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A B S T R A C T   

Animal and human postmortem studies provide evidence for changes in gamma-aminobutyric acid (GABA) and 
glutamate in prefrontal cortex (PFC) during adolescence, suggesting shifts in excitation and inhibition balance 
consistent with critical period plasticity. However, how GABA and glutamate change through adolescence and 
how the balance of these inhibitory and excitatory neurotransmitters changes is not well understood in vivo in 
humans. High field (7 Tesla) Magnetic Resonance Spectroscopic Imaging was used to investigate age-related 
changes in the balance of GABA/creatine (Cr) and glutamate/Cr in multiple developmentally-relevant regions 
of frontal cortex in 144 10–30-year-olds. Results indicated a homogenous pattern of age-related Glu/Cr decreases 
across regions, while age-related changes in GABA/Cr were heterogenous, with a mix of stable and decreasing 
age effects. Importantly, balance between glutamate/Cr and GABA/Cr in areas of frontal cortex increased 
through adolescence, suggesting the presence of critical period plasticity in frontal cortex at this significant time 
of development when adult trajectories are established.   

1. Introduction 

Adolescence is a period of significant maturation in prefrontal cortex 
(PFC), supporting development of cognitive control that stabilizes in 
adulthood (Luna et al., 2015; Sydnor et al., 2021). Synaptic pruning 
(Petanjek et al., 2011) and gray matter thinning in PFC continues 
through adolescence (Gogtay et al., 2004), while its functional (Calabro 
et al., 2019; Gabard-Durnam et al., 2014; Jalbrzikowski et al., 2017; Parr 
et al., 2021), and structural (Jalbrzikowski et al., 2017; Lebel and 
Beaulieu, 2011; Simmonds et al., 2014) connectivity continues to 
specialize supporting cognitive development (Liston et al., 2006). Un-
derlying this transitional developmental period might be heightened 
neural plasticity consistent with a critical period. At the molecular level, 
animal and postmortem human studies show changes in GABA and 
glutamate in PFC (Caballero et al., 2021), which has been proposed to be 

consistent with a model of adolescence as a developmental critical 
period for executive function (Larsen and Luna, 2018). 

Studies in animal model sensory systems have demonstrated that a 
key mechanism regulating the opening of a critical period is a shift in the 
excitation/inhibition (E/I) balance. In visual cortex, the critical period 
occurs in the first years of life and is triggered by increased excitatory 
function from enhanced visual processing following eye opening. This 
leads to the maturation of inhibitory circuitry during the CP, particularly 
Parvalbumin (PV) neurons, which acts to dampen excess, spontaneous 
excitatory neural activity through the course of the critical period 
(Toyoizumi et al., 2013), leading to the eventual establishment of 
balanced excitation and inhibition and the closing of the critical period 
(Dorrn et al., 2010; Hensch and Fagiolini, 2005). More recently, it has 
been proposed that critical periods progress hierarchically through 
development, with sensory area critical periods occurring early in 
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development, and critical periods of higher-order association cortices 
occurring later in development (Larsen and Luna, 2018; Reh et al., 
2020). Animal and human postmortem evidence of increases in aspects 
of prefrontal GABAergic PV neurons (Caballero et al., 2014; Erickson 
and Lewis, 2002) and reductions in processes of prefrontal gluta-
matergic signaling (Harris et al., 2009; Henson et al., 2008; Hoftman 
et al., 2017) provide support for this proposal. Taken together, this 
literature suggests that dynamic shifts in E/I balance may be occurring 
during adolescence in cognitively-relevant association cortex. 

To date there is still limited understanding of E/I development in 
vivo in human adolescent frontal cortex. Recently, a study applying 
pharmacological fMRI with a GABAergic benzodiazepine challenge to 
model changes in E/I balance through adolescence found a reduction in 
excitation relative to inhibition in association cortex during adolescence 
(Larsen et al., 2021), providing evidence of greater inhibition through 
adolescence in association cortex. Initial findings from Magnetic Reso-
nance Spectroscopy studies using 1.5 T, 3 T, or 4 T scanners in single 
voxels provide some support for this model as well, although findings 
have been inconsistent, with some studies showing no age-related 
changes in glutamate (Blüml et al., 2013; Ghisleni et al., 2015; Gleich 
et al., 2015; Silveri et al., 2013) while others find age-related decreases 
(Shimizu et al., 2017), as well as some studies showing greater GABA 
levels in adults relative to adolescents (Ghisleni et al., 2015; Silveri 
et al., 2013). 

However, these MRS studies were performed at lower field strengths, 
which creates some challenges for interpreting the data. First, it is more 
difficult to separate the overlapping signals of glutamate and its meta-
bolic precursor, glutamine, thus undermining the ability to assess 
developmental change specific to glutamate. Further, GABA measure-
ments can be confounded by overlapping macromolecule signals, which 
can impact measurement of GABA levels (Bell et al., 2021). Moreover, 
these studies typically measure changes within one large voxel (e.g., 
with typical voxel sizes ranging from 6 cm3 (Shimizu et al., 2017) to 30 
cm3 (Ghisleni et al., 2015)), which could lead to a reduction in the 
amount of gray matter relative to white matter in the voxel and might 
influence measurement (Choi et al., 2006). Thus, while these initial 
results suggest that there may be important developmental changes in 
GABA and glutamate levels, these methodological limitations, in addi-
tion to small sample sizes (ranging from 28 to 56 participants), limit the 
ability to draw conclusions. The advent of 7 T Magnetic Resonance 
Spectroscopic Imaging (MRSI) allows for better separation of con-
founding signals by doubling signal strength and improving 
signal-to-noise ratio (Pradhan et al., 2015), thus providing a more pre-
cise assessment of GABA and glutamate. 

