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ARTICLE INFO ABSTRACT

Keywords: Adolescence has been hypothesized to be a critical period for the development of human association cortex and
EEG higher-order cognition. A defining feature of critical period development is a shift in the excitation: inhibition (E/
Adolescent development I) balance of neural circuitry, however how changes in E/I may enhance cortical circuit function to support
Aperiodic activity . . . L s . .
GABA maturational improvements in cognitive capacities is not known. Harnessing ultra-high field 7 T MR spectros-
Glutamate copy and EEG in a large, longitudinal cohort of youth (N = 164, ages 10-32 years old, 347 neuroimaging ses-
Excitation/Inhibition balance sions), we delineate biologically specific associations between age-related changes in excitatory glutamate and
inhibitory GABA neurotransmitters and EEG-derived measures of aperiodic neural activity reflective of E/I
balance in prefrontal association cortex. Specifically, we find that developmental increases in E/I balance re-
flected in glutamate:GABA balance are linked to changes in E/I balance assessed by the suppression of prefrontal
aperiodic activity, which in turn facilitates robust improvements in working memory. These findings indicate a
role for E/I-engendered changes in prefrontal signaling mechanisms in the maturation of cognitive maintenance.
More broadly, this multi-modal imaging study provides evidence that human association cortex undergoes
physiological changes consistent with critical period plasticity during adolescence.

1. Introduction and its associated functionality (Larsen and Luna, 2018). Supporting this

hypothesis are studies in rodent models (Chattopadhyaya et al., 2004;

Prefrontal cortex (PFC) undergoes significant maturation through
adolescence, including gray matter thinning (Paus et al., 2008; Whitford
et al., 2007; Giedd, 2004) and changes in task-related activation (Luna
etal., 2015, 2001; Bunge et al., 2002; Ciesielski et al., 2006). In parallel,
cognitive control is being refined through adolescence following steep
improvements from early childhood (Tervo-Clemmens et al., 2022).
Both PFC maturation and cognitive development become stabilized in
adulthood, indicating the end of a phase of active specialization that
may reflect earlier plasticity (Murty et al., 2016). Recently, it has been
proposed that adolescence is a developmental critical period for the PFC

Micheva and Beaulieu, 1997) and postmortem human tissue (Mauney
et al., 2013; Fung et al., 2010) that have shown mechanistic changes
consistent with critical period plasticity, including increases in inhibi-
tory, GABAergic parvalbumin (PV) interneurons and decreases in
excitatory, glutamatergic processes, resulting in changes in excitatio-
n/inhibition (E/I) balance (Caballero et al., 2021), a hallmark of critical
period plasticity (Hensch, 2005). Motivated by these initial findings, we
previously used high field 7 T MRSI to measure cross-sectional age
related changes through adolescence into adulthood in the correspon-
dence of glutamate and GABA function finding evidence of increases in
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glutamate/GABA balance across frontal cortex (Larsen et al., 2022;
Perica et al., 2022). These findings correspond with an fMRI GABAergic
benzodiazepine challenge study showing developmental increases in E/I
balance (i.e. a decrease in the E/I Ratio) into adulthood in association
cortices including PFC (Larsen et al., 2022; Perica et al., 2022). The
implications of changes in E/I balance at the level of in vivo neural
activity, however, remain poorly understood.

Both oscillatory and non-oscillatory frequency-specific activity have
the potential to inform the neural functional consequences of changes in
E/I balance. Synaptic interactions between PV interneurons and pyra-
midal neurons contribute to the regulation of E/I balance and the pro-
duction of oscillatory activity, including high-frequency oscillations in
the gamma band (30-70 Hz) thought to contribute to cognitive control
(Tada et al., 2020). Oscillatory activity is measurable through electro-
encephalogram (EEG), which provides a non-invasive measure of post-
synaptic cortical pyramidal neuron function of the cortical surface.
Shifts in oscillatory activity may reflect structural and functional
maturation, including the refinement of cortical circuitry, synaptic
pruning, myelination, and alterations in E/I circuits (Hill et al., 2022;
Uhlhaas et al., 2010). However, recent EEG work has demonstrated the
importance of accounting for not only the oscillatory periodic activity,
but the broadband background aperiodic activity. Aperiodic activity has
previously been regarded as “noise” and physiologically irrelevant;
though, recent work has shown that this non-cyclical activity reflects
neuronal population spiking (Manning et al., 2009; Miller et al., 2012)
and may be modulated by task-performance (Donoghue et al., 2020a;
Podvalny et al., 2015). Importantly, it has been found to correspond
with states of fluctuating E/I balance in rodent models (Donoghue et al.,
2020a; Gao et al., 2017), and has been shown to be altered in neuro-
logical and psychiatric disease states (Hill et al., 2022; Molina et al.,
2020; Ostlund et al., 2021; Robertson et al., 2019; Wilkinson and
Nelson, 2021). This aperiodic activity has been proposed to be
measurable by the slope of the power spectral density (PSD) as a func-
tion of frequency, that is, how power drops from low to high frequency
bands. Previous work has demonstrated this effect by showing that local
field potential (LFP) power in neuronal circuits is inversely related to
frequency, following a 1/f distribution (Hill et al., 2022; Donoghue
et al., 2020a; Buzsaki et al., 2012) and thought to be representative of
the low-pass frequency filtering property of dendrites (Buzsaki et al.,
2012; Lindén et al., 2010; Gold et al., 2006; Pettersen et al., 2008).
Furthermore, large scale network mechanisms may also contribute to
the 1/f power distribution, as networks with faster time constants, such
as excitatory AMPA, have constant power at lower frequencies until they
quickly decay, whereas inhibitory GABA currents have slower time
constants at higher frequencies and thus decay more slowly as a function
of frequency (Donoghue et al., 2020a; Gao et al., 2017), which when
taken together, creates the 1/f like slope across broadband frequencies.
These results suggest that E/I balance can affect PSD slope: when
excitatory activity is greater than inhibitory activity, the 1/f slope will
be lower (flatter), whereas it will be larger (steeper) when inhibitory
activity is greater than excitatory activity (Donoghue et al., 2020a),
suggesting the possibility that E/I balance is reflected in the steepness of
the PSD slope. Spectral parameterization (specparam), formally known
as Fitting Oscillations and 1/f (FOOOF), protocol derives the 1/f spectral
slope (referred to as the aperiodic exponent) and an offset (Donoghue
et al., 2020a). The steepness of the slope (i.e., the exponent) has been
previously linked to shifts in the E/I balance (Donoghue et al., 2020a;
Gao et al., 2017; Molina et al., 2020; Ostlund et al., 2021; Robertson
et al., 2019; Zhang et al., 2011; Mamiya et al., 2021; Voytek et al.,
2015), reductions of which reflect shifts toward excitatory activity
relative to inhibitory, while increases in the exponent reflect shifts to-
ward inhibitory activity (Donoghue et al., 2020a; Gao et al., 2017).
Independently, the PSD offset is thought to reflect broadband shifts in
power (Donoghue et al., 2020a), reflecting levels of neuronal population
spiking (Manning et al., 2009; Miller et al., 2014). Electrocorticogram
(ECoG) recordings from macaques (Gao et al., 2017) and human EEG
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studies (Waschke et al., 2021), have provided empirical support for the
specparam protocol, showing that sedation by propofol a general anes-
thetic that modulates GABA, receptors and effectively decreases the
global E/I ratio (Peduto et al., 1991), resulted in steepening of the power
spectral density (PSD) slope (Gao et al., 2017; Waschke et al., 2021).
Additional pharmacological work using MK-801, a NMDAR antagonists
(Gonzalez-Burgos et al., 2023), known to down regulate inhibition,
Diazepam, a GABA R modulator (Gonzalez-Burgos et al., 2023; Salva-
tore et al., 2024), known to increase inhibition, and xenon, a NMDAR
antagonist (Colombo et al., 2019), all demonstrated a steepening of the
aperiodic slope. Interestingly, ketamine, known to down regulate inhi-
bition and therefore increase excitation, showed a slight steepening of
the aperiodic slope (Colombo et al., 2019), and a flattening in another
study (Waschke et al., 2021). An additional study used Designer Re-
ceptors Exclusively Activated by Designer Drugs (DREADDs) to suppress
the activity of PV interneurons, moving the activity toward excitation
(Salvatore et al., 2024). However, they found the circuit disinhibition
increased the E/I balance, contrary to their hypothesis (Salvatore et al.,
2024). Ultimately, both low E/I due to barbiturates or propofol or high
E/I as demonstrated by xenon or DREADDs, can lead to a steepening of
the aperiodic slope, highlighting the need for further investigation into
how the excitation inhibition circuitry reflects onto the aperiodic
component.

