi et al., 2003). Concentrations of DHEA continue to rise through

early adulthood, which suggests that the developmental function of

this steroid extends both during and well beyond the pubertal transi-

tion (Campbell, 2006). DHEA also acts as a crucial precursor in the

synthesis of testosterone and estradiol, hormones that characteristi-

cally rise later in adolescence to uniquely facilitate sexually dimorphic

patterns of development during gonadarche (Blakemore et al., 2010;

Nguyen et al., 2013; Reman & Carr, 2004; Sisk & Foster, 2004; Witte

et al., 2010). Despite these downstream functions, DHEA remains one

of the most abundant steroids in human circulation throughout the

lifespan and uniquely impacts developmental processes independent

of the gonadal hormones (Campbell, 2006; Corpéchot et al., 1981;

Neunzig & Bernhardt, 2014; Nguyen, 2017; Racchi et al., 2003).

DHEA and other pubertal hormones have been shown to be

strong modulators of anatomical cortical development through their

influence on neurogenesis, neuronal growth and differentiation, and

neuroprotection by directly interacting with sex-steroid receptors

(Ahmed et al., 2008; Campbell, 2006; Davis et al., 1996; Maninger

et al., 2009; Nuñez et al., 2002; Quinn et al., 2018). In fact, concentra-

tions of DHEA in the brain are larger than any other organ, including

the adrenals (Corpéchot et al., 1981). During puberty, these hormones

have shown region- and sex-specific influences on gray and white

matter development (Bramen et al., 2012; Goddings et al., 2019;

Koolschijn et al., 2014; Neufang et al., 2009; Nguyen, 2017; Nguyen

et al., 2013; Paus et al., 2010). Importantly, prior work has highlighted

the independent actions of DHEA on cortical development in several

brain regions, including areas that support visual and attention net-

works (Nguyen, 2017; Nguyen et al., 2013). Of note, overall patterns

of structural growth are similar in both males and females, with white

matter increasing linearly over time and gray matter increasing until

its peak in late childhood and thinning thereafter (Giedd et al., 1999;

Herting & Sowell, 2017; Wierenga et al., 2014). However, these peaks

in cortical development vary between males and females, with some

of these sex-specific developmental patterns likely emerging as a

result of changing pubertal hormone levels (De Bellis et al., 2001;

Giedd et al., 1999). Finally, other measures of physical maturation dur-

ing puberty indicate that children in later stages of pubertal develop-

ment have smaller gray matter volumes in various cortical and

subcortical regions than prepubescent children (Bramen et al., 2012;

Koolschijn et al., 2014; Peper et al., 2009; Vijayakumar et al., 2018).

While changes to cortical structure during puberty are well docu-

mented, especially within the fronto-parietal regions (Gogtay

et al., 2004; Sowell et al., 2001; Vijayakumar et al., 2018), associations

between sex steroids and functional cognitive development are less

understood, as most studies focus on pubertal changes in social, emo-

tional, and reward processing (for review, see Vijayakumar

et al., 2018). More commonly, studies examine associations between

indices of brain function and chronological age, sometimes incorporat-

ing interactions between age and sex (Rubia et al., 2010). However,

several studies have noted unique effects of pubertal hormones on

neurocognitive functioning above and beyond the effects of chrono-

logical age, particularly with respect to cognitive functions served by

hormone-sensitive frontoparietal networks. For example, functional

magnetic resonance imaging (MRI) studies have found that pubertal

hormones are associated with memory performance and executive

functioning above and beyond the effects of age (Cservenka

et al., 2015; Selmeczy et al., 2019). Still, despite the known effects of

sex steroids on frontoparietal cortical structure and function, minimal

work has examined the role of pubertal hormones in the development

of brain function serving visuospatial processing and attentional abili-

ties, especially in the context of neural oscillatory activity.

Visuospatial attention networks are located bilaterally in the fron-

tal, parietal, and occipital cortices, and activity in these nodes allows

for the detection of salient stimuli in the visual field (Corbetta and

Schulman, 2002; Petersen & Posner, 2012; Posner & Petersen, 1990).

The networks serving visuospatial processing are associated with dis-

tinct neural oscillatory signatures within the theta, alpha, and gamma

frequency bands (Lew et al., 2020; Wiesman et al., 2017, 2018). These

responses vary with both age and sex (Wiesman & Wilson, 2019),

though little is known about these oscillations during adolescence.

