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Abstract

Testosterone levels sharply rise during the transition from childhood to adolescence
and these changes are known to be associated with changes in human brain struc-
ture. During this same developmental window, there are also robust changes in the
neural oscillatory dynamics serving verbal working memory processing. Surprisingly,
whereas many studies have investigated the effects of chronological age on the neu-
ral oscillations supporting verbal working memory, none have probed the impact of
endogenous testosterone levels during this developmental period. Using a sample of
89 youth aged 6-14 years-old, we collected salivary testosterone samples and
recorded magnetoencephalography during a modified Sternberg verbal working
memory task. Significant oscillatory responses were identified and imaged using a
beamforming approach and the resulting maps were subjected to whole-brain
ANCOVAs examining the effects of testosterone and sex, controlling for age, during
verbal working memory encoding and maintenance. Our primary results indicated
robust testosterone-related effects in theta (4-7 Hz) and alpha (8-14 Hz) oscillatory
activity, controlling for age. During encoding, females exhibited weaker theta oscilla-
tions than males in right cerebellar cortices and stronger alpha oscillations in left tem-
poral cortices. During maintenance, youth with greater testosterone exhibited
weaker alpha oscillations in right parahippocampal and cerebellar cortices, as well as
regions across the left-lateralized language network. These results extend the exist-
ing literature on the development of verbal working memory processing by showing
region and sex-specific effects of testosterone, and are the first results to link endog-
enous testosterone levels to the neural oscillatory activity serving verbal working

memory, above and beyond the effects of chronological age.
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1 | INTRODUCTION

Working memory (WM) is the cognitive ability to transiently maintain
information for later utilization and increases in capacity from infancy
to young adulthood (Fitch et al., 2016; Gathercole, Pickering, &
Ambridge, 2004; Gathercole, Pickering, Knight, & Stegmann, 2004,
Isbell et al., 2015). The cortical regions supporting WM, such as the
parietal and prefrontal cortices (Andre et al., 2016; Emch & von
Bastian, 2019; Finn et al., 2010; Montez & Calabro, 2019), undergo
immense functional and structural change during childhood and ado-
lescence. Numerous investigations have probed the developmental
effects of age on neural activity contributing to WM processing and
have reported findings across a distributed cortical network
(Brahmbhatt et al., 2008; Embury et al., 2019; Finn et al., 2010;
Heinrichs-Graham et al., 2022; Inguscio et al., 2021; Isbell et al., 2015;
Killanin et al., 2022; Kwon & Reiss, 2002; Luciana et al., 2005;
Montez & Calabro, 2019; Nagel et al., 2013; Scherf & Sweeney, 2006;
Schweinsburg & Nagel, 2005; Thomason et al, 2009; Vogan
et al,, 2016).

In general, neuroimaging studies have shown that certain WM
network hubs are more strongly recruited as a function of develop-
ment, while other regions appear to become less involved in such pro-
cesses. Specifically, studies of neural oscillatory activity in adults have
shown stronger alpha-beta (9-16 Hz) oscillations during encoding in
left superior temporal, parietal, and prefrontal cortices (Heinrichs-
Graham, 2015), whereas theta (4-7 Hz) activity in prefrontal cortices
has been shown to increase with memory load (Jensen, 2002;
Proskovec et al, 2019; Proskovec & Heinrichs-Graham, 2019). In
typically-developing youth, studies suggest that the theta and alpha
oscillatory activity exhibited by adults changes as a function of chro-
nological age, with unique differences between males and females
2019; 2021,
Heinrichs-Graham et al., 2022). Still, the timing and other specifics of

(Embury et al., Heinrichs-Graham et al.,
such development remain incompletely understood. One critical bar-
rier to progress in this area has been the high degree of individual var-
iability, as chronological age and developmental stage are more tightly
coupled in some children relative to others, especially during the criti-
cal pubertal transition window. Thus, we propose that using pubertal
hormones, such as testosterone, as a marker of development may
offer unique insight over chronological age alone.