Aperiodic activity has also been associated with behavioral perfor-
mance across a variety of cognitive tasks (Donoghue et al., 2020a;
Podvalny et al., 2015; Ouyang et al., 2020), including a reduction in the
aperiodic exponent during visuomotor and object recognition tasks
relative to baseline (Podvalny et al., 2015), indicating greater predom-
inance of excitatory activity during task as compared to baseline.
Further, developmental changes in aperiodic activity have been previ-
ously demonstrated, and occur simultaneously with developmental im-
provements in cognition during adolescence. From early childhood to
young adulthood, there is a flattening of the aperiodic exponent and a
reduction in offset, potentially reflecting an increase in the E/I balance
(Hill et al., 2022; McSweeney et al., 2021; Trondle et al., 2022; Cellier
et al., 2021). Age-related changes in visual cortical 1/f spectral slopes
have also been found to mediate age-related performance in visual
working memory tasks for both younger (20-30yo) and older (60-70yo)
adults (Voytek et al., 2015). Given compelling evidence for develop-
mental changes in aperiodic activity, a next step is to understand the
other neurobiological indicators of age-related E/I shifts to build models
of possible mechanisms underlying maturation.

In this study, we collected a large, multimodal, longitudinal dataset
including EEG as well as 7 T Magnetic Resonance Spectroscopic Imaging
(MRSI). We assessed developmental changes in aperiodic activity in
DLPFC as measured by EEG and investigated their association with our
initial MRSI findings showing age-related increases in Glu/GABA bal-
ance in DLPFC through adolescence (Perica et al., 2022) in the same
10-32-year-old participants. We hypothesized that aperiodic activity
would decrease through adolescence as Glu/GABA balance increased
into adulthood (Larsen et al., 2022). In line with this hypothesis, we
found strong correspondence between decreases in both offset and
exponent through adolescence and increasing Glu/GABA balance into
adulthood. Finally, we show how EEG- and MRSI- derived measures of
E/I balance are associated with behavioral improvements in the latency
of working memory responses as measured by the Memory Guided
Saccade task. Taken together, this study provides in vivo multilevel
validation for unprecedented plasticity in PFC through adolescence
supporting cognitive development.

2. Methods
2.1. Participants

Data was collected on 164 participants (87 assigned female at birth),
between 10 and 32 years of age. Participants were recruited as part of an
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accelerated cohort design with up to 3 visits at approximately 18mo
intervals. Each time point consisted of three visits: a behavioral (in-lab)
session, a 7 T MRI scan, and an EEG session, typically occurring on
different days within 1-2 weeks, for a total of 347 visits. Following data
quality control and exclusion criteria, as described below, the final
dataset included 283 sessions (Figure S1). Participants were recruited
from the greater Pittsburgh area and were excluded if they had a history
of loss of consciousness due to a head injury, non-correctable vision
problems, learning disabilities, a history of substance abuse, or a history
of major psychiatric or neurologic conditions in themselves or a first-
degree relative. Patients were also excluded if any MRI contradictions
were reported, including but not limited to, non-removable metal in
their body. Participants or the parents of minors gave informed consent
with those under 18 years of age providing assent. Participants received
payment for their participation. All experimental procedures were
approved by the University of Pittsburgh Institutional Review Board and
complied with the Code of Ethics of the World Medical Association
(Declaration of Helsinki, 1964).