Age-related changes in oscillatory activity among youth have been

reported across several domains, such as motor development

(Heinrichs-Graham et al., 2018, 2020; Trevarrow et al., 2019) and

visual processing (Fung et al., 2020), and significant sex-by-age inter-

actions have been observed for various executive functions (Embury

et al., 2019; Taylor et al., 2020). More specifically, previous work has

found significant sex-by-age interactions in the neural oscillations

serving visuospatial and attention processing, reflecting developmen-

tal differences between the sexes in these critical brain responses

(Killanin et al., 2020; Taylor et al., 2021). Given the vast impact of

pubertal hormones on the brain, there is a clear need to also parse the

effects of chronological age and pubertal maturation on neurophysio-

logical development, especially due to the significant variation in the

timing and tempo of pubertal change (Blakemore et al., 2010; Sisk &

Foster, 2004). Interestingly, one recent study used endogenous tes-

tosterone as a metric for development and found sexually dimorphic

maturational changes in oscillatory activity serving visual and atten-

tional networks; these effects were above and beyond those of chro-

nological age (Fung et al., 2020). These findings suggest that direct

measures of endogenous sex hormones may provide insight into a

unique axis of development that may modulate the neural oscillatory

dynamics serving high order cognition.

Along the same line, the present study assessed developmental

changes in the neural oscillations serving visuospatial processing, as

indexed by endogenous DHEA levels, in a sample of typically develop-

ing children and adolescents. DHEA levels consistently increase across

the pubertal transition and enact developmental effects independent

of testosterone and estradiol (Nguyen, 2017); thus, rising levels of this

adrenal androgen can independently serve as a reliable metric of

pubertal maturation in both males and females (Root, 1973; Shirtcliff

et al., 2009). To this end, all participants completed a visuospatial dis-

crimination task during magnetoencephalography (MEG) and the

resulting neural responses were transformed into the time-frequency
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domain and imaged using a beamforming approach. The effects of

DHEA on visuospatial processing and attention dynamics were

assessed through whole-brain voxel-based analyses of oscillatory

activity and DHEA levels, while controlling for age. These develop-

mental trajectories were also examined for sex differences. Based on

the existing literature, we hypothesized that DHEA levels would be

coupled to neural oscillatory activity in visuospatial processing and

attention networks in the brain, above-and-beyond the effects of

chronological age alone. We further expected to see sex differences

in oscillatory activity given the differential effects of sex steroids on

males and females during puberty, and previous findings of sexually

dimorphic patterns of oscillatory development.

2 | MATERIALS AND METHODS

2.1 | Participants

Thirty-five typically developing children and adolescents ages 9–

15 years completed a visuospatial discrimination task and provided

saliva samples for hormonal analyses as part of the National Science

Foundation-funded Developmental Chronnecto-Genomics study

(Stephen et al., 2021). All participants were recruited from the Univer-

sity of Nebraska Medical Center (UNMC) site. Of note, portions of

this sample and raw MEG data have been previously published (Fung

et al., 2020), though the present manuscript utilized a different index

of development (i.e., DHEA) and a complete reanalysis of all MEG

data. Exclusionary criteria included neurological or psychiatric disor-

der, history of head trauma, and general MEG/MRI exclusionary cri-

teria such as the presence of metal implants, dental braces or

permanent retainers, or other metallic or otherwise magnetic nonre-

movable devices. All procedures were approved by the UNMC Institu-

tional Review Board, and informed consent from the child's parent or

legal guardian, as well as assent from the child, were obtained before

proceeding with the study.

2.2 | Procedure

2.2.1 | Salivary DHEA collection and measurement

Hormone analyses utilized the same methodology as a previous study

(Fung et al., 2020), except DHEA was quantified instead of testoster-

one. 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) col-

lection tube until liquid saliva (not bubble) exceeded the fill line indi-

cated on the tube. A single-channel pipette was then used to extract

0.5 ml from the collection tube (prior to the release of the protease

inhibitors for long-term storage), and this 0.5 ml was immediately

transferred into a labeled microcentrifuge tube and placed in a �20�C

freezer for storage. Participants were instructed to refrain from con-

suming any food, liquids, or chewing gum for at least an hour before

providing the saliva sample, and generally completed the study in the

afternoon (MTime = 16:15, SD = 3.08 h). All samples were assayed in

duplicate using a commercially available assay kit for salivary DHEA

(Salimetrics; www.salimetrics.com) by the University of Nebraska Lin-

coln Salivary Biosciences Laboratory. 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

average of the duplicate tests were used for further analyses in the

present study. DHEA levels three standard deviations above or below

the group mean were excluded from subsequent analyses.