Much of our knowledge regarding the mechanism of testoster-
one's effects comes from animal models. Studies in rats have shown
that neuron exposure to increased levels of testosterone is associated
with increased neuronal spine density in the amygdala and hippocam-
pal pyramidal neurons (Cunningham et al., 2007), with mice studies
showing that gonadectomy leads to morphological changes in den-
dritic spines of hippocampal pyramidal neurons (Li et al., 2012). Over-
all, these studies and others point to testosterone's key role in
neuronal plasticity (Chen et al., 2022; Fester, 2021; Muthu
et al,, 2022). Human work has been largely consistent with this view,
although there is some evidence that the effects of pubertal hor-
mones on neural structure and function might be more nuanced with

region- and/or circuit-specificity, interactions with sex, and both

increases and decreases in plasticity (Dai & Scherf, 2019; Laube
et al., 2020). For example, Bramen et al. (2012) reported significant
effects of testosterone on cortical thickness in regions known to be
involved in WM processing, with higher testosterone being associated
with greater cortical thickness in the cuneate, lingual, and frontal cor-
tices of males, while the opposite pattern was observed in these
regions in females. In contrast, cortical thickness and testosterone
increased together in males and females in the posterior cingulate
(Bramen et al., 2012). A later investigation showed smaller anterior
cingulate gray matter volumes among males with higher testosterone
but no significant relationships in females (Koolschijn & Peper, 2014).
Notably, a study investigating the effects of testosterone on the rela-
tionship between cortico-hippocampal structural covariance and exec-
utive function found no significant associations between performance
on neuropsychological tests of verbal memory and testosterone-
related structural covariance (Nguyen, 2018).

Regarding functional studies, one study used functional magnetic
resonance imaging (fMRI) to probe testosterone's mediating role
between sex and neural activity during an n-back task (Alarcén
et al., 2014), but found no significant effects of testosterone. How-
ever, studies using magnetoencephalography (MEG) have built upon
structural studies and shown that testosterone's effects on neural
oscillatory activity differ from the effects of chronological age both
spatially and spectrally. For example, a study examining gamma activ-
ity during visuospatial processing (Fung et al., 2020) found that
females with higher testosterone exhibited stronger gamma activity in
the right temporal-parietal junction (TPJ) while males with higher tes-
tosterone exhibited stronger gamma activity in the right insula. These
findings may indicate differential maturational patterns in stimulus
detection networks, as the TPJ and insula are both critical for facilitat-
ing bottom-up processing. When age effects were considered, signifi-
cant relationships were found between chronological age and alpha
activity in the right medial prefrontal, precentral, and cingulate
cortices. Thus, effects of testosterone and age not only differed in
spatial-specificity but also spectral-specificity (Fung et al., 2020).
Other studies have found testosterone to mediate the relationship
between age and the beta oscillations serving motor control (Killanin
et al, 2023) and sensorimotor processing more broadly (Fung
et al., 2022) in the primary motor cortices. Furthermore, in developing
youth, testosterone's relationship with spontaneous cortical activity
has been found to differ by sex, with the strongest differences in fron-
tal cortices (Picci, Ott, et al., 2023).

Thus, substantial data indicates that testosterone significantly
affects cortical structure and neural oscillatory activity during devel-
opment, but to date no work has probed the direct effects of testos-
terone on the neural dynamics serving WM processing, which is
surprising given the broad importance of WM to overall cognitive
function. As noted above, several previous studies have reported
robust chronological age-related changes in the neural oscillations
serving WM (Embury et al., 2019; Heinrichs-Graham et al., 2022;
Killanin et al., 2022), which, to at least some degree, could be related
to concomitant puberty-related alterations in endogenous testoster-

one. In the current study, we aim to delineate the effects of
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testosterone on the neural oscillations supporting WM processing in a
cross-sectional sample of developing youth. To this end, we used a
verbal WM task during MEG and imaged the resultant neural
responses using a time-frequency resolved beamforming approach. To
assess the main effects of testosterone and possible interactive
effects with sex, controlling for the effects of age, we used a whole-
brain voxel-wise ANCOVA approach. Based on the literature, we
hypothesized that we would see significant effects of testosterone on
alpha and theta oscillatory activity, in left temporal, parietal, and pre-