2.2. Data acquisition and preprocessing

2.2.1. Electrophysiological (EEG) data

Concurrent EOG (electrooculogram) and high-impedance EEG was
recorded using a Biosemi ActiveTwo 64-channel EEG system located in
the PWPIC Psychophysiology Laboratory. EEG sessions were conducted
in an electromagnetically shielded room while stimuli were presented by
a computer approximately 80 cm away from participants. Resting state
data was collected from four eyes open and eyes closed conditions, each
lasting one minute and alternating between conditions. Initial data was
sampled at 1024 Hz and resampled at 150 Hz during preprocessing.
Scalp electrodes were referenced to external electrodes corresponding to
the mastoids due to its proximity to the scalp and low signal recording.
An initial bandpass filter was set to 0.5 — 90 Hz. Data were preprocessed
using a revised processing pipeline compatible with EEGLAB (Delorme
and Makeig, 2004), which removed flatline channels (maximum toler-
ated flatline duration: 8 seconds), low-frequency drifts, noisy channels
(defined as more than 5 standard deviations from the average channel
signal), short spontaneous bursts, and incomplete segments of data.
Deleted channels were replaced with interpolated data from surround-
ing electrodes. The resulting data was referenced to the average refer-
ence. As a final preprocessing step, independent component analysis
(ICA) was performed to identify eye-blink artifacts and remove their
contribution to the data.

2.2.2. Magnetic resonance spectroscopy

MRSI methods have been previously reported in Perica et al. (2022).
Briefly, data were acquired at the University of Pittsburgh Medical
Center Magnetic Resonance Research Center using a Siemens 7 T scan-
ner. Structural images were acquired using an MP2RAGE sequence
(1 mm isotropic resolution, TR/TE/flip angle 1/ flip angle 2:
6000 ms/2.47 ms/4°/5%). MRSI including GABA and glutamate were
acquired using a J-refocused spectroscopic imaging sequence (TE/TR =
2 x17/1500 ms) and water suppression was performed using a broad
band semi-selective refocusing pulse and frequency selective inversion
recovery (Pan et al., 2010). Radiofrequency (RF) based outer volume
suppression was used to minimize interference in the signal from
extracerebral tissue (Hetherington et al., 2010). An 8 x 2 H transceiver
array using 8 independent RF channels was used to acquire data. High
order shimming was used to optimize homogeneity of the By magnetic
field. The 2D CSI oblique axial slice was acquired with conventional
rectangular phase encoding of 24 x 24 over a FOV of 216 x 216 mm
(10 mm thick, 0.9 x0.9 x1.0 cm nominal resolution), and was posi-
tioned to include Brodmann Area 9 and pass through the thalamus.

2.2.3. Memory guided saccade task
Participants performed a memory guided saccade (MGS) task to
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assess working memory (see Figure S2) during the EEG session. The trial
began with fixation to a blue cross for 1 sec. The participant was then
presented with a peripheral cue with a surrounding scene picture to be
used in a different study, in an unknown location along the horizontal
midline (12.5 or 22.2 degrees from central fixation to left or right of
center), where they performed a visually guided saccade (VGS) to the
target and maintained fixation. Once the cue disappeared, the partici-
pant returned their gaze to the central fixation point and fixated for a
variable delay epoch (6-10 sec) during which they were to maintain the
location of the peripheral target in working memory. Once the central
fixation disappeared the participant performed a memory guided
saccade to the recalled location of the previous target. The trial ended
when participants were presented with a white fixation cross that served
as the ITI (1.5-15 sec). Participants performed 3 runs of the MGS task,
each containing 20 trials.

Task performance was assessed based on horizontal electrooculo-
gram (hEOG) channels recorded from facial muscles (see acquisition
details below). At the start of the session, participants performed a
calibration procedure in which they fixated a series of 20 dots sequen-
tially, positioned along the horizontal midline and spanning the width of
the screen. These were used to generate a calibration curve relating
hEOG voltage to horizontal screen position. Eye position during the MGS
task was used to derive output measures using this calibration data by
aligning hEOG signals to different stimulus triggers. These were used to
calculate VGS & MGS response latencies, as the time difference between
the beginning of the recall epoch and the initiation of the VGS and MGS
eye movements respectively, and saccadic accuracy, measured as the
closest stable fixation point during the recall period to the fixated
location during the initial visually guided fixation epoch.

2.2.4. Spatial span task

Participants preformed the Spatial Span Test from the Cambridge
Neuropsychological Test Automated Battery (CANTAB) (De Luca et al.,
2003) that assesses working memory capacity. During the task white
squares appear on the screen, some of which will briefly change color in
a variable sequence. The participant must select the boxes that changed
color in the same order that they were presented. The number of boxes in
the sequences begins with two and increases, after each successful trial,
to a maximum of nine. The outcome measure was the maximum
sequence length the participant successful completed, between 2 and 9.

2.3. Data analysis

2.3.1. EEG analyses

Power spectral density (PSD) was calculated separately for each
participant and electrode, corresponding to the left and right DLPFC
(Right: F4, F6, F8; Left: F3, F5, F7), across the continuous resting state
EEG using Welch’s method implemented in MATLAB (2 s Hamming
window, 50% overlap). The Fitting Oscillations and One Over f (FOOOF)
python toolbox (version 1.0.0; https://fooof-tools.github.io/fooof/),
now known as Spectral Parametrization (specparam), was used to
characterize the PSD as a combination of an aperiodic component with
overlying period components, or oscillations (Donoghue et al., 2020a)
(see Fig. 1A). Oscillations were characterized as frequency regions with
power above the aperiodic component, modeled as a Gaussian, and are
referred to as ‘peaks’. The aperiodic component L(f) was extracted from
the 1-50 Hz frequency range of each power spectrum (aperiodic mode =
‘fixed’, peak width limits = [0.5, 12], min _peak_height = 0, peak thres-
hold = 2, max _n_peaks = 4, default settings otherwise), and is expressed
as:

L(f) =b— IOg[fX]:

with a constant offset b and the aperiodic exponent x. When the PSD is
plotted on a log-log axis, the constant offset b refers to the y-intercept
and the aperiodic exponent x corresponds to the slope of a line (see
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Fig. 1. Graphical representation of the methods. A. EEG acquisition from the electrodes corresponding to the left and right DLPFCs to decomposing the signal into
the aperiodic component to extract the exponent and offset. B. MRSI methods from placement of the DLPFC ROIs to modeling fitting and extracting the GABA and

Glutamate levels. Created with Biorender.com.