2.2.2 | Task paradigm

A visuospatial discrimination task, termed Vis-Attend, was used to

engage the visuospatial processing circuitry (Wiesman et al., 2017;

Figure 1). During this task, participants were told to fixate on a cen-

trally presented crosshair. After a variable ISI (range: 1900–2100 ms),

an 8 � 8 grid was presented for 800 ms at one of four positions rela-

tive to the fixation: above and to the right, below right, above left, or

below left. The left and right orientations were defined as a lateral off-

set of 75% of the grid from the center of fixation. Participants were

instructed to press a button with their right hand to indicate whether

the grid was positioned to the left (index finger) or right (middle finger)

of the fixation point upon presentation of the grid. Each participant

performed 240 trials (60 of each type) in a pseudo-randomized order

concurrent with MEG recording. Responses with a reaction time 2.5

standard deviations above or below the participant's mean were

excluded prior to averaging.

2.2.3 | MEG data acquisition

MEG data acquisition, structural coregistration, preprocessing, and

sensor-/source-level analyses closely followed the analysis pipeline of

several previous manuscripts (Heinrichs-Graham et al., 2018; Killanin

et al., 2020; Spooner et al., 2020; Wiesman & Wilson, 2019, 2020);

Wiesman et al., 2017. MEG recordings were conducted in a one-layer

magnetically shielded room with active shielding engaged. Neuromag-

netic responses were acquired in continuous mode with an Elekta/

MEGIN MEG system with 306 magnetic sensors (204 planar gradiom-

eters, 102 magnetometers; Elekta/MEGIN, Helsinki, Finland) using a

bandwidth of 0.1–330 Hz and a sampling rate of 1 kHz. Each partici-

pant's data were individually corrected for head motion, and noise

reduction was applied using the signal space separation method with

a temporal extension (tSSS; Taulu & Simola, 2006; Taulu et al., 2005).

2.2.4 | MEG Coregistration and structural MRI
processing

Preceding MEG measurement, four coils were attached to the partici-

pant's head and localized, together with the three fiducial points and
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scalp surface, using a 3D digitizer (Fastrak 3SF0002, Polhemus Navi-

gator Sciences, Colchester, VT). Once the participant was positioned

for MEG recording, an electric 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 coordi-

nate system, each participant's MEG data were coregistered with their

individual structural T1-weighted MRI data prior to source space ana-

lyses using BESA MRI (Version 2.0). Structural T1-weighted MRI data

were acquired using a Siemens Skyra 3 T MRI scanner with a

32-channel head coil and a MP-RAGE sequence with the following

parameters: TR = 2400 ms; TE = 1.94 ms; flip angle = 8�;

FOV = 256 mm; slice thickness = 1 mm (no gap); voxel

size = 1 � 1 � 1 mm. These data were aligned parallel to the anterior

and posterior commissures and transformed into standardized space.

Following source reconstruction (i.e., beamforming), each participant's

4.0 � 4.0 � 4.0 mm functional images were also transformed into

standardized space using the transform that was previously applied to

the structural MRI volume and spatially resampled.

2.2.5 | MEG time-frequency transformation and
statistics

Cardiac and ocular artifacts were removed from the data using signal-

space projection, which was accounted for during source reconstruction

(Uusitalo & Ilmoniemi, 1997). The continuous magnetic time series was

divided into epochs of 2700 ms duration, with the baseline extending

from �400 to 0 ms before stimulus onset. Epochs containing artifacts

(e.g., eye blinks, muscle artifacts, eye saccades, swallowing, coughing)

were rejected based on a fixed-threshold method, supplemented with

visual inspection. Notably, thresholds were set independently for each

participant due to differences among individuals in head size and sensor

proximity, which strongly affect MEG signal amplitude. To calculate these

thresholds, the trial-wise amplitude distribution was plotted for each

MEG sensor per participant, and the highest amplitude values relative to

the participant's total distribution were identified Next, in order to reject

artefactual trials, this set amplitude threshold was adjusted to only

exclude extreme amplitude values relative to each participant's amplitude

distribution. This same process was repeated for gradient values, and tri-

als containing artefactual amplitude and/or gradient values were

removed and excluded from subsequent analyses. After artifact rejection,

an average of 187.42 (SD = 20.8) trials per participant were used for fur-

ther analysis; this number was not significantly correlated with age or

DHEA levels, and did not differ by sex.