frontal cortices supporting WM, with some of these effects differing

by sex.
2 | MATERIALS AND METHODS
21 | Participants

Eighty-nine participants (41 female, 79 right-handed) ages 6-14 years
old completed a modified Sternberg verbal WM task and provided
saliva samples for hormone analysis as part of the NIH-supported
Developmental Multimodal Imaging of Neurocognitive Dynamics
(Dev-MIND) study (RO1-MH121101). This project employed an accel-
erated longitudinal design to investigate brain and cognitive develop-
ment, and the current investigation utilizes cross-sectional data
collected exclusively during year 1 (of note, because of the acceler-
ated longitudinal design of the study, 10-year-olds were not enrolled).
Participants were recruited from the community and were all
typically-developing primary English speakers without diagnosed psy-
chiatric or neurological conditions, previous head trauma, learning dis-
abilities, or nonremovable ferromagnetic material (e.g., orthodonture).
After a complete description of the study, written informed assent
and consent were obtained from the child and the child's parent or
legal guardian, respectively. All procedures were completed at the
University of Nebraska Medical Center (UNMC) and approved by
the UNMC Institutional Review Board (IRB).

2.2 | Salivary hormone collection and analysis

Participants were instructed to refrain from chewing gum and con-
suming any foods or liquids for at least 1 h before providing saliva
samples. All saliva samples were collected on average in the afternoon
(M =15:31 h, SD = 2:48 h), and participants were instructed to pas-
sively drool into an Oragene DISCOVER (OGR-500; www.
dnagenotek.com) collection tube until liquid saliva exceeded the fill
line indicated on the tube, which was 2.0 mL. Before 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 and placed in
a — 20°C freezer for storage. All samples were assayed with duplicate
testing using a commercially available assay kit for salivary testoster-
one (Salimetrics EIA High Sensitivity Salivary Testosterone Kit; www.
salimetrics.com). The assay kit had a sensitivity of 0.67 pg/mL, with a
range of 6.1-600.0 pg/mL. The intra and inter-assay coefficients of

variation were 5.04% and 3.31%, respectively. The arithmetic means
of the exhibited a

(skewness = 1.89, kurtosis = 4.5), thus values were natural log-

duplicate tests nonnormal  distribution

transformed (skewness = —.75, kurtosis = 1.45).

2.3 | MEG experimental paradigm

During MEG recording, participants completed a modified Sternberg
verbal WM task similar to those used in several previous studies of
adults (Embury et al., 2018; Heinrichs-Graham, 2015; Proskovec
et al., 2018; Proskovec et al., 2019; Wilson et al., 2017) and youths
(Embury et al., 2019; Killanin et al., 2022). Participants rested their
right hand on a custom five-finger button response pad directly con-
nected to the MEG system so that each button press sent a TTL pulse
to the acquisition computer in real time, enabling behavioral
responses to be temporally synced with the MEG data. Accuracy and
reaction time were calculated offline. Participants were shown a cen-
trally presented fixation cross-embedded in a 5 x 5 grid for 1000 ms
(i.e., baseline period). Four consonants then appeared at fixed loca-
tions within the grid for 2000 ms (i.e., encoding period), with the let-
ters then disappearing from the array leaving an empty grid for
2000 ms (i.e., maintenance period). The participants had to maintain
the encoded letters when viewing the empty grid and then respond
when a probe letter appeared in the grid for 1500 ms (i.e., retrieval
period). Participants were instructed to respond with their right index
if the probe letter was found in the previous array of letters (i.e., in-
set trials) or with their middle finger if it was not (i.e., out-of-set trials).
Thus, importantly, the trials were identical up to the retrieval phase
and consequently we focus our analyses on the encoding and mainte-
nance phases. We do not examine the retrieval phase because we
would have needed to double the number of trials to ensure adequate
signal-to-noise (i.e., comparable to encoding and maintenance) for
each condition (i.e., in-set and out-of-set) during the retrieval phase.
Participants completed 128 trials, split equally and pseudorandomized
between in- and out-of-set trials, for a total run time of about 15 min
(Figure 1). Visual stimuli were presented using the E-Prime 2.0 soft-
ware (Psychology Software Tools, Pittsburgh, PA), and back-projected
onto a semi-translucent nonmagnetic screen at an approximate dis-
tance of 1.07 m, using a Panasonic PT-D7700U-K model DLP projec-
tor with a refresh rate of 60 Hz and a contrast ratio of 4000:1.