Fig. 1A). We used the ‘fixed’ setting as we did not expect a “knee” in the
power spectrum. This assumption was supported upon visual inspection
of each PSD. The average R? of the spectral fits was 0.98 for the eyes
closed condition and 0.97 for the eyes open condition, reflecting good
fits, while the average mean absolute error was 0.042 for eyes open and
0.05 for eyes closed. We have also included group mean spectra for our
three age groups: 10-16, 17-22, and 23-30, as well as representative fits
for each group from individual subjects (Figure S3).

2.3.2. MRS analyses

Analysis details have been previously reported in Perica et al. (2022)
(Fig. 1B). LCModel was used to obtain estimates of individual metabo-
lites (Provencher, 2001), including macromolecule components and 14
basis metabolite functions (N-acetylaspartate (NAA), N-acetylaspartyl-
glutamate (NAAG), aspartate, lactate, creatine (Cre), y-aminobutyric
acid (GABA), glucose, glutamate (Glu), glutamine, glutathione, glycer-
ophosphorylcholine (GPC), phosphorylcholine (PCh), myoinositol, and
taurine), of which we focus on GABA and Glu for the purposes of this
study.

A 2D CSI oblique axial slice was acquired, as outlined in Perica et al.
(2022), to ensure that the dorsolateral prefrontal cortex (DLPFC) was
included and angled to pass through the thalamus. Regions of interest
included right and left DLPFC due to its role in working memory. Data
quality exclusion was performed at the ROI level. All spectra and model
fit outputs were visually inspected and used as first-pass exclusion
criteria, followed by Cramer-Rao Lower Bound (CRLB) > 10 for the three
major metabolite peaks (GPC/Cho, NAA/NAAG, and Cr), and CRLB > 20
for glutamate and GABA. All glutamate and GABA levels are given as
ratios to creatine (Cr). Metabolite levels were corrected for fractional
gray matter within the voxel as well as date to control for any changes in
scanner precision over time, while controlling for age. Glu/GABA ratio
was calculated by creating a ratio of Glu/Cr to GABA/Cr. Glu-GABA
asymmetry was calculated by taking the absolute value residual of the
linear model of the association between Glu/Cr and GABA/Cr. We used a
Kolmogorov-Smirvov test to assess the normality of the Glu-GABA
asymmetry. The sample was found to be non-normal as indicated by a
p- value = 4.39e-07. Thus, the square root of the data was taken,
resulting in a new p-value of 0.052, allowing us to conclude that the data
follows a standard normal distribution. A threshold of 2 standard

deviations from the mean was used to exclude statistical outliers.

2.3.3. Behavioral analyses

To examine age-related effects in behavioral measures, including
accuracy and response latency, generalized additive mixed models
(GAMMs) were implemented using the R package mgev (Wood, 2017).
Preliminary outlier detection was conducted on a trial level basis. Ex-
press saccades of less than 100 ms, believed to be primarily driven by
subcortical systems (Luna et al., 2008), were excluded. Position error
measures greater than 23 degrees from the target were excluded as
implausible since they exceeded the width of the screen. The remaining
trials for each participant were combined, creating average performance
measures and trial-by-trial variability measures for each participant.
Finally, for group level analyses, outlier detection was performed,
excluding participants more than +/-2 SDs away from the mean. A
separate model was performed for each of the behavioral measurements:
MGS accuracy, MGS latency, as well as the trial-by-trial variability of
each measure. To correct for multiple comparisons between the four
behavioral measures, Bonferroni correction was employed which
resulted in a corrected alpha of.0125 (p =.05/4 =.0125). For all
behavioral measures showing significant age-related effects, we per-
formed analyses to identify periods of significant age-related change. To
do so, a posterior simulation was performed on the first derivative of the
GAM model fits. Consistent with previous work (Wood, 2017; Simmonds
et al., 2014; Calabro et al., 2020), 10000 simulated GAM fits and their
derivatives (generated at age intervals of 0.1 years) were computed from
a multivariate normal distribution; vector means and covariance of
which corresponded to the fitted GAM parameters. Confidence intervals
(95%) were generated from the resulting derivatives. The periods of
age-related growth were derived from the ages corresponding to when
the confidence interval did not include zero (p < 0.05).

For the spatial span task, we used generalized additive mixed models
(GAMMs), implemented using the R package mgev (Wood, 2017), to
assess age-related effects in maximum sequence length. We then per-
formed analysis to identify specific periods of significant age-related
change. The same method was used for Spatial Span as described above.
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2.4. Statistical analyses

2.4.1. Characterizing age-related trends in 1/f aperiodic activity

To assess developmental trajectories of aperiodic activity, we
implemented GAMMs on aperiodic parameter (exponent and offset),
including random intercepts estimated for each participant. Regression
splines were implemented (4 degrees of freedom) to assess linear and
non-linear effects (Wood, 2017, 2013). We first tested for a main effect
of age on aperiodic parameter while controlling for hemisphere (either
‘right’ or ‘left” DLPFC) and condition (eyes open or eyes closed during
resting state), seen in Model 1 in Supplement. We additionally tested for
age-by-hemisphere interactions while controlling for condition (Sup-
plement Model 2), and age-by-condition interactions while controlling
for region (Supplement Model 3). Correlations between the exponent
and the offset, for both the eyes open and eyes closed conditions were
calculated using Pearson correlations.