Here we apply 7 T MRSI in a sample of 144 10–30 year-olds to assess 
age-related changes in GABA/Cr and glutamate/Cr. In this study, we 
acquired a multivoxel slice with voxel sizes of 0.9 × 0.9 × 1.0 cm, 
typically at least an order of magnitude smaller than previous devel-
opmental MRS studies to provide greater anatomical specificity within 
regions of frontal gray matter. We also assessed age-related changes in 
inter-subject variability, given evidence for developmental decreases in 
behavioral and brain functional variability (Klein et al., 2011; Montez 
et al., 2017; Ordaz et al., 2013; Tamnes et al., 2012). Following evidence 
from sensory system critical periods, we hypothesized that there would 
be decreases in glutamate/Cr and increases in GABA/Cr in PFC through 
adolescence to adulthood, resulting in a decrease in glutamate/GABA 
ratio and greater correlation between glutamate and GABA, as well as 
decreases in inter-subject variability with age. While we found wide-
spread age-related decreases in glutamate/Cr across both lateral and 
medial regions of frontal cortex, GABA/Cr showed a regionally hetero-
geneous pattern of age effects, including no age-related change in some 
regions but decreases in others. Importantly, we also identify regions 
showing age-related increases in the correlation of glutamate and GABA. 
Together, the current study provides evidence for developmental 
changes in the relationship between excitation and inhibition that may 
underlie key developmental processes through adolescence reminiscent 

of critical period plasticity. 

2. Methods 

2.1. Participants 

MRSI data were collected on 144 10–30 years old participants (73 
females, see Supplementary Fig. 1) recruited from the community. 
Participants were excluded if they had a history of head injury with loss 
of consciousness, a non-correctable vision problem, a history of sub-
stance abuse, a learning disability, a history of major psychiatric or 
neurologic conditions in themselves or a first-degree relative. Partici-
pants were also excluded if they reported any MRI contraindications, 
such as non-removable metal in their body. For participants under the 
age of 18, parental consent and participant assent were obtained prior to 
data collection. For participants over the age of 18, participant consent 
was obtained. 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. MRSI data acquisition 

This study was performed at the University of Pittsburgh Medical 
Center Magnetic Resonance Research Center in a Siemens 7 T scanner. 
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/ 
40/50) for parcellation and alignment. MRSI of GABA and glutamate 
were acquired using a J-refocused spectroscopic imaging sequence (Pan 
et al., 2010) (TE/TR = 2 ×17/1500 ms) in order to minimize the impact 
of momentary interactions between separate molecules on chemical 
shifts. Water suppression was done by 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 (Hether-
ington et al., 2010). An 8 × 2 1 H transceiver array using 8 independent 
RF channels was used to acquire data. High order shimming was used to 
optimize homogeneity of the B0 magnetic field. 

The 2D CSI oblique axial slice was acquired with conventional 
rectangular phase encoding of 24 × 24 over a FOV of 216 × 216 mm (10 
mm thick, 0.9 ×0.9 ×1.0 cm nominal resolution) and was positioned to 
ensure that the DLPFC (roughly defined as Brodmann Area 9) was 
included, and was angled to pass through the thalamus in order to 
ensure similar acquisition areas across subjects. (Fig. 1a). MRSI slice 
positioning was accomplished by aligning the T1 anatomical images of 
each participant to MNI space, and then aligning the MRSI acquisition to 
the anatomical image. An in-house program - Quantitative Partial 
Acquisition Slice-Alignment (Q-Pasa) - was used to ensure equivalent 
slice acquisitions across individual variability in brain morphology and 
slice positioning. Q-Pasa maps an oblique slice atlas (standard MNI 
space) into a participant’s native space during the scan using BA9 and 
the thalamus as reference points in order to guide placement of the ac-
quired slice. 

2.3. Metabolite levels 

LCModel was utilized to quantify the spectral data (in the range of 
1.8–4.0 ppm) (Provencher, 2001), which consist of default macromol-
ecule components and 14 basis metabolite functions (N-acetylaspartate 
(NAA), N-acetylaspartylglutamate (NAAG), aspartate, lactate, creatine 
(Cre), γ-aminobutyric acid (GABA), glucose, glutamate (Glu), gluta-
mine, glutathione, glycerophosphorylcholine (GPC), phosphorylcholine 
(PCh), myoinositol, and taurine). LCModel outputs contain Cramer-Rao 
Lower Bounds (CRLB), which provide an expression of the uncertainty of 
the estimate for each metabolite. The CRLB provides an estimate of the 
lowest achievable variance for an estimator and is used as an indicator of 
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how well the measurement of a given metabolite fits the ideal spectrum 
for that metabolite, providing an assessment of data quality. Addition-
ally, outputs were used to visually inspect spectra and model fit, which 
we used as a first-pass exclusion criteria for data, along with the CRLB. 