24 | MEG data acquisition

Participants sat in a nonmagnetic chair within a one-layer magnetically
shielded room with active shielding engaged during MEG recording. Neu-
romagnetic responses were sampled continuously at 1 kHz with an acqui-
sition bandwidth of 0.1-330 Hz using an MEG system with 306 magnetic
sensors (MEGIN, Helsinki, Finland). MEG data from each subject were indi-
vidually corrected for head motion (MaxFilter v2.2; MEGIN) and subjected
to noise reduction using the signal-space separation method with a tem-
poral extension (Taulu, 2006; Taulu & Simola, 2005).
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FIGURE 1

Modified Sternberg verbal working memory task and behavior. (Top) Example trial of the modified Sternberg verbal working

memory task and the corresponding correct response on the button response pad. (Bottom left) Testosterone levels were significantly correlated
with chronological age. (Bottom right) Participants with higher levels of testosterone were significantly more accurate on the task, with this

relationship being stronger among females than males.

2.5 | Structural MRI data acquisition and MEG co-
registration

A 3 T Siemens Prisma scanner equipped with a 32-channel head coil
was used to collect high-resolution structural T1-weighted MRI data
from each participant (TR: 24.0ms; TE: 1.96 ms: field of view:
256 mm; slice thickness: 1 mm with no gap; in-plane resolution:
1.0 x 1.0 mm). Structural volumes were aligned parallel to the ante-
rior and posterior commissures and transformed into standardized
space. Each participant's MEG data were co-registered with their MRI
data using BESA MRI (Version 2.0). After source imaging (beamfor-
mer), each subject's functional images were also transformed into
standardized space using the transform previously applied to the
structural MRI volume, and spatially resampled.

2.6 | MEG time-frequency decomposition and
statistical analysis

For a more detailed description of our methodological approach, see
Wiesman and Wilson (2020). Cardiac and ocular artifacts were visually
inspected and removed from the data using signal-space projection,
which

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

was accounted for during source reconstruction

into 5900 ms epochs, with stimulus presentation (i.e., 5 x 5 grid con-
taining four consonants) defined as O ms and the baseline defined as
the —400 to 0 ms time window (i.e., fixation period; Figure 1). Only
correct trials were used for analysis. Epochs containing artifacts were
rejected based on a fixed threshold method, supplemented with visual
inspection. Briefly, the distributions of amplitude and gradient values
per participant were computed using all correct trials, and the highest
amplitude/gradient trials relative to the total distribution were
excluded. Notably, individual thresholds were set for each participant
for both amplitude (M = 2228.93 fT/cm, SD = 983.1) and gradient
(M = 553.43 fT/(cmxms), SD = 251.9) because of differences in head
size and sensor proximity among individuals, which strongly affect
MEG signal amplitude. An average of 87.06 (SD: 12.2) trials per partic-
ipant remained for further analysis.

Artifact-free epochs were then transformed into the time-
frequency domain using complex demodulation with a resolution of
1.0 Hz afree epochs were then nd 50 ms (Kovach, 2016; Papp &
Ktonas, 1977). The resulting spectral power estimations per sensor
were averaged over trials to generate time-frequency plots of mean
spectral density. These sensor-level data were then normalized per
frequency bin using the mean power during the —400 to O ms base-
line period. The specific time-frequency windows used for imaging
were determined by statistical analysis of the sensor-level spectro-

grams across the entire array of gradiometers. Each data point in the
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spectrogram was initially evaluated using a mass univariate approach
based on the general linear model. To reduce the risk of false-positive
results while maintaining reasonable sensitivity, a two-stage proce-
dure was followed to control for type 1 error. In the first stage,
paired-sample t-tests against baseline were conducted on each data
point and the output spectrogram of t-values was thresholded at
p < .05 to define time-frequency bins containing potentially significant
oscillatory deviations across all participants. In stage two, 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 significance level of the observed clusters (from stage one) was
tested directly using this distribution (Ernst, 2004; Maris, 2007). For
each comparison, 10,000 permutations were computed to build a dis-
tribution of cluster values. Based on these analyses, time-frequency
windows that contained a significant oscillatory event relative to the
permutation testing null were subjected to the beamforming analysis.