2.4.2. Characterizing age-related trends in MRSI-derived metabolite levels

To assess age-related change in the Glu/GABA ratio and the Glu-
GABA asymmetry in right and left DLPFC, we used GAMM models,
including random intercepts estimated for each participant. Regression
splines were implemented (4 degrees of freedom) to assess linear and
non-linear effects (Wood, 2017, 2013). We first tested for a main effect
of age on the MRS measure while controlling for hemisphere (either
‘right’ or ‘left’ DLPFC), and perfect grey matter from the MRI voxel
(Supplement Model 4). We additionally tested for age-by-hemisphere
interactions while controlling for fraction of grey matter (Supplement
Model 5). For further analysis, fraction of gray matter in the voxel was
residualized out of MRSI estimates to control for the effect of gray
matter.

2.4.3. Characterizing the relationship between 1/f aperiodic activity and
MRS

We next investigated the relationship between the individual aperi-
odic parameters (exponent and offset) on MRSI-derived measures of the
Glu-GABA asymmetry using linear mixed effect models (Imer function,
lme4 package in Rstudio (Bates et al., 2015)). Using AIC, we determined
an inverse age (age’l) model was more appropriate for both the expo-
nent vs MRS and offset vs MRS associations (Table S1), thus each model
controlled for inverse age. We first tested for significant main effects of
the MRS measure on the aperiodic parameter while controlling for
age™!, condition (eyes open or eyes closed), and hemisphere (left or
right DLPFC) (Supplement Model 6). We additionally tested for
MRS-by-age ! interactions while controlling for hemisphere and con-
dition (Supplement Model 7). To account for the four aperiodic mea-
sures, Bonferroni correction was used for multiple comparisons at
Pbonferroni = 0.012.

To test for relationships between the age-related differences in the
MRS measures and age- related differences in the aperiodic measures,
mediation analyses were implemented using the R package mediation
(Tingley et al., 2014). Unstandardized indirect effects were computed
for each of 1000 bootstrapped samples, and the 95% confidence interval
was computed by determining the indirect effects at the 2.5th and
97.5th percentiles.

2.4.4. Characterizing the relationship between 1/f aperiodic activity and
behavior

To assess associations between 1/f aperiodic parameters (exponent
and offset), MGS behavioral measures (accuracy, accuracy variability,
response latency, and response latency variability), and spatial span
measure (maximum length of sequence), we used linear mixed effect
models (Imer function, Ime4 package in Rstudio (Bates et al., 2015)).
Using AIC, we determined an inverse age (age ') model was more
appropriate for both the exponent vs behavior and offset vs behavior
associations (Table S2). We first tested for significant main effects of the
behavioral measure on the aperiodic parameter while controlling for
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inverse age (age™!), condition (eyes open or eyes closed), and hemi-
sphere (left of right DLPFC) (Supplement Model 8). We additionally
tested for behavior-by-inverse age interactions while controlling for
condition and hemisphere (Supplement Model 9). Bonferroni correction
was used for multiple comparisons.

2.4.5. Characterizing the relationship between MRS and behavior

To assess associations between MRS measures (asymmetry) and MGS
behavioral measures (accuracy, accuracy variability, response latency,
and response latency variability), and spatial span measure (maximum
length of sequence), we used linear mixed effect models (Imer function,
Ime4 package in Rstudio (Bates et al., 2015)). Using AIC, we determined
an inverse age model was best for the glutamate, GABA, and asymmetry
vs behavioral associations (Table S2). We first tested for significant main
effects of the behavioral measure on the aperiodic parameter while
controlling for age™! and hemisphere (left of right DLPFC) (Supplement
Model 10). We additionally tested for behavior-by-age interactions
while controlling hemisphere (Supplement Model 11). Bonferroni
correction was used for multiple comparisons.

3. Results
3.1. Working memory performance improves across adolescence

Consistent with our prior findings using the MGS task (Luna et al.,
2008; Montez et al., 2017, 2019), behavioral performance improved
with age for all MGS metrics including increased accuracy (F = 38.19, p
= <2e-16; Figure S4A), decreased response latency (F = 17.91, p =
<2e-16; Figure S4B), and decreased trial-to-trial variability in both ac-
curacy (F = 29.1, p = <2e-16; Figure S4C) and response latency (F =
52.04, p = <2e-16; Figure S4.D). Significant developmental improve-
ments were found throughout adolescence (11-24 years of age) for MGS
accuracy and between 10 and 24 years of age for trial-by-trial variability
for MGS accuracy (Figure S4.A and Figure S4C). MGS latency showed
significant increases in adolescence (12-17 and 19-22 years of age,
Figure S4B), while decreases in MGS variability in latency continued
into the twenties (Figure S4D). Furthermore, working memory capacity
also improved across adolescence via the Spatial Span task as seen in a
significant increase in the maximum number of boxes presented in the
sequence (F = 11.35, p = 0.00035; Figure S5). Significant develop-
mental improvements were found between 10 and 17 years of age.

3.2. Glutamate GABA asymmetry decreases through adolescence

As in our prior cross-sectional study (Perica et al., 2022), glutamate
showed age-related decreases across adolescence (F = 4.70, p = 0.04;
Fig. 2A), while there were no significant age effects with GABA (F =
0.50, p = 0.48; Fig. 2B). As previously, we assessed Glu/GABA balance
by assessing asymmetry, an individual-level measure of the correlation
between glutamate and GABA which was defined as the absolute dif-
ference in age-adjusted Glu and GABA levels (see methods), and was
found to significantly decrease with age (F = 13.58, p = 0.0003;
Fig. 2D). As expected, due to greater inter-subject variability at younger
ages in Glu and GABA (Fig. 2E) undermining the ability to assess age
related changes in balance (Perica et al., 2022), the ratio was not asso-
ciated with age (F = 4.96, p = 0.05; Fig. 2C). Thus, analyses going for-
ward utilized the Glu-GABA asymmetry measure. Additional statistics
regarding main effects of hemisphere and age-by-hemisphere in-
teractions can be found in the supplement (Figure S5).