Brain neurotransmitter levels are given as metabolite ratios of the 
neurotransmitter of interest to creatine (Cr) (Glu/Cr or GABA/Cr). This 
allows for a shorter acquisition time (as compared to using a water 
reference) while also providing for a means to control for inter-subject 
variability due to the factors such as an amount of cerebrospinal fluid 
in the voxel. Cr is used as the denominator in metabolite ratios because it 
is a metabolite with a strong signal and reliable chemical shift, in 
addition to being relatively stable under healthy conditions (Rackayova 
et al., 2017) and with age (Saunders et al., 1999). 

2.4. ROI-based analysis 

Regions of interest (ROIs) were defined in MNI-space using a custom 
ROI atlas, and included right and left dorsolateral prefrontal cortex 
(DLPFC), right and left anterior insula (AI), anterior cingulate cortex 
(ACC), and medial PFC (MPFC) (Fig. 1b). An automated nonlinear 
registration using FSL’s FNIRT was performed to map those ROIs into 
each subject’s native space. ROI centers were visually inspected and 
manually adjusted for each subject with in-house developed software in 
order to maximize spectral quality and gray matter content of the voxel. 
To ensure manual adjustment did not move ROI centers outside of the 
region of interest, the adjusted ROIs were registered back to standard 
space where their position was confirmed with the Eickhoff-Zielles 
maximum probability map of the Talairach-Tournoux atlas using 
AFNI’s whereami (Cox, 1996). The ROI coordinates were then used in 
the anatomically guided voxel-shifting reconstruction of MRSI data 
(Hetherington et al., 2007) to gather spectroscopic data over the ROI. 

2.5. Data quality criteria 

LCModel fits were first visually inspected, and data were excluded 
for bad model fits due to obvious artifacts, lipid contamination or 
baseline distortion. Data were then excluded if any of the three major 
metabolite peaks, GPC/Cho, NAA/NAAG, and Cr had a CRLB greater 
than 10% or if the macromolecule/Cr content in their spectra was 
greater than 3, in order to remove distorted data that would lead to 
improper estimates of harder to detect metabolites. Consistent with 
generally accepted practice, GABA/Cr and Glu/Cr data were excluded if 
the CRLB of GABA or glutamate, respectively, was greater than 20. Data 
were excluded at the ROI level, so participants that had poor data in one 
region were not necessarily excluded from all analyses if they had high 
quality data in another region. For group level analyses assessing the 
relationship between metabolite levels and age, a threshold of 2 stan-
dard deviations from the mean was used to exclude outliers. For the 
analysis looking at the association between glutamate and GABA, only 
participants that had both good GABA and good glutamate data (as 
defined by the CRLB cutoff) were included. A representative spectrum is 
shown in Fig. 1c. 

None of the regions tested showed worse data quality (higher CRLB) 
among younger subjects (Supplementary Table 8). One region (MPFC) 
showed higher CRLB among older subjects, but this is unlikely to ac-
count for the effect reported as those with the highest correlations had 
worse data quality. 

2.6. Statistical analysis 

To examine age-related change in metabolite levels, linear mixed- 
effects regression analyses were implemented through the R packages 
lme4 and lmerTest (Bates et al., 2014; Kuznetsova et al., 2017). For 
regions that had both a left and a right hemisphere (AIns and DLPFC), 

Fig. 1. (a) Ideal oblique MRSI slice position 
through DLPFC and thalamus (shown in red 
boxes). (b) Typical positioning of all assessed 
ROIs (MPFC = salmon; ACC = red; right and 
left DLPFC = purple; right and left Anterior 
Insula = blue) (generated with code adapted 
from Westwater et al., 2022) (c) Representative 
spectral data from a typical participant’s ACC 
ROI. Measured spectrum shows a typical ac-
quired signal, and residual indicates the differ-
ence between the raw data and the combined 
signals of all fit metabolite spectra (shown right 
with CRLB estimates).   
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age-related changes in neurotransmitter measures were examined using 
linear mixed-effects models with participant as a random effect and ROI 
hemisphere, sex, and fraction of gray matter in the voxel as covariates. 
For midline regions (the ACC and MPFC), hemispheres were not 
considered and linear regression was used, with sex and fraction of gray 
matter as covariates. All models were tested with and without these 
covariates. 

Three forms of age effects were tested: linear age, inverse age, and 
quadratic age; these are the functional forms that have previously 
characterized age-related change during this developmental period 
(Luna et al., 2004). The best form of age was chosen using Akaike’s 
Information Criterion (AIC), wherein the model with the lowest AIC was 
chosen as the best fit model (Akaike, 1974). For the majority of models, 
inverse age was the best fit (Supplementary Tables 9, 10, 11). For models 
in which no form of age was significantly different from the others, 

inverse age was chosen for consistency. To correct for multiple com-
parisons, we report adjusted p-values based on Bonferroni-correction, 
using the R package ‘stats’ (R Core Team, 2013), and a correction 
based on the number of ROIs being tested. Variables were z-scored to 
obtain standardized coefficients. 