2.7 | MEG source imaging and statistics

Cortical oscillatory activity was imaged through an extension of the
linearly constrained minimum variance vector beamformer (Gross
et al., 2001; Hillebrand et al., 2005) using the Brain Electrical Source
Analysis (BESA 7.1) software. This approach, commonly referred to as
dynamic imaging of coherent sources (DICS), applies spatial filters to
time-frequency sensor data to calculate voxel-wise source power for
the entire brain volume. The single images are derived from the cross-
spectral densities of all combinations of MEG gradiometers averaged
over the time-frequency range of interest, and the solution of the
forward problem for each location on a 4.0 x 4.0 x 4.0 mm grid spec-
ified by input voxel space. Following convention, we computed noise-
normalized, source power per voxel in each participant using active
(i.e., task) and passive (i.e., baseline) periods of equal duration and
bandwidth. Such images are typically called pseudo-t maps, with units
(pseudo-t) that reflect noise-normalized power differences (i.e., active
vs. passive) per voxel. This generated participant-level pseudo-t maps
for each time-frequency-specific response identified in the
sensor-level permutation analysis, which were then transformed into
standardized space using the transform previously applied to the
structural MRI volume and spatially resampled.

Effects of testosterone were analyzed using whole-brain
ANCOVA models in SPM12 (Kiebel & Holmes, 2007). Testosterone
(natural log-transformed), participant sex, and the interactive effect
between sex and testosterone were used as variables of interest. Par-
ticipants' chronological age and time of salivary hormone collection
were included in the model as variables of no interest. To account for
multiple comparisons, a significance threshold of p < .005 was used in
all statistical maps to identify significant clusters, in addition to a clus-
ter threshold of eight (4 x 4 x 4 mm)
(i.e., 512 mm?3).

contiguous voxels

3 | RESULTS

3.1 | Testosterone and behavioral results
Demographic and behavioral analyses were conducted on the
89 youth who completed the verbal WM task and provided salivary
testosterone samples. Average salivary testosterone measured in this
sample was 33.09 pg/mL (SD = 24.96). Measures of normality indi-
cated that testosterone values were not normally distributed
(skewness = 1.89, kurtosis = 1.50), thus measurements were natural
log-transformed (M = 3.23, SD = 0.79). Testosterone values were sig-
nificantly correlated with age (r = .64, p < .001; Figure 1), but did not
significantly differ between sexes (t(87) = —1.26, p = .21). Average
accuracy on the verbal WM task was 83.92% (SD = 10.44), and accu-
racy was positively correlated with age, such that older participants
performed significantly better than younger participants on the task
(r=.59, p <.001). An independent samples t-test showed that males
and females did not significantly differ in accuracy (t(87) = 0.29,
p =.77), however, linear regression analysis showed that females
with higher testosterone had significantly higher accuracy than those
with lower testosterone levels, controlling for age (8 = 0.99, p = .01,
Figure 1). Testosterone levels were not significantly correlated with
accuracy among males. Average reaction time on the task was
1209.31 ms (SD = 265.27), and reaction time was negatively corre-
lated with age such that older participants responded significantly fas-
ter than younger participants (r = —.65, p < .001). Males and females
did not significantly differ in reaction time (t(87) = 1.48, p = .14), and
there were no significant effects of testosterone on reaction time,
controlling for age ( = 0.11, p = .39).

Of the 89 participants who completed the verbal WM task, we
excluded 10 for noisy MEG data. Therefore, the final sample used for
neural analyses consisted of 79 participants (M = 10.29 years,
SD = 2.50; 36 females; 73 right-handed), and neither age (t(77)
= —.72, p = .48) nor testosterone (t(77) = —1.43, p = .16) signifi-
cantly differed by sex. To ensure that the MEG data quality of the
final sample was not biased by development, we tested for a relation-
ship between age and the number of trials retained for analysis. The
number of trials retained was not significantly correlated with age
(r=.15, p = .17) or testosterone (r = —.01, p = .96), and did not sig-
nificantly differ by sex (t(77) = .98, p = .33).