Artifact-free epochs were transformed into the time-frequency

domain using complex demodulation (Kovach & Gander, 2016; Papp &

Ktonas, 1977), and the resulting spectral power estimations per sensor

were averaged over trials to generate time-frequency plots of mean spec-

tral density. These sensor-level data were normalized using the respective

bin's baseline power, which was calculated as the mean power during the

�400 to 0 ms time period. The specific time-frequency windows used

for imaging were determined by statistical analysis of the sensor-level

spectrograms across the entire array of gradiometers. To reduce the risk

of false-positive results while maintaining reasonable sensitivity, a two-

stage procedure was followed to control for Type 1 error. In the first

stage, two-tailed paired-sample t-tests against baseline were conducted

on each data point, and the output spectrograms of t-values were thre-

sholded at p < .05 to define time-frequency bins containing potentially

significant oscillatory deviations across all participants. In stage two, the

time-frequency bins that survived the threshold were clustered with tem-

porally and/or spectrally neighboring bins that were also below the

p < .05 threshold, and a cluster value was derived by summing all the t-

values of all data points in the cluster. Nonparametric permutation testing

was then used to derive a distribution of cluster values and the signifi-

cance level of the observed clusters (from stage one) was tested directly

F IGURE 1 Visuospatial task paradigm (Vis-attend). Each trial consisted of two periods: (1) fixation lasting an average of 2000 ms (1900–
2100 ms variable ISI) with a 400-ms baseline period, and (2) an 800 ms stimulus-presentation period with the grid appearing in one of four
locations. Participants indicated the lateral location of the stimulus grid relative to the fixation with a button press (left or right)
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using this distribution (Ernst, 2004; Maris & Oostenveld, 2007). For each

comparison, 1000 permutations were computed to build a distribution of

cluster values. Based on these analyses, the time-frequency windows that

contained significant oscillatory events across all participants were sub-

jected to a beamforming analysis (see Results). Of note, to ensure the

optimal time-frequency windows were chosen for subsequent analyses,

we also computed sensor-level spectrograms with the phase-locked com-

ponent subtracted from the total response amplitude (Figure S1). Finally,

time-frequency clusters that became significant after the mean reaction

time across all participants were not considered in further analyses, as

the aims of the study were to focus on visuospatial processing rather

than other processes involved in task completion (e.g., motor initiation,

response/error-checking, etc.).

2.2.6 | MEG source imaging and statistics

Cortical responses were imaged through an extension of the linearly con-

strained minimum variance vector beamformer (Gross et al., 2001;

Hillebrand et al., 2005; Van Veen et al., 1997), which employs spatial fil-

ters in the time-frequency domain to calculate source power and/or

coherence for the entire brain volume. The single images are derived

from the cross-spectral densities of all combinations of MEG gradiome-

ters averaged over the time-frequency range of interest, and the solution

of the forward problem for each location on a grid specified by input

voxel space. Following convention, we computed noise-normalized,

source power and (separately) voxel wise coherence in each participant

using active (i.e., task) and passive (i.e., baseline) periods of equal duration

and bandwidth (Hillebrand et al., 2005). For neural response power, such

images are typically referred to as pseudo-t maps, with units (pseudo-t)

that reflect noise-normalized power differences (i.e., active vs. passive)

per voxel. In contrast, coherence images reflect noise-normalized changes

in connectivity from baseline levels between a prespecified seed voxel of

interest and every other voxel in the brain. MEG preprocessing and imag-

ing used the Brain Electrical Source Analysis (BESA V7.0) software. Fur-

ther details about our MEG data processing pipeline are available in a

recent publication (Wiesman &Wilson, 2020).