To examine age-related changes in inter-subject variability, we used 
linear regression to test for age effects in the absolute residuals (i.e., 
deviation from the age-adjusted mean) of metabolite levels. Given the 
age-by-hemisphere interaction in the Glu/GABA ratio of the AI, we 
considered all regions separately for this analysis. Inverse age was used 
as that was previously characterized as the best model for both GABA 
and glutamate individually. 

In addition to metabolite levels, we were interested in examining 
correlation among metabolites, based on recent studies suggesting that 
correlation speaks to balance between GABA and glutamate, as well as 

Fig. 2. Glutamate/Cr (blue) and GABA/Cr (red) age effects across PFC regions of interest. Statistical values reflect linear mixed effects model fits for regions with 
both a left and right hemisphere and linear model fits for midline regions. Solid line and dots reflect left hemisphere and dashed line and open dots reflect right 
hemisphere where applicable. All are modeled with an inverse function. (A) left and right dorsolateral prefrontal cortex (B) left and right anterior insula (C) midline 
anterior cingulate cortex (d) midline medial prefrontal cortex. * p < 0.05, ** p < 0.01, *** p < 0.001. Asterisks reflect Bonferroni-corrected p-values. 
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demonstrating that young adult participants had balanced or correlated 
GABA and glutamate (Steel et al., 2020). To examine age-related 
changes in metabolite correlation, we used linear regression to look at 
the association between GABA and Glutamate and their interaction with 
age across the sample within each region individually while controlling 
for the same covariates as before. The interaction was visualized in two 
ways. First, correlation coefficients (r values) were computed for each 
age group of roughly equal sample size (10–16 (n = 32–38, 
15–19 M/17–20 F); 17–22 (n = 33–46, 17–24 M/16–23 F), 23–30 
(n = 42–27, 15–23 M/13–19 F))). Covariates were first residualized out 
prior to computing the correlation. Second, slope and standard error are 

modeled across a sliding window (each with 30 participants) while 
controlling for covariates. We then tested whether the correlation 
among the two older age groups was significantly different between 
regions by combining them into one group and using the R package 
‘cocor’ to compare correlations (Diedenhofen and Musch, 2015). 

3. Results 

3.1. Age-related changes in metabolite levels 

We characterized age-related changes in GABA/Cr and glutamate/Cr 

Fig. 3. Glutamate/GABA age effects across PFC regions of interest. Statistical values reflect linear mixed effects model fits for regions with both a left and right 
hemisphere and linear model fits for midline regions. All are modeled with an inverse function. Solid line and dots reflect left hemisphere and dashed line and open 
dots reflect right hemisphere where applicable. Legend refers to figures (A) and (B). (A) left and right dorsolateral prefrontal cortex (B) left and right anterior insula 
(C) midline anterior cingulate cortex (d) midline medial prefrontal cortex. 
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(Glu/Cr) including sex and fraction gray matter (frac GM) in the voxel as 
covariates in regions selected from across an MRSI slice, including 
dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), 
anterior insula (AIns), and medial prefrontal cortex (MPFC). For all 
models, three forms of age were tested – linear, inverse, and quadratic – 
and inverse age was the best form of age for these statistical models as 
per Akaike’s Information Criterion. In regions that had both a left and a 

right hemisphere, data from both hemispheres was included in statistical 
models with hemisphere included as a covariate, and age by hemisphere 
interactions considered. Results showed significant age-related de-
creases in Glu/Cr in the DLPFC (Standardized coefficient β [see 
methods] = 0.15, Bonferroni-corrected p = 0.016), ACC (β = 0.21, 
p = 0.0056), and AIns (β = 0.29, p = 6.5 ×10-9), and no change in the 
MPFC (β = 0.12, p = 0.24) (Fig. 2). These relationships remained 

Fig. 4. Age effects of inter-individual variability of glutamate/Cr. Statistical values reflect linear model fits for midline regions. All are modeled with an inverse 
function. (A) right dorsolateral prefrontal cortex (B) left dorsolateral prefrontal cortex (C) midline anterior cingulate cortex (D) midline medial prefrontal cortex (E) 
right anterior insula (F) left anterior insula. * p < 0.05, ** p < 0.01, *** p < 0.001. Asterisks reflect Bonferroni-corrected p-values. 
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significant upon inclusion of all covariates (Supplementary Table 1). 
There was a main effect of hemisphere in the DLPFC (β = − 0.40, 
p = 7.84 ×10-6) as well as the AIns (β = − 0.76, p = 2.28 ×10-28), with 
the left hemisphere having overall higher levels of Glu/Cr than the right. 
There were no significant interactions of age with hemisphere or sex in 
any of the regions. 

Results showed significant age-related decreases in GABA/Cr in the 
AIns (β = 0.20, p = 9.04 ×10-5) and the ACC (β = 0.26, p = 3.79 ×10- 

4), and no change in the MPFC (β = 0.11, p = 0.36) or DLPFC 
(β = − 0.01, p = 1.00) (Fig. 2). As with Glu/Cr, we observed a main ef-
fect of hemisphere in the DLPFC (β = − 0.26, p = 0.004) and AIns 
(β = − 0.49, p = 6.56 ×10-8), with higher GABA/Cr levels in the left as 
compared to the right hemisphere. Again, these relationships remained 
significant upon inclusion of all covariates (Supplementary Table 2). In 
the AIns, there was an uncorrected-significant age-by-hemisphere 
interaction, but this did not survive multiple comparisons correction 
(β = 0.16, Bonferroni-corrected p = 0.19). No other age-by-covariate 
interactions were observed. 