3.2 | MEG sensor-level and source-level results

Statistical examination of the sensor-level time-frequency spectro-
grams showed a significant increase in theta (4-7 Hz) power relative
to baseline from 100 to 500 ms after onset of the encoding grid
(p <.0001, permutation corrected), which gradually dissipated over
the next 1500 ms. From 400 to 2000 ms, there was a significant
decrease in alpha (8-12 Hz) power relative to baseline (p < .0001,
permutation corrected). During the maintenance period, there was a
strong increase in alpha (9-14 Hz) relative to baseline from 2550 to
2900 ms, which narrowed in bandwidth (8-12 Hz) from 3100 ms
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FIGURE 2 Grand-Averaged magnetoencephalography (MEG) sensor-level spectrogram. Grand-averaged time-frequency spectrogram taken
from a representative sensor (MEG2043). Time is denoted on the x-axis (0.0 s = encoding onset) and frequency (Hz) is denoted on the y-axis.
Time-frequency windows that were used for source estimation are denoted by the dashed white boxes. The spectrogram is shown in percent
power change from baseline, with the color scale shown to the right of the spectrogram.

to the end of the maintenance period (Figure 2; p < .0001, permuta-
tion corrected). For the longer time periods, these significant alpha
and theta responses were divided into 400 ms nonoverlapping time
bins for source reconstruction. Specifically, we applied a beamformer
to the following windows: 4-7 Hz from 100 to 500 ms, 8-12 Hz from
400 to 2000 ms, 9-14 Hz from 2550 to 2900 ms, and 8-12 Hz
from 3100 to 3900 ms. Finally, as noted in the MEG experimental par-
adigm Section, we did not examine the oscillatory neural responses
observed during the retrieval period since we used an in-set/out-of-
set design.

Average beamformer images across all participants revealed
that the early theta (4-7 Hz) increase in power from baseline was
strongest in bilateral occipital cortices, whereas the alpha (8-
12 Hz) decrease in power relative to baseline during encoding
began in bilateral occipital and cerebellar regions and extended
anteriorly to include left temporal regions as encoding progressed.
During maintenance, increases in alpha power relative to baseline
were detected in right occipitotemporal cortices, whereas
decreases in alpha relative to baseline were strongest in the left
temporal, left prefrontal, and right cerebellar cortices (see
Figure S1).

3.3 | Sexually-divergent effects of testosterone on
oscillatory power

Testosterone-by-sex interaction effects on theta (4-7 Hz) activity
during encoding were found in the right cerebellar cortex (F(1,66)

=11.79, p =.001; Figure 3). Females with greater testosterone

exhibited significantly weaker theta increases from baseline, whereas
males exhibited the opposite relationship. Interactive effects on alpha
(8-12 Hz) activity were found in the left middle temporal gyrus (F
(1,73) = 10.58, p = .002; Figure 3). Females with higher testosterone
levels showed stronger decreases in alpha power from baseline than
those with lower testosterone, with males showing the opposite pat-
tern. There were no significant sex-by-testosterone effects found dur-
ing the maintenance period. All significant sex-by-testosterone effects
controlled for the main effects of sex, testosterone, age, and time of

salivary testosterone collection.