3.3. 1/f aperiodic activity decreases through adolescence

To assess changes in signal processing characteristics through
adolescence, each specparam model parameter was tested for associa-
tions with age. For the aperiodic EEG exponent measure, which captures
the steepness of the relationship between power and frequency, we
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found significant age-related decreases (F = 61.85, p < 0.0001; Fig. 3A).
The aperiodic offset, which captures the overall power independent of
frequency, was also found to significantly decrease with age (F = 237.1,
p < 0.0001; Fig. 3B). The PSDs for the various age groups (10-16; 17-22;
23+) can be seen in Fig. 3C. Furthermore, group mean spectra and
corresponding representative fits on individual subjects within an age
group can be seen in Figure S3. The exponent and offset were highly
correlated across both conditions (r = 0.75, p < 2.2e-16) (Figure S7C).
Additional statistics including the effect of condition (eyes open vs eyes
closed) and hemisphere (right vs left DLPFC) can be found in the
Figure S7.

3.4. Associations between 1/f aperiodic activity and MRS

To characterize the functional associations of MRSI-derived metab-
olite levels, we next assessed associations between EEG-derived spec-
param measures and Glu-GABA asymmetry. All statistics were
conducted controlling for inverse age and are reported in Table S3 with
corrected p-values. The Glu-GABA asymmetry significantly increased
with increasing aperiodic exponent (f = 0.21, t = 3.91, p = 0.0002;
Fig. 4A) and offset (p = 0.18, t = 3.25, p = 0.002; Fig. 4B). To interrogate

whether the effects of the Glu-GABA asymmetry on the aperiodic ac-
tivity was driven by glutamate or GABA, we conducted post hoc analyses
of these associations. Here, we found glutamate to significantly increase
with increasing exponent (p = 0.07, t = 2.14, p = 0.03; Fig. 4C), and a
trending increase with offset (§ = 0.06, t = 1.77, p = 0.08; Fig. 4D).
GABA did not have a significant association with either exponent (f =
0.04,t=0.71, p = 0.48; Fig. 4E) nor offset (p = 0.05, t = 0.64, p = 0.40;
Fig. 4F). Knowing how correlated the aperiodic exponent and offset are,
we investigated whether the associations between the exponent and Glu-
GABA asymmetry was still significant when controlling for the offset,
and visa-versa if the offset and asymmetry was still significant when
controlling for exponent. Interestingly, we find that the exponent and
Glu-GABA asymmetry are still significantly associated when controlling
for offset (p = 0.08, t = 2.10, p = 0.04) but offset is no longer signifi-
cantly associated with Glu-GABA asymmetry when controlling for
exponent (p = 0.04, t = 1.13, p = 0.26).

To further interrogate the contribution of metabolite levels to the
generation of aperiodic activity, we performed mediation analyses for
MRSI measures that showed significant associations with aperiodic EEG.
Glu-GABA asymmetry was a significant mediator of age-related changes
in the specparam exponent parameter (ACME: —0.0009, 95% CI [-0.002,
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0.00], p = 0.006; Fig. 5A) as well as the offset parameter (ACME:
—0.0009, 95% CI [-0.002, 0.00], p = 0.014; Fig. 5B). Glutamate was
found to significantly mediate age-related changes in exponent (ACME:
—0.00043, 95% CI [-0.001, 0.00], p = 0.036; Fig. 5C) but did not
mediate age-related changes in offset (ACME: —0.0003, 95% CI [-0.001,
0.00], p = 0.13; Fig. 5D).

3.5. Steepened aperiodic activity is associated with improved working
memory performance

To characterize the functional significance of our age-related
changes in 1/f aperiodic activity, we assessed their relationship with
our MGS working memory task, and the spatial span task. All associa-
tions and their statistics can be found in Table S4. and Figure S8.
Exponent showed a trend-level positive association with MGS response
latency (b = —0.63, t = —2.44 p = 0.06; Fig. 6A), and offset was
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significantly associated with increased response latency (b = —1.04, t =
—3.60, p = 0.001; Fig. 6B). Furthermore, a flatter exponent (f = —0.04, t
=—3.09,p =0.002; Fig. 6C) and offset (p = —0.04, t = —3.12, p = 0.002;
Fig. 6D) were associated with increased maximum sequence lengths
indicating improved spatial span performance.

To characterize the functional significance of our age-related
changes in our MRS measures, we assessed their relationship with our
MGS working memory task and the spatial span task. All associations
and their statistics can be found in Table S4 and Figure S8. Glu-GABA
asymmetry had no relationship with response latency (b = —0.01, t =
—0.06, p = 1; Fig. 7A). There was a significant latency-by-inverse age
interaction on Glu-GABA asymmetry (b = 34.29, t = 3.28, p = 0.004). To

interrogate whether behavior may be driven by glutamate or GABA, we
conducted post hoc analyses of these associations. Here we found
increasing response latency was associated with increasing glutamate (b
=1.00, t = 3.55, p = 0.002; Fig. 7B), but no association with GABA (§ =
0.00, t = —0.01, p = 1.00; Fig. 7C).

4. Discussion

Using novel EEG and MRSI methods in a large, longitudinal, devel-
opmental dataset spanning adolescence through young adulthood, this
study suggests an association between developmental changes in DLPFC
glutamate and GABA and changes in EEG-based markers of neural
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excitatory and inhibitory activity. Consistent with previous reports (Hill
et al., 2022; McSweeney et al., 2021; Trondle et al., 2022; Cellier et al.,
2021), we found age-related decreases in both the offset and exponent
parameters of EEG-based aperiodic activity across both eyes open and
eyes closed conditions. Furthermore, extending our prior cross-sectional
findings, we found that balance between glutamate and GABA increased
longitudinally through adolescence. Post-hoc analyses highlighted the
developmental decreases in Glu-GABA asymmetry may be driven by
significant age-related decreases in glutamate. Importantly, we found
that Glu-GABA asymmetry was associated with the EEG-derived power
spectrum slope (specparam exponent), and offset, with more asymmetry
between glutamate and GABA being associated with steeper and higher
power spectra. Interestingly, glutamate was found to significantly
decrease with decreasing exponent (flatter slope), but only had a
trending association with offset suggesting that age related decreases in
E/I balance may be primarily underlined by increases in inhibitory
function relative to excitatory function reflected in decreases in local
field potentials more so than changes in neural spike rates. Furthermore,
we found that Glu-GABA asymmetry mediated the association between
age and aperiodic exponent and offset, while glutamate mediated the
associations between age and aperiodic exponent, providing a neuro-
biological mechanistic link between age and aperiodic neural activity.
To interrogate the developmental effects of E/I balance on behavior, we
assessed working memory via two working memory tasks: the memory
guided saccade (MGS) task and the CANTAB Spatial Span task. In line
with prior findings (McKeon et al., 2023), we observed robust devel-
opmental improvements in working memory accuracy and latency (in
the MGS task) and capacity (in the spatial span task). Interestingly,
decreases in working memory latency were significantly associated with
decreases in glutamate as well as decreases in the aperiodic offset, while
working memory capacity was found to improve with decreasing offset
and exponent. Taken together, these results suggest developmental
shifts in the neurobiological mechanisms of excitation and inhibition,
measurable through EEG and MRSI, may support the development of
higher order cognitive functions across adolescence.