Normalized differential source power was computed for the sta-

tistically selected time-frequency bands (see below) over the entire

brain volume per participant at 4.0 � 4.0 � 4.0 mm resolution. The

resulting 3D maps of brain activity were then averaged across partici-

pants to assess the neuroanatomical basis of the significant oscillatory

responses identified through the sensor-level analysis. Next, whole

brain correlations were computed between participant-level maps and

DHEA levels (as a measure of maturation), to examine overall devel-

opmental changes in the neural responses unique to hormonal influ-

ence. When using hormone levels as a proxy for development,

chronological age was used as a covariate of no-interest in order to

detect the unique effects of DHEA on neural oscillatory activity above

and beyond the effects of age. To identify DHEA-by-sex interactions,

whole-brain correlation maps were computed separately between

males and females. Fisher's r to Z transformation was then applied to

these maps, which provided a voxel-wise map of Z-scores

representing the normalized sex differences in the oscillatory coding

of visuospatial processing. Follow-up analyses were performed on all

significant gamma response interactions to confirm the effects of

DHEA-by-sex interactions on oscillatory activity above-and-beyond

other potential age-related effects. All maps were thresholded at

p < .005 and corrected for multiple comparisons using a spatial extent

threshold of eight contiguous (4 � 4 � 4 mm) voxels (i.e., 512 mm3)

based on the theory of Gaussian random fields (Woo et al., 2014;

Worsley et al., 1996).

To examine network-level effects, a similar statistical approach

was used on the coherence maps. Briefly, whole-brain coherence was

computed using the peak voxels of significant clusters in the DHEA/

oscillatory amplitude correlation maps as seeds. These coherence

maps were then evaluated for correlations with DHEA while covary-

ing out age. To limit the confound of source power on coherence, any

region exhibiting significant associations was entered into a post hoc

analysis, where the source amplitudes of the seed and target regions

were covaried out to ensure that any significant effects detected were

not the result of biases resulting from systematic power differences.

For associations between DHEA and coherence values, age was also

covaried out to detect unique hormonal effects on the development

of network connectivity.

3 | RESULTS

3.1 | DHEA results

All participants exhibited DHEA levels within the inclusion range

(i.e., no outliers). As expected, chronological age was positively

F IGURE 2 A significant positive correlation between DHEA and
age for the whole sample. Male (blue) and female (red) data have been
plotted separately only to enhance clarity; this correlation did not
significantly differ between the sexes
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correlated with DHEA levels in the whole sample (r = .40, p = .02;

Figure 2), such that older children possessed higher levels of DHEA.

There were no significant sex differences in age or DHEA levels.

3.2 | Demographic data and behavioral results

Of the 35 participants who completed the task, two were excluded

due to excessively noisy MEG data; therefore the final sample con-

sisted of 33 children and adolescents (Mage = 12.82 years, SD = 1.57;

19 F). Participants performed well on the visuospatial processing task.

Average accuracy on the task was 94.24% ± 6.50% and the average

reaction time was 573.1 ± 100.6 ms. There were no significant associ-

ations between DHEA and reaction time or accuracy; further, there

was no significant relationship between reaction time and accuracy

(i.e., no speed accuracy tradeoff). Thus, participants across all

developmental stages performed similarly on this basic visuospatial

task. There were also no sex differences in performance on the task.

3.3 | Neural oscillatory responses to the task

Statistical evaluation of the time-frequency spectrograms revealed

five significant clusters of oscillatory activity (Figure 3, all p's < .001

after cluster-based permutation testing). Significant synchronizations,

or increases in power relative to baseline, were observed in the theta

band (3–7 Hz) from stimulus onset to 350 ms, and in the high gamma

range during an early (75–175 ms and 74–88 Hz) and later (325–

500 ms, 64–80 Hz) window in occipital sensors. Additionally, a signifi-

cant decrease in power, or desynchronization, was observed in the

alpha band (8–14 Hz) from 350 to 500 ms in posterior sensors, and in

the beta band (350–625 ms and 18–24 Hz) near the sensorimotor

F IGURE 3 (Left) Time-frequency spectrograms of significant oscillatory responses during the task. Data are from two occipital sensors
(gamma: M2043, alpha/theta: M1922) and one sensor near the left parietal cortex (Beta: M0443) and have been averaged across all participants.
Note that spectrograms with the phase-locked component removed (i.e., induced activity only) are provided in the supplement (Figure S1). Warm
colors reflect power increases relative to the baseline, and cool colors represent decreases relative to baseline. Time frequency windows for
source imaging (beamforming) were derived from statistical analyses of these sensor-level spectrograms, which indicated significant bins in theta,
alpha, beta, and gamma activity. (Right) Group-averaged beamformer images of each time-frequency oscillatory bin of interest across all
participants. The theta, alpha, and two gamma oscillatory responses originated in bilateral occipital cortices, whereas beta was centered on the

motor cortex and thus not further examined. Color scale bars indicate the strength of responses (pseudo-t). Warm colors indicate
synchronizations; cool colors indicate desynchronizations