3.4 | Main effects of endogenous testosterone on
neural oscillatory responses

Whole-brain, voxel-wise ANCOVA results revealed significant main
effects of testosterone on early maintenance alpha oscillatory activity
(9-14 Hz) in right parahippocampal gyrus (F(1,68) = 14.96, p < .001;
Figure 4) and right cerebellum (F(1,68) = 9.05, p = .004; Figure 4),
suggesting that participants with greater levels of testosterone had
increases in alpha power relative to baseline in these regions. During
the latter portion of maintenance, effects of testosterone on alpha
oscillatory activity (8-12 Hz) were significant in the left inferior parie-
tal (F(1,61) = 10.31, p = .002; Figure 4) and left occipital cortices (F
(1,61) = 11.75, p =.001; Figure 4), indicating that in these two
regions participants with higher testosterone levels had greater
increases in alpha power relative to baseline. All effects controlled for
the effects of chronological age, sex, and time of salivary testosterone
collection.
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FIGURE 3 Sexually divergent effects of testosterone on neural oscillations serving working memory encoding. Whole-brain ANCOVA maps
and associated scatterplots showing the interactive effect at the peak voxel, with natural-log testosterone value (pg/mL) on the x-axes and
residuals of the oscillatory amplitude in pseudo-t units on the y-axes, controlling for age and collection time. (a) Females with higher testosterone
levels had weaker theta responses than females with lower testosterone levels, with males showing the opposite effect. (b) Females with higher
testosterone levels had stronger decreases in alpha power relative to baseline than females with lower testosterone levels. The opposite was true
for males.
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FIGURE 4 Effects of testosterone on the neural oscillations serving working memory maintenance. Whole-brain ANCOVA maps and
associated scatterplots showing the relationship at the peak voxel, with natural log of testosterone (pg/mL) on the x-axes and oscillatory
amplitude in residuals of pseudo-t units on the y-axes. (Top) Alpha power during early maintenance increased relative to baseline with increasing
testosterone in the (a) right parahippocampal cortices and (b) right cerebellum. (Bottom) Alpha power during later maintenance became stronger
relative to baseline with increasing testosterone in the (c) left inferior parietal cortices and (d) left superior occipital cortices.
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4 | DISCUSSION

In this cross-sectional sample of 6-14-year-old youth, we examined
how endogenous testosterone levels were related to the neural oscil-
latory underpinnings of verbal WM, above and beyond the effects of
chronological age. These results are the first to provide data showing
the relationship between endogenous testosterone and neural oscilla-
tions serving the encoding and maintenance phases of verbal WM in a
sample of typically-developing youth. As expected, testosterone and
chronological age were tightly coupled, such that older youth had
higher testosterone levels. Behaviorally, females with higher endoge-
nous testosterone performed better on the task than those with lower
testosterone. At the neural level, testosterone's effects on oscillatory
activity during encoding significantly differed between males and
females. Females with higher testosterone levels exhibited a weaker
theta increase from baseline in the right cerebellar cortex during the
100-500 ms period after encoding onset, whereas males exhibited
the opposite pattern. Conversely, females with higher testosterone
also had significantly stronger alpha oscillations (i.e., decreases from
baseline) in the left temporal cortex during the 400-2000 ms encod-
ing period, with males again exhibiting the opposite relationship
between testosterone and oscillatory activity. For both of the mainte-
nance responses (early 9-14 Hz and later 8-12 Hz), participants with
higher testosterone exhibited increased alpha power relative to base-
line in posterior cortices than those with lower testosterone. Our
results suggest that testosterone's effects on network maturation are
multispectral, involve multiple distinct brain regions, and are distin-
guishable from those of chronological age.

The adult literature suggests that sex differences in verbal WM
performance differ between female or male advantages, depending on
the experimental paradigm or neuropsychological test (Reed
et al.,, 2017; Voyer et al., 2021). However developmental sex differ-
ences in verbal WM performance have been inconsistent
2009; 2018;
Ambridge, 2004), with no strong agreement on whether sex differ-

(Andreano, Barel, Gathercole, Pickering, &
ences in verbal WM emerge before adolescence, during language
acquisition, or during adolescence when cortical networks are being
refined (Barel, 2018). Much of this discrepancy is attributable to dif-
ferences in which neuropsychological test is being used to measure
WM (e.g., complex span, California verbal learning test (CVLT), or con-
trolled oral word association test (COWAT)), with slightly different
domains of WM being targeted by each measure (i.e., tests of verbal
fluency measuring vocabulary and semantic memory and word list
tests measuring episodic recall). Our behavioral results suggest that
incorporating pubertal hormones such as endogenous testosterone in
analyses may be useful for identifying points at which developmental
sex differences in WM performance emerge.