Age-related changes in the ratio of Glu/Cr to GABA/Cr were exam-
ined for each region of interest. Results showed no age-related changes 
in any of our regions of interest (Fig. 3; Supplementary Table 3). How-
ever, results showed a significant age-by-hemisphere interaction in the 
AIns (β = − 0.39, p = 5.88 ×10-5), which was driven by an age-related 
increase in Glu/GABA ratio in the right AIns (β = − 0.28, p = 0.00043) 
that was not significant in the left hemisphere (β = 0.11, p = 0.11). 

3.2. Decreased inter-subject variability through adolescence 

Age-related changes in inter-subject variability in metabolite levels 
were assessed using models of age-related change (described above) 
with the best fitting functional form of age (i.e., inverse age), and 
computing the absolute value of the residual of each metabolite relative. 
This approach captures the absolute deviation from the age-adjusted 
mean, with higher values indicating greater deviation, and lower 
values indicating metabolite levels very near the expected level for the 
participant’s age. Absolute deviation values were then assessed as a 
function of age to measure inter-subject variability. Due to the main 
effect of hemisphere as well as interaction effect, hemispheres were 
considered separately for all further analyses. Age-related decreases in 
variability in Glu/Cr were identified in ACC (β = 0.26, p = 0.018), right 
AIns (β = 0.24, p = 0.039), MPFC (β = 0.26, p = 0.021), and left DLPFC 
(β = 0.32, p = 0.0026) (Fig. 4) but not in left AIns or right DLPFC 
(Supplementary Table 4). Inter-subject variability in GABA/Cr did not 
change with age in any ROI (Fig. 5; Supplementary Table 5). 

3.3. Emergence of excitation and inhibition correlation with age 

To determine the extent to which age-related changes in GABA/Cr 
and Glu/Cr are inter-related, we measured GABA/Cr-Glu/Cr correlation 
as a function of age based on a previously reported approach (Steel et al., 
2020). While the Glu/GABA ratio provides a measure of the relative 
over- or under-abundance of each metabolite, it may be undermined by 
age-related changes in intersubject variability evident in our results 
limiting the ability to assess relative change. Correlation provides a 
measure of how glutamate and GABA levels tend to covary by region 
within a developmental sample, which may provide a measure of 
concordance that is better reflective of changes in balance in develop-
mental cross-sectional data (Rideaux, 2021; Steel et al., 2020). That is, if 
Glu and GABA are balanced, then the relative level of GABA should be 
associated with the relative level of Glu (i.e., both high, or both low), 
whereas relative mismatches in GABA and Glu levels (e.g., high GABA 
but low Glu, or vice versa) would be indicative of Glu-GABA imbalance. 
In order to examine whether Glu/Cr and GABA/Cr were correlated 
within regions in our sample, and to what extent these correlations 
varied with age, we used linear regression to examine the relationship 
between GABA/Cr and Glu/Cr and their interaction with age. Results 

showed that Glu/Cr and GABA/Cr were significantly associated in all 
our ROIs (Supplementary Table 6) and this association increased with 
age in the right AIns (β = − 0.20, p = 0.042), ACC (β = − 0.22, 
p = 0.0102), MPFC (β = − 0.19, p = 0.037), and a trend-level interac-
tion in the right DLPFC (β = − 0.21, p = 0.06) (Supplementary Table 7). 
There were no age-related effects in L DLPFC (β = − 0.08, p = 1.00) or L 
AIns (β = − 0.11, p = 1.00). To visualize these interactions 
non-parametrically, we computed group-wise correlations between 
GABA and Glu, and used a sliding window approach to assess the effect 
size of Glu-GABA associations within each age bin (Fig. 6). Both ap-
proaches illustrate that these significant interactions might reflect 
age-related increases in Glu-GABA balance as measured by the correla-
tion between them. 

4. Discussion 

This study describes a novel high-field (7 T) MR spectroscopic im-
aging approach using a large dataset to characterize age-related changes 
in glutamate/Cr and GABA/Cr in PFC to identify markers of critical 
period plasticity in adolescence. In accordance with our hypotheses, we 
found evidence for global age-related decreases in Glu/Cr across PFC. 
Contrary to our hypotheses, we did not find evidence for increases in 
GABA/Cr through adolescence, which appeared stable in DLPFC and 
MPFC, while showing decreases in AIns and ACC. Interestingly, we find 
that these age-related changes are best fit by statistical models that 
include inverse age as the form of age, which is akin to nonlinear tra-
jectories observed in studies of adolescent cognitive development. 
Importantly, while Glu/GABA ratios did not show systematic age-related 
change, we found age-related increases in the correlation of these me-
tabolites. Overall, these results, when coupled with evidence from the 
extant animal and postmortem literature, provide compelling new evi-
dence that through adolescence, there is dynamic change in excitatory 
and inhibitory processes which could inform models of an adolescent 
critical period of plasticity (Larsen et al., 2021). 