Previous work highlights the importance of interpreting neuro-
physiological recordings as a combination of periodic (oscillatory) and
aperiodic components. Age-related differences in band specific power
may thus arise in part due to a shift in the aperiodic slope (exponent) or
intercept (offset) (Donoghue et al., 2020a). Our findings show that
exponent and offset decrease with age during adolescence, largely in line
with the extant literature, including prior findings of flatter 1/f slopes
(exponent) and reduced offset values in older children compared to
younger children (Hill et al., 2022; McSweeney et al., 2021; Trondle

et al., 2022; Cellier et al., 2021) (Fig. 3C). This result has been extended
in adult populations, with exponent and offset decreasing across the
lifespan (Voytek et al., 2015; Merkin et al., 2023). These results have
been interpreted based on the hypothesized neurophysiological un-
derpinnings of these measures. The spectral slope is thought to reflect
the E/I balance via decays in local field potential (LFP) power con-
strained by faster decaying excitatory AMPA and slowly decaying
inhibitory GABA currents (Buzsaki et al., 2012), with steeper slopes
representing inhibitory activity dominating over excitatory (Donoghue
et al., 2020a). In parallel, the amplitude of the spectra, assessed by the
aperiodic offset parameter, is associated with neural spike rates
(Waschke et al., 2021; Donoghue et al., 2020b), supported by intracra-
nial LFP recordings that have shown increases in broadband LFP power
associated with neuronal population spiking (Manning et al., 2009).
Furthermore, recent work has associated the flattening of the aperiodic
slope to a reduction in the autocorrelation of brain activity, allowing for
more efficient information processing (He, 2014; He et al., 2019). Shifts
in excitatory-inhibitory circuits, reflected by a change in the aperiodic
model parameters, may thus reflect cortical maturation including
refinement of cortical networks, synaptic pruning, myelination, and
alterations in the E/I balance (Hill et al., 2022; Uhlhaas et al., 2010; De
Bellis et al., 2001). Thus, our results showing robust reductions in
aperiodic offset could be indicative of maturational decreases in overall
spike rate of cortical neurons, while our results showing decreases in
exponent suggest maturational increases in the E/I balance. It is worth
noting that while the exponent and offset can vary independently, any
change in exponent at a non-zero frequency will result in a change in
offset as well, thus the high correlation of between exponent and offset is
expected. However, a change in offset may be driven by a change in
exponent, or E/I balance, and not necessarily a change in neural spiking.

In our previous work in a cross-sectional study we found increasing
balance between glutamate and GABA across frontal regions, including
DLPFC, through adolescence into adulthood (Perica et al., 2022). Here,
we confirm these results in a longitudinal continuation of our cohort.
Previous work has shown that structurally, excitatory and inhibitory
synapses maintain a fairly constant ratio (Sahara et al., 2012), the
location of which are regulated by changes in connectivity as a result of
synaptic pruning (Sukenik et al., 2021). Functionally, E/I currents are
thought to maintain balance via a “push-pull” mechanism, constantly
blocking and activating excitatory and/or inhibitory receptors (Sukenik
et al., 2021). Mice hippocampal cultures and modeling work has shown
that for networks with a range of E/I fractions, ranging from 10% to 80%
inhibitory neurons, the networks maintain stable neuronal activity
(Sukenik et al., 2021). Developmental changes in E/I balance may
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reflect an increase in “optimal” quantity of E and I activity that provides
a state of low firing rates without hyper or hypo activity in response to
stimuli. Developmentally, neural networks are trying to optimize pro-
cessing given the specific cognitive demands and age, thus, age-related
decreases in the Glu-GABA asymmetry across adolescence may be
reflecting the optimization of the excitatory and inhibitory currents that
result in balance. Furthermore, post-hoc analyses revealed decreases in
glutamate across adolescence. Levels of Glu/Cr as measured by spec-
troscopy have been linked to PET-derived measures of synaptic density
(Onwordi et al., 2021), suggesting that during adolescent development,
synaptic pruning, which affects primarily excitatory synapses in pre-
frontal cortex (Petanjek et al., 2011), could lead to decreases in levels of
glutamate and decreased neural population activity as indexed by offset.
Studies that can make a more direct link between synaptic pruning and
its modulation of excitatory activity are warranted.