Interestingly, during encoding there were only interactive effects
of sex and testosterone, with females with higher testosterone having
weaker theta increases relative to baseline in the right cerebellar corti-
ces and stronger alpha decreases relative to baseline in the left middle
temporal gyrus. Cerebellar oscillatory activity has been implicated in
WM (Heinrichs-Graham, 2015; Proskovec & Heinrichs-Graham, 2016;

Wilson et al., 2017), with theta oscillations thought to reflect cerebel-
lar communication within visuomotor adaptation networks (Tzvi
et al., 2022), and serial ordering of stimuli (Tomlinson et al., 2014). On
the other hand, regions of the left temporal cortex critically support
language processing and sustained alpha decreases in left temporal
and inferior frontal cortices have been associated with sub-vocal
rehearsal during encoding and maintenance (Embury et al., 2018;
Embury et al, 2019; Emch & von Bastian, 2019;
Heinrichs-Graham, 2015; Proskovec et al., 2019). Sex differences dur-
ing encoding have been previously reported in youth, with older
females exhibiting stronger inferior frontal alpha activity than males
(Embury et al., 2019), which potentially reflects differential matura-
tional trends in regions supporting WM in males and females. The
regional differences in age-related and hormone-related findings could
reflect sensitivities in certain networks to the effects of testosterone
during adolescence, irrespective of age. Teasing apart these respective
effects helps to shed light on different developmental processes that
are happening in concert. Such findings likely indicate that matura-
tional processes less related to testosterone are also ongoing and con-
tributing to network refinement, including processes related to DHEA
and other hormones (Penhale et al, 2022; Picci, Casagrande,
etal., 2023).

Our alpha findings revealed significant effects of testosterone in
left-lateralized language regions only during encoding and late mainte-
nance. In contrast, during early maintenance, we found testosterone
alpha effects in the right parahippocampal area and right cerebellar
cortices. The parahippocampal gyrus has been shown to facilitate con-
textual associations for stronger stimulus encoding (Aminoff
et al., 2007; Diana, 2017; Li et al., 2016; Luck et al., 2010) and serve
as a short-term memory buffer with increasing memory load (Schon
et al., 2016). Sustained alterations in alpha activity within the inferior
parietal and occipital cortices, along with portions of the left temporal
cortex, have been suggested by previous WM investigations to facili-
tate active maintenance of verbal stimuli through the phonological
loop (Heinrichs-Graham, 2015; Price, 2012). However, we see that
during maintenance, greater testosterone is associated with increases
in alpha power relative to baseline in posterior left inferior parietal
and occipital cortices, as well as right hippocampal and cerebellar cor-
tices. If testosterone aids in fine-tuning developmental networks, par-
ticipants with greater hormones may rely on these specific nodes less
than their low testosterone counterparts as a product of increased
network specialization. Future research using a longitudinal design
should probe associations between testosterone and functional con-
nectivity within verbal WM networks, to better delineate how individ-
ual testosterone levels interact with the maturation of these sub-
systems.

Before closing, we must acknowledge the limitations of our inves-
tigation and offer suggestions for future work. Primarily, with a cross-
sectional sample it is difficult to predict how testosterone levels will
change in each individual over time. Future studies should utilize a
longitudinal design, to capture how the timing and tempo of puberty
may affect testosterone levels, and in turn, affect the neural oscilla-

tory underpinnings of verbal WM. Salivary hormone collection has
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proven to be an effective method of analyzing hormonal effects on
neural function, but it can be challenging to ensure that collection is
done at the same time of day for each participant to account for the
cyclical nature of testosterone levels. Although testosterone's diurnal
cycle is far less than other hormones, like cortisol, we still used collec-
tion time as a covariate of no interest in this study. Nevertheless,
future work may benefit from collecting hair samples, to provide an
average estimate of hormone levels over a longer period (Short
et al.,, 2016). Lastly, future investigations would benefit from larger
sample sizes providing more power to account for variables like race,
SES, and body mass index (BMI), which are known to affect hormone
levels and puberty onset (Cheng et al., 2021).

The data presented herein was the first to show testosterone's
effects, above and beyond the effects of age, on WM encoding and
maintenance-related oscillatory activity in a typically-developing sam-
ple of children and adolescents. There were significant effects of tes-
tosterone on task accuracy and alpha and theta activity during
encoding that differed by sex, and main effects of testosterone on
oscillatory activity in key WM-related cortices during maintenance.
These results shed light on testosterone's region and sex-specific
effects and offer evidence for its role in fine-tuning developmental

processes.
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