FUNG ET AL. 5159



cortices. Spectrograms with the phase-locked component removed

are provided in the Supporting Information (Figure S1). The neural

populations generating each of these responses were then imaged

using a beamformer, and the resulting grand-averaged maps were

averaged per oscillatory response. These maps revealed that theta

and both early and late gamma responses were strongest in the medial

occipital cortices, while the alpha response was centered more later-

ally in bilateral occipital regions. Beta activity was centered on the

contralateral primary motor cortex, and thus indicative of the motor

response (i.e., button press) rather than perceptual or attention pro-

cessing. Given our study focused on visuospatial processing, this beta

response was not further examined.

3.4 | DHEA effects on oscillatory activity

Effects of pubertal development on neural oscillatory responses

were examined by correlating each participant's functional maps

with DHEA levels. These analyses used DHEA levels as a covariate

of interest and chronological age as a covariate of no-interest in

order to isolate the unique pubertal effects from general age-

related developmental trends. When controlling for age, these

whole-brain correlation maps revealed that theta activity in the

right dorsolateral prefrontal cortex (DLPFC) was negatively corre-

lated with endogenous DHEA levels (r = �.497, p = .004;

Figure 4a). Follow-up analyses using intertrial phase coherence

indicated that this theta response had both induced and phase-

locked components, with the induced component comprising a

larger portion of the signal (Figure S2). The opposite pattern was

observed in early gamma activity in left parietal regions, where the

gamma response strengthened with greater DHEA levels (r = .514,

p = .003). There were no significant correlations between DHEA

and the alpha or late gamma oscillatory responses.

To examine whether network connectivity with these peaks var-

ied as a function of DHEA levels, whole-brain coherence maps were

computed using the peak voxels from these DHEA correlation maps

as the seed (e.g., right DLPFC), and then correlating the resultant

coherence values with DHEA levels. In theta activity, coherence

between right and left prefrontal regions increased as a function of

DHEA (r = .516, p = .002; Figure 4b), whereby children with higher

F IGURE 4 Correlations between
DHEA levels and theta band activity. (a,
Left) Whole-brain correlations showed a
negative relationship between DHEA and
theta band activity in the right
dorsolateral prefrontal cortex, whereby
children with higher DHEA levels
(i.e., more mature) exhibited less theta
activity in this higher-order, prefrontal

region. Brain images are displayed
following neurological convention. Color
scale bar indicates statistical significance.
(Right) Scatterplot shows the correlation
between DHEA and theta activity in the
peak voxel (age corrected) extracted from
the corresponding map to the left. (b,
Left) Connectivity analyses revealed
increasing theta coherence between two
bilateral prefrontal nodes with increasing
DHEA levels (i.e., more maturity). (Right)
Scatterplot shows increased theta
coherence between the bilateral
prefrontal regions (age/amplitude
corrected) as a function of DHEA. Thus,
these data indicate network-level theta
activity increases with increasing DHEA
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endogenous DHEA exhibited more network-level coherence. In other

words, this increase in coherence indicated that network-level theta

activity between the bilateral prefrontal cortices was becoming sys-

tematically stronger with increasing DHEA. Of note, this pattern is the

opposite of what would be expected if the connectivity differences

were being driven by changes in theta source power.

3.5 | DHEA by sex interactions in neural oscillatory
activity

Finally, to identify whether developmental changes in oscillatory

activity varied by sex, we computed Fisher's r to Z transformations

to compare DHEA-wise correlation maps between males and

females. Sex-specific developmental effects were observed in the

late gamma band in three brain regions. Males showed stronger

gamma activity with increasing DHEA in the right inferior frontal

cortex (Z = 3.65, p < .001; Figure 5), left inferior frontal cortex

(Z = 3.14, p = .001), and the left temporal cortex (Z = 3.04,

p = .002). Follow-up hierarchical regression analyses showed that

these DHEA-by-sex interactions were significant predictors of

gamma oscillatory activity above and beyond the other control vari-

ables, including age and the age-by-sex interaction (Table S1). No

significant sex-by-DHEA interactions were observed in the theta,

alpha, or early gamma responses.