MRSI evidence of decreases in glutamate through adolescence may 
be driven by known related brain maturational changes including de-
creases in the density of pyramidal cell dendritic spines, particularly in 
layer 3 prefrontal cortex (Bourgeois et al., 1994; Huttenlocher, 1999; 
Petanjek et al., 2011; Rakic et al., 1986), reductions in AMPA GluR1 
subunits (Datta et al., 2015; Hoftman et al., 2017), NMDAR NR3A 
subunits (Henson et al., 2008), and genes involved in glutamate 
signaling (Harris et al., 2009). Indeed, a recent multimodal study found 
significant associations between MRSI Glu/Cr and PET-based measures 
of synaptic density using the radioligand [11 C]UCB-J (Onwordi et al., 
2021), supporting that changes in Glu may be associated with under-
lying developmental mechanisms such as synaptic pruning. 

Additionally, many of the regions in which we observed significant 
age-related decreases in metabolite levels showed age-related decreases 
in inter-subject variability of Glu/Cr. Inter-subject variability may be 
driven by greater intra-subject variability, as is evident in behavior 
(Klein et al., 2011; McIntosh et al., 2008; Montez et al., 2017; Tamnes 
et al., 2012) and brain function during cognitive tasks (Montez et al., 
2017). Developmental decreases in variability suggest that glutamate 
levels may fluctuate through adolescence, reflecting an adaptive period 
of plasticity that may be necessary for stabilization in adulthood. This is 
supported by our findings showing greater correlation between Glu/Cr 
and GABA/Cr in adulthood, reflecting convergence and equifinality with 
maturation. Future longitudinal follow-up studies delineating individual 
trajectories can more directly inform this hypothesis. 

There is strong evidence for increases in GABAergic transmission 
from animal models and post-mortem human studies, specifically in 
aspects of inhibition related to PV neurons. However, we did not find 
any regions exhibiting age-related increases in GABA. While this was in 
contrast to our hypotheses, it is notable there are other aspects of PFC 
GABA that show divergent age-related trajectories through adolescence, 
including stability of GABAergic synapse density (Bourgeois et al., 
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Fig. 5. Age effects of inter-individual variability of GABA/Cr. Statistical values reflect linear model fits for midline regions. All are modeled with an inverse function. 
(A) right dorsolateral prefrontal cortex (B) left dorsolateral prefrontal cortex (C) midline anterior cingulate cortex (D) midline medial prefrontal cortex (E) right 
anterior insula (F) left anterior insula. * p < 0.05, ** p < 0.01, *** p < 0.001. Asterisks reflect Bonferroni-corrected p-values. 
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1994), decreases in PV positive cartridges (Cruz et al., 2003) and GABA 
alpha 2 subunit expression (Hashimoto et al., 2009), and increases in PV 
positive varicosities (Erickson and Lewis, 2002). Taken together, these 
results could indicate that while MRS is not sensitive enough to pick up 
on specific changes in PV-positive neurons, it instead reflects a com-
posite view of many aspects of GABA signaling, providing a more 
generalized measure of the overall tone of GABAergic inhibition. 
Further, there remain limitations in using higher field strengths such as 
7 T to measure metabolites like GABA, including difficulty maximizing 
magnetic field homogeneity and the necessity of relatively longer 
acquisition times to acquire low concentration metabolites (Saleh et al., 
2018), which can be particularly challenging when scanning pediatric 
populations. These limitations can be mitigated through the use of 
spectral editing techniques (Saleh et al., 2018) and/or appropriate 
conventional scanning methodology (Hetherington, 2014). 

Instead, we found that GABA/Cr exhibited a more regionally het-
erogeneous pattern of age effects with no change in DLPFC and MPFC, 
and decreases in AIns and ACC. These divergent developmental trajec-
tories may reflect known differences in the functional recruitment of 
PFC through adolescence. For example, the activation of the ACC has 
been found to increase through adolescence into adulthood, mediating 
development of inhibitory control, while the AIns exhibits a protracted 
structural and functional developmental trajectory and is associated 
with attentional and interoceptive processes, aspects of cognition that 
show late development through adolescence (Uddin et al., 2011). This is 
in contrast to the DLPFC, which has been found to be engaged at 
adult-level levels by adolescence during cognitive control tasks (Ordaz 
et al., 2013; Simmonds et al., 2017). Consistent with this view, we found 
that the AIns and ACC showed protracted age-related decreases in 
GABA/Cr through our adolescent sample, while DLPFC and MPFC were 

already at adult levels. GABA decreases in the AIns and ACC may reflect 
known decreases in calretinin neurons and PV-containing chandelier 
cells (Caballero et al., 2014; Fish et al., 2013). Notably, evidence sug-
gests that GABA measured with MRS may reflect tonic neurotransmitter 
function instead of phasic processes (Dyke et al., 2017). Consistent with 
our results, the size of tonic inhibitory currents has been shown to 
decline through adolescence in mouse cingulate cortex (Piekarski et al., 
2017). In contrast, the lack of age effects for GABA levels in the DLPFC 
and MPFC are in line with a recent meta-analysis of MRS data showing 
GABA stability through adolescence (Porges et al., 2021). This could 
reflect either an earlier developmental plateau, consistent with func-
tional data, or opposing GABAergic processes, such as increases in PV 
and decreases in calretinin, that may give the appearance of stability in 
our MRSI data. 

