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Abstract

Aging has been associated with widespread alterations in neural structure and function, but 

the underlying biochemical changes remain less understood despite recent neurophysiological 

work suggesting age-related alterations in the excitatory/inhibitory (E/I) balance. In the current 

study, we used 1H-MRS to quantify levels of excitatory (Glx: glutamate + glutamine) and 

inhibitory (GABA+: GABA + macromolecules) neurotransmitters in the calcarine cortex in 187 

healthy adults (19–79 years-old). These neurotransmitter estimates were used to compute the 

E/I ratio, and all three parameters were examined for aging effects. Given our large sample, we 

also conducted supplementary analyses to estimate the concentration of secondary metabolites 

commonly implicated in aging, including total creatine (tCr), total N-acetyl aspartate (tNAA), total 

choline (tCho), and myo-inositol (mI). Following best practices, metabolite concentrations were 

estimated relative to the unsuppressed water signal and corrected for voxel tissue composition 

(i.e., gray matter, white matter, CSF). Our results indicated significant age-related declines in both 
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GABA+ and Glx, along with a reduction in the E/I ratio, suggesting diminished inhibitory and 

excitatory tone with advancing age. We also found a decline in tNAA and an increase in tCr with 

increasing age. In summary, we provide compelling evidence through one of the largest studies 

of its kind for age-related shifts in excitatory and inhibitory neurotransmitter levels in the visual 

cortex. These changes may be critical to well-known, age-related physiological changes, including 

reduced neural selectivity and processing efficiency. These findings provide novel evidence that 

neurochemical alterations may contribute to the functional declines in cortical processing seen in 

healthy aging.
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1. Introduction

The number of Americans over age 65 has increased significantly over the past few decades 

and is expected to dramatically rise from about 58 million in 2022 to 82 million by 

2050 (US Census Bureau, n.d). These increases partially reflect the major advancements 

in healthcare that have been realized over the past 50 years, although with increasing age 

the prevalence of neurological disease also increases. Structural and functional MRI studies 

have consistently shown that healthy aging is associated with widespread brain changes. 

Structurally, aging is linked to volume loss and cortical thinning, particularly in frontal 

and parietal regions (Jernigan et al., 1991; Good et al., 2001; Resnick et al., 2003; Salat 

et al., 2004; Lemaitre et al., 2005; Walhovd et al., 2005; Fjell et al., 2009). Functionally, 

older adults exhibit reduced within-network connectivity, especially in the default mode 

network, which has been associated with poorer cognitive performance (Onoda et al., 2012; 

Betzel et al., 2014; Song et al., 2014; Sala-Llonch et al., 2015; Siman-Tov et al., 2017). 

Task-based studies corroborate and extend these connectivity findings, with decreased 

connectivity observed in networks supporting motor control, attention, and executive 

functions (Andrews-Hanna et al., 2007; Geerligs et al., 2014; Varangis et al., 2019), and 

widespread activation changes that are generally thought to reflect compensatory processing 

with increasing age (Grady et al., 1994; Cabeza, 2002; Reuter-Lorenz and Cappell, 2008; 

Dennis and Cabeza, 2011; Grady, 2012; Cabeza et al., 2018; Koen and Rugg, 2019).

While tremendous progress has been made in characterizing structural and functional brain 

changes with healthy aging, alterations in neurochemical processes with aging remain far 

less understood. Gamma-aminobutyric acid (GABA) and glutamate (Glu) are the principal 

inhibitory and excitatory neurotransmitters, respectively, in the human brain, and together 

maintain an excitation–inhibition balance that is widely thought to be a fundamental 

property of healthy brain function (Sears and Hewett, 2021). Both GABA and Glu have 

become central targets in recent studies leveraging proton magnetic resonance spectroscopy 

(1H-MRS) in the context of healthy aging (Puts and Edden, 2012), with many studies 

probing the impact of aging on GABA. Animal work suggests age-related declines in 

GABAergic function, including reductions in interneuron density and inhibitory synaptic 

contacts (Majdi et al., 2007; Hua et al., 2008; Peters et al., 2008; Stanley et al., 2012), 
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as well as alterations in GABA terminals (Rubio et al., 2012; Soler et al., 2017) and 

GABA-synthesizing enzymes (Akbarian et al., 1995; Marín, 2012; McQuail et al., 2015). 

Most human 1H-MRS studies have quantified GABA+, a composite signal including GABA 

and co-edited macromolecules, and the results have been mixed (Aufhaus et al., 2013; Gao 

et al. 2013; Silveri et al. 2013; Ghisleni et al. 2015; Rowland et al., 2016; Mikkelsen et al., 

2017; Porges et al., 2017a; Puts et al. 2017; Marenco et al., 2018; Simmonite et al. 2019). 

For instance, Gao et al. (2013) measured GABA+ across the adult lifespan (20–76 years) in 

frontal and parietal regions and reported a gradual age-related decline of approximately 4–5 

% per decade. Similar findings have been reported in the medial frontal lobe across multiple 

overlapping age ranges (e.g., 43–92 years: Porges et al., 2017a; 18–55 years: Marenco et al., 

2018). In contrast, Ghisleni et al. (2015) reported a positive association between GABA+ 

levels and age in left frontal cortex in a cohort of participants between 13 and 53 years 

(Ghisleni et al., 2015). Additionally, Aufhaus et al. (2013) investigated GABA+ and GABA 

levels in the anterior cingulate cortex of 21–52 year-old participants and found a decline 

with age only for GABA+, which may suggest that the relationship with age differs between 

GABA and GABA+, although further work is needed. A recent meta-analysis suggested 

that GABA may increase during development, plateau in adolescence, and gradually decline 

with age (Porges et al., 2021), which may explain some of the discrepancies, although most 

studies in this area have focused exclusively on adults so the early trajectory likely had a 

relatively limited impact.

The origin of such inconsistencies remains under investigation and likely reflects multiple 

factors. First, the age ranges across studies rarely align and most studies used between-group 

comparisons (e.g., young vs. older adults) rather than modeling age continuously. Second, 

GABA levels are region-specific, with higher concentrations in sensorimotor and occipital 

cortices and lower levels in prefrontal and parietal regions (Puts and Edden, 2012; Mullins 

et al., 2014), which may explain variable findings across studies that focused on different 

brain regions