4 | DISCUSSION

In this study, we examined the developmental trajectory of neural

oscillatory activity serving visuospatial processing in relation to puber-

tal DHEA levels in typically developing youth. We observed robust

increases in power relative to the baseline (i.e., neural synchroniza-

tions) in the theta (3–7 Hz) and high gamma bands (64–80 and 74–

88 Hz), and decreases in power (i.e., desynchronizations) in the alpha

(8–14 Hz) and beta frequency bands. All responses of interest origi-

nated in the occipital cortices, with the motor related beta response

emerging from the sensorimotor strip. These average responses cor-

roborate prior MEG studies investigating oscillatory activity serving

visuospatial processing in youth (Fung et al., 2020; Killanin

et al., 2020) and adult populations (Lew et al., 2020; Wiesman

et al., 2017, 2018; Wiesman & Wilson, 2019), including those that uti-

lized the same visuospatial processing task. Our key findings were the

novel associations between DHEA levels and neural oscillatory

responses, which also differed by sex, which likely reflect maturational

effects on neural networks during puberty.

One of our most interesting findings was the negative association

between DHEA and theta oscillatory activity within the right DLPFC.

The prefrontal cortex exhibits protracted structural development

extending throughout adolescence (Giedd, 2004; Gogtay et al., 2004;

Vijayakumar et al., 2018), and robust activity in the DLPFC and neigh-

boring prefrontal regions has been widely implicated in cognitive

F IGURE 5 DHEA-by-sex interactions in the gamma band. Fisher's r to Z maps showed significant sex differences across cortical regions
involved in visuospatial processing. (Top) Males showed stronger associations between DHEA and gamma activity compared to females in all
three regions, including the left inferior frontal gyrus, left temporal cortex, and right inferior frontal gyrus. Color scale bar indicates the
significance of the DHEA-by-sex interaction effects. (Bottom) Scatterplots show correlations between DHEA (corrected for age) and gamma
activity in peak voxels extracted from the corresponding map above, which differed between males and females
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control and higher-order processing in adults (MacDonald et al., 2000;

Miller, 2000). Pediatric neuroimaging studies have additionally shown

that activity decreases in task-irrelevant regions with further develop-

ment, specifically implicating an attenuation in DLPFC activity in some

cognitive control tasks (Casey et al., 1997; Durston et al., 2006). Thus,

the present results of decreasing DLPFC activity with increasing DHEA

may be indicative of more automatic, mature neural processing, whereby

less higher-order prefrontal engagement was needed to complete the

simple visuospatial processing task. Additionally, the developmental

changes in connectivity between bilateral prefrontal regions observed in

the current study may suggest neural efficiency is improving at the

network-scale, as functional networks shift from local to a more distrib-

uted organization over the course of development (Fair et al., 2009). We

saw increased theta coherence between the bilateral prefrontal regions

as a function of DHEA, indicating that network-level prefrontal theta

activity systematically increased during task performance with further

development. These results further suggest that patterns of functional

neural development occur at both the local and network levels for theta

oscillatory activity. Thus, both of these findings are indicative of an

increasingly mature prefrontal cortex response during the top-down con-

trol of basic visuospatial processing.

Additionally, DHEA-by-sex interactions were observed in the

gamma range during task performance, whereby males showed strong

positive correlations between DHEA levels and gamma oscillatory

power, while females demonstrated the opposite pattern. These inter-

actions were found in several cortical regions, including the inferior

frontal gyrus, a key node in the ventral attention network (Corbetta &

Shulman, 2002; Corbetta et al., 2008), which may suggest differential

network development and/or processing strategies between the

sexes for detecting behaviorally relevant visual stimuli during puberty.

These results also corroborate previous findings of the involvement of

gamma oscillations in visual attention allocation and processing activ-

ity (Jensen et al., 2007). The significant sex-by-DHEA interactions

were only found within the gamma band, which is noteworthy as

gamma oscillatory activity is widely associated with GABA-mediated

local inhibitory networks that also continue to develop throughout

adolescence and early adulthood (Bartos et al., 2007; Buzsáki &

Wang, 2012; Edden et al., 2009; Fries et al., 2007; Hashimoto

et al., 2009; Kilb, 2012; Muthukumaraswamy et al., 2009). These find-

ings may suggest that the sex-specific influence of pubertal hormones

is limited to high-frequency neural responses during this developmen-

tal period, as thus far sexually dimorphic patterns of oscillatory devel-

opment have only been observed in the gamma band (Fung

et al., 2020); however, future studies probing additional cognitive con-

structs, indices of development, and developmental windows are

required to substantiate this view.