Given the substantial differences between 3 T single-voxel MRS and 
our 7 T multi-voxel MRSI data, it is likely not surprising that our findings 
diverge from several earlier studies. 3 T MRI studies have typically not 
found age-related changes in glutamate (Blüml et al., 2013; Ghisleni 
et al., 2015; Gleich et al., 2015; Silveri et al., 2013), except for (Shimizu 
et al., 2017). One key difference from these previous studies is that 7 T 
MRSI allows us to separate the overlapping signals of glutamate and 
glutamine, and thus the decreases we observe may be more specifically 
associated with Glu, rather than the combined signal typically reported 
at 3 T. Further, some 3 T studies also show increases in GABA in adults 
compared to adolescents (Ghisleni et al., 2015; Silveri et al., 2013). 
However, lower-field strength GABA data is confounded by overlapping 
macromolecule signal that can have significant impacts on results (Bell 
et al., 2021). Importantly, our 7 T voxels are 9 mm by 9 mm by 10 mm 
as compared to 3 T MRS voxels, which are frequently larger. This allows 
us to more precisely define specific ROIs, as well as prioritize a higher 
fraction of gray matter in the voxel, all of which could have an impact on 
metabolite measurement (Choi et al., 2006). However, even at 7 T, MRSI 
provides a measurement of total metabolite levels within a voxel, and 
although we can provide greater specificity in metabolite measurement, 
we cannot differentiate the unique contributions of that metabolite in 
neurotransmission from involvement in other biological or metabolic 
processes. 

Glutamate/GABA balance has been typically assessed by calculating 
their ratio, assuming that they are positively related. We did not find 
age-related changes in the ratio of glutamate and GABA. The lack of 
widespread age-related changes in the Glu/GABA ratio indicates that 
aggregate metabolite levels do not show systematic age-related shifts 
within this age range. Substantial individual variability in adolescence 
in these metabolites may contribute to differences in their correlation 
across ages, rendering the ratio less likely to identify changes beyond 
those indicated by the individual metabolites alone (Steel et al., 2020). 
Indeed, our results show that Glu/Cr and GABA/Cr become more 
correlated with age; that is, those participants with higher or lower 
glutamate relative to the group also tended to have correspondingly 
higher or lower GABA, which may reflect greater E/I balance, as has 
been found in parietal cortex (Steel et al., 2020). 

Together, these findings provide compelling new evidence of 
development of excitatory and inhibitory systems through adolescence 
in frontal cortex which could be suggestive of critical period plasticity 
processes. Notably, cognitive development proceeds in a similar time-
line to the developmental changes reported here, with improvements in 
executive function through adolescence into adulthood (Ordaz et al., 
2013; Simmonds et al., 2017). Greater glutamate/GABA balance may 
support cognitive functions by enhancing signal-to-noise ratio and 
synchrony of neural activity (Larsen and Luna, 2018). Understanding 
the brain mechanisms underlying the transition from adolescence to 
adulthood informs our understanding of the processes driving normative 
development. This is critical for understanding disorders which may 
emerge as a result of impaired E/I developmental trajectories such as 
schizophrenia, which often first emerges in adolescence and has been 
associated with alterations in the balance of GABA and glutamate 

Fig. 6. Association between glutamate/Cr and GABA/Cr by age. Panels show 
association for each ROI (top: anterior cingulate cortex, left anterior insula, left 
dorsolateral prefrontal cortex; bottom: medial prefrontal cortex, right anterior 
insula, right dorsolateral prefrontal cortex). Grayscale bars (left y-axis) reflect 
correlation (r value) between GABA/Cr and Glu/Cr within each age group. Blue 
lines (right y-axis) reflect effect sizes of the GABA/Cr-Glu/Cr regression co-
efficients computed within a 30-subject sliding window (individual dots 
represent the association within each sliding window, plotted at the mean age 
within the window, and with x-error bars indicating the age range span, and y- 
error bars indicating the effect size SEM; blue lines are a loess curve fit across 
age windows). 
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(Glantz and Lewis, 2000; Gonzalez-Burgos and Lewis, 2008; Hoftman 
and Lewis, 2011). Gaining a more complete understanding of impaired 
GABA and glutamate developmental trajectories could better inform 
much-needed pharmaceutical therapies that act on these neurotrans-
mitters. Future longitudinal studies are needed to determine individual 
developmental trajectories, and to examine associations with behavioral 
indices of cognitive development as well as indices of improvements in 
signal-to-noise ratio. 
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2014. Fitting linear mixed-effects models 
using lme4. ArXiv Preprint ArXiv 1406, 5823. 

Bell, T., Stokoe, M., Harris, A.D., 2021. Macromolecule suppressed GABA levels show no 
relationship with age in a pediatric sample. Sci. Rep. 11 (1), 722. https://doi.org/ 
10.1038/s41598-020-80530-8. 

Blüml, S., Wisnowski, J.L., Nelson, M.D., Paquette, L., Gilles, F.H., Kinney, H.C., 
Panigrahy, A., 2013. Metabolic maturation of the human brain from birth through 
adolescence: insights from in vivo magnetic resonance spectroscopy. Cereb. Cortex 
23 (12), 2944–2955. https://doi.org/10.1093/cercor/bhs283. 