Previous computational modeling (Donoghue et al., 2020a; Gao
et al., 2017) and electrophysiology (Gao et al., 2017) work has found
that the flattening of the aperiodic slope is indicative of the neural
network favoring excitation over inhibition. However, recent work
using pharmacological manipulation, has shown that modulating the E/I
balance in either direction (increasing E relative to I or increasing I
relative to E) via propofol (Colombo et al., 2019), diazepam (Gonza-
lez-Burgos et al., 2023; Salvatore et al., 2024), MK-801 (Gonza-
lez-Burgos et al., 2023), ketamine (Colombo et al., 2019), or xenon
(Colombo et al., 2019), all steepen the aperiodic slope. Importantly, we
found decreases in the Glu-GABA asymmetry did not only have a sig-
nificant association with decreasing exponent (i.e., a flattening of the
slope) and offset, but mediated the effects as well, demonstrating the
functional significance of Glu-GABA coupling. Our results, in conjunc-
tion with the complex pharmacological manipulations on the E/I bal-
ance, suggests that the Glu-GABA asymmetry measure may be more
indicative of the E/I balance, via the changes in correlation between
excitatory and inhibitory neurons (Miller et al., 2009) and may support
the notion that E/I balance may be inferred through the PSD slope
exponent, providing important methodological backing to the spec-
param protocol using empirical longitudinal data and vice versa. Due to
the high correlation between exponent and offset, it was not surprising
that both measures were associated with Glu-GABA asymmetry,
although exponent is considered to be a measure of E/I balance
compared to offset that indicates neuronal population spiking. In addi-
tion, post-hoc analyses revealed associations between decreasing Glu/Cr
and decreasing aperiodic exponent, as well as trends with decreasing
offset. The associations with the exponent suggest that developmental
decreases in Glu may be driving the decreases in Glu-GABA asymmetry,
thus increasing the E/I balance which is consistent with a lower or flatter
exponent. To further interrogate these associations, we tested the effect
of the exponent and offset on Glu-GABA asymmetry while controlling for
the other aperiodic parameter. This revealed that the association be-
tween Glu-GABA asymmetry and exponent remained significant, while
offset did not, suggesting that the relationship with exponent may be
more robust than offset and may be driving the observed associations.
Our results correspond with known synaptic pruning of excitatory
neurons in PFC through adolescence, which would result in decreases in
Glu, decreased neural population activity as indexed by offset, as well as
more efficient signal transmission across a full range of frequencies.

Using two working memory measures, the MGS and Spatial Span
tasks, we assessed whether working memory was associated with our
measures of E/I balance. DLPFC is a region that is known to be involved
in visuo-spatial working memory (Goldman-Rakic, 1995), and exhibits a
protracted developmental trajectory through adolescence (Gogtay et al.,
2004). Both accuracy and latency, derived from the MGS task, are
important but distinct components underlying overall executive func-
tion, with accuracy reflecting number of correct responses and latency
reflecting the speed of information processing prior to making a
response (Tervo-Clemmens et al., 2022; Ravindranath et al., 2022).
Using the MGS task, we found significant associations between
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decreasing offset and decreasing response latency. While we did not find
any associations between Glu-GABA asymmetry and accuracy or la-
tency, post hoc analyses showed a significant negative relationship be-
tween response latency and glutamate. These results suggest that the
age-related decrease in neural population spiking, reflected by the
decreased offset and decreased glutamate, may contribute to decreased
response latency, suggesting adults may need less excitatory neuronal
activity in order to perform the task quickly. Similarly, the association
between spatial span and decreases in exponent suggest that age related
improvement in working memory capacity are supported by the opti-
mization of the balance of excitation and inhibition (Lu et al., 2023;
Barak and Tsodyks, 2014; Edin et al., 2009).

While these associations are robust and compelling, we nevertheless
recognize that there is a large amount of individual variability in these
data, as well as measurement noise that is ubiquitously a problem when
relating two different brain measure. A further limitation of this work
comes from the superposition and volume conduction of scalp EEG.
While we selected six electrodes corresponding to the DLPFC (Herwig
et al., 2003) it is important to note that due to known spatial spread and
volume conduction of EEG, the spatial specificity of the signal is likely
not restricted to DLPFC function but reflects other brain regions as well.
While out-of-sample replication is undoubtedly necessary to further
support and extend these findings, we are unaware of any other datasets
in existence combining both 7 T MRSI and EEG in adolescent pop-
ulations, and our analysis is therefore limited to the within- sample
analysis described in the manuscript.

Together, these findings provide novel in vivo evidence describing
possible neurobiological mechanisms underlying the maturation of PFC
neural function and cognition throughout adolescence. Importantly,
these findings are in line with a model of adolescence as a critical period
for frontal cortex maturation supporting cognitive development into
adulthood (Larsen and Luna, 2018). In this model, developmental
changes in glutamate and GABA would drive changes in the E/I balance,
supporting maturation of neural activity that supports optimal cognitive
control. Developmental disruptions in the development of E/I balance in
frontal cortex have been associated with cognitive deficits associated
with psychopathology, such as schizophrenia (Hoftman et al., 2017;
Vinogradov et al., 2022). Understanding normative PFC development
and plasticity can inform mechanisms underlying deviations from
normative trajectories and possible interventions.

Resource Sharing Plan

As Dr. Luna and her lab have done throughout our studies, results
will be made available to other scientists to further probe our under-
standing of normative development. Findings will be presented at major
meetings relevant to our area of study including: Flux-The International
Congress for Integrative Developmental Cognitive Neuroscience, Society
for Neuroscience, Organization for Human Brain Mapping, Cognitive
Neuroscience Society, and Biological Psychiatry as well as other con-
ferences when the theme includes our area of research (American Psy-
chological Association, Society for Research in Child Development,
Society for Research on Adolescence). Results will also be disseminated
by Dr. Luna’s continuous participation in a variety of related congresses
(e.g., Society for Adolescent Health and Medicine); policy related col-
laborations (e.g., Institute of Medicine — National Academy of Sciences;
informing AMA briefs presented to the Supreme Court); and invited
lectureships at national and international universities. Dr. Luna is also a
responsible contributor to media coverage on human development is-
sues (National Geographic, PBS Brains on Trials, Washington Post, New
York Times, as well as smaller pertinent media outlets, such as local
newspapers and radio shows). Dr. Luna also presents on a yearly basis to
different local high schools and organizations interested in adolescent
development. The Laboratory of Neurocognitive Development also has a
website where information regarding findings are posted. Finally, Dr.
Luna will continue to share her results in Big Data projects where she has
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been an organizing member (ADHD200, ABIDE, OpenfMRI, and CoRR)
whose aim is to make neuroimaging data available to the scientific
community to perform innovative analyses further advancing our un-
derstanding. Data and code will be made available upon request.
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