Although the emergence of DHEA secretion in adrenarche occurs

in early childhood, the effects of this hormone are not limited to the

prepubertal period. DHEA increases to its highest concentrations in

early adulthood; thus, the developmental function of this steroid pre-

sumably extends well beyond the pubertal transition (Campbell, 2006;

Maninger et al., 2009; Nguyen, 2017). In fact, the active window for

DHEA closely aligns with the general trajectory of cortical maturation

in youth, in which key functional transitions occur in both childhood

and early adulthood, suggesting a tight link between these develop-

mental processes (Campbell, 2006; Herting & Sowell, 2017). Specifi-

cally, the prefrontal cortex, responsible for processing higher-order

and executive functions, matures much later in adolescence than

more basic sensory areas (Casey et al., 2005; Gogtay et al., 2004).

Social, emotional, and cognitive functions that rely on prefrontal activ-

ity, such as attention, dramatically change throughout adolescence,

instigating substantial behavioral maturation concomitant with these

hormonal changes in puberty (Blakemore, 2012; Luna et al., 2004;

Rubia, 2013; Schulte et al., 2020). Further, endogenous levels of

DHEA and its sulfate are associated with cognitive performance later

in adulthood (de Menezes et al., 2016; Racchi et al., 2003). Thus, since

adrenarche is defined as the gradual maturation of adrenal gland func-

tions rather than a single discrete event (Palmert et al., 2001), the pre-

sent study likely captured outcomes of the continuous DHEA

increases during the pubertal transition, which can specifically impact

functional brain development of cognitive processes and their behav-

ioral outcomes.

It is important to address limitations associated with the present

study before closing. First, hormonal measures were assessed through

salivary assays. While less invasive, and therefore more suitable for

developmental studies, saliva samples are less sensitive to low hor-

mone concentrations compared to invasive blood sample measures

(Herting & Sowell, 2017). Additionally, baseline hormone concentra-

tions inherently fluctuate between individuals on the bases of sex,

time of day, and other situational factors (Herting & Sowell, 2017;

Matchock et al., 2007). These fluctuations were accounted for to

some degree by collecting samples at similar times, and it is worth

noting that sample concentrations did not differ by sex in the present

study. However, future work using alternative assay methods, such as

hair hormone concentrations, could obtain a more representative,

average level of physiologically active pubertal hormones (Short

et al., 2016). Future studies should also investigate the net impact of

other sex hormones on the development of other functional domains

and attentional manipulations, as many cognitive processes that

mature during adolescence are likely also influenced by pubertal hor-

mones. We focused on DHEA in the current study, but assessing mul-

tiple pubertal hormones simultaneously could lead to major new

insights and should be a priority for future work. Additionally, given

the narrow age range and modest sample size in the present study,

future work incorporating additional participants outside of the 9–

15 year-old range could produce a more complete picture of develop-

ment. Including additional metrics of pubertal staging could also help

further inform the nature of cognitive maturation during different

periods of pubertal development.

5 | CONCLUSION

To conclude, the present study found novel associations between

DHEA and the neural oscillatory dynamics serving visuospatial proces-

sing in typically developing children. Pubertal DHEA was significantly
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associated with theta oscillatory activity, such that more mature chil-

dren exhibited weaker theta oscillations in local prefrontal circuits and

stronger longer-range connectivity among bilateral prefrontal net-

works during visuospatial task performance. Additionally, significant

sex-specific interactions with DHEA were observed in the gamma

range, which originated in regions important for visual attention pro-

cessing. Across multiple regions, we found that males showed positive

correlations between DHEA levels and gamma oscillatory power,

while females showed the opposite trend. This suggests that sex-

specific developmental trajectories unfold over the course of puberty

and are modulated at least in part by DHEA. To close, the current

study identified novel developmental effects associated with DHEA

that were unique from other axes of pubertal maturation, and these

corroborate previous findings of protracted functional brain develop-

ment that continues throughout the course of pubertal development.
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