Bourgeois, J.P., Goldman-Rakic, P.S., Rakic, P., 1994. Synaptogenesis in the prefrontal 
cortex of rhesus monkeys. Cereb. Cortex 4 (1), 78–96. 

Caballero, A., Orozco, A., Tseng, K.Y., 2021. Developmental regulation of excitatory- 
inhibitory synaptic balance in the prefrontal cortex during adolescence. Semin. Cell 
Dev. Biol. https://doi.org/10.1016/j.semcdb.2021.02.008. 

Caballero, A., Flores-Barrera, E., Cass, D.K., Tseng, K.Y., 2014. Differential regulation of 
parvalbumin and calretinin interneurons in the prefrontal cortex during adolescence. 
Brain Struct. Funct. 219 (1), 395–406. https://doi.org/10.1007/s00429-013-0508-8. 

Calabro, F.J., Murty, V.P., Jalbrzikowski, M., Tervo-Clemmens, B., Luna, B., 2019. 
Development of hippocampal-prefrontal cortex interactions through adolescence. 
Cereb. Cortex. https://doi.org/10.1093/cercor/bhz186. 

Choi, I.-Y., Lee, S.-P., Merkle, H., Shen, J., 2006. In vivo detection of gray and white 
matter differences in GABA concentration in the human brain. NeuroImage 33 (1), 
85–93. https://doi.org/10.1016/j.neuroimage.2006.06.016. 

Cox, R.W., 1996. AFNI: software for analysis and visualization of functional magnetic 
resonance neuroimages. Comput. Biomed. Res. 29 (3), 162–173. https://doi.org/ 
10.1006/cbmr.1996.0014. 〈https://pubmed.ncbi.nlm.nih.gov/8812068/〉. 

Cruz, D.A., Eggan, S.M., Lewis, D.A., 2003. Postnatal development of pre- and 
postsynaptic GABA markers at chandelier cell connections with pyramidal neurons 
in monkey prefrontal cortex. J. Comp. Neurol. 465 (3), 385–400. 

Datta, D., Arion, D., Lewis, D.A., 2015. Developmental expression patterns of GABAA 
receptor subunits in layer 3 and 5 pyramidal cells of monkey prefrontal cortex. 
Cereb. Cortex 25 (8), 2295–2305. https://doi.org/10.1093/cercor/bhu040. 

Diedenhofen, B., Musch, J., 2015. cocor: a comprehensive solution for the statistical 
comparison of correlations. PLoS One 10 (4), e0121945. https://doi.org/10.1371/ 
journal.pone.0121945. 

Dorrn, A.L., Yuan, K., Barker, A.J., Schreiner, C.E., Froemke, R.C., 2010. Developmental 
sensory experience balances cortical excitation and inhibition. Nature 465 (7300), 
932–936. https://doi.org/10.1038/nature09119. 

Dyke, K., Pépés, S.E., Chen, C., Kim, S., Sigurdsson, H.P., Draper, A., Husain, M., 
Nachev, P., Gowland, P.A., Morris, P.G., Jackson, S.R., 2017. Comparing GABA- 
dependent physiological measures of inhibition with proton magnetic resonance 
spectroscopy measurement of GABA using ultra-high-field MRI. NeuroImage 152, 
360–370. https://doi.org/10.1016/j.neuroimage.2017.03.011. 

Erickson, S.L., Lewis, D.A., 2002. Postnatal development of parvalbumin- and GABA 
transporter-immunoreactive axon terminals in monkey prefrontal cortex. J. Comp. 
Neurol. 448 (2), 186–202. https://doi.org/10.1002/cne.10249. 

Fish, K.N., Hoftman, G.D., Sheikh, W., Kitchens, M., Lewis, D.A., 2013. Parvalbumin- 
containing chandelier and basket cell boutons have distinctive modes of maturation 
in monkey prefrontal cortex. J. Neurosci. 33 (19), 8352–8358. https://doi.org/ 
10.1523/JNEUROSCI.0306-13.2013. 

Gabard-Durnam, L.J., Flannery, J., Goff, B., Gee, D.G., Humphreys, K.L., Telzer, E., 
Hare, T., Tottenham, N., 2014. The development of human amygdala functional 
connectivity at rest from 4 to 23 years: a cross-sectional study. NeuroImage 95, 
193–207. https://doi.org/10.1016/j.neuroimage.2014.03.038. 

Ghisleni, C., Bollmann, S., Poil, S.-S., Brandeis, D., Martin, E., Michels, L., O’Gorman, R. 
L., Klaver, P., 2015. Subcortical glutamate mediates the reduction of short-range 
functional connectivity with age in a developmental cohort. J. Neurosci. 35 (22), 
8433–8441. https://doi.org/10.1523/JNEUROSCI.4375-14.2015. 

Glantz, L.A., Lewis, D.A., 2000. DEcreased dendritic spine density on prefrontal cortical 
pyramidal neurons in schizophrenia. Arch. Gen. Psychiatry 57 (1), 65–73. https:// 
doi.org/10.1001/archpsyc.57.1.65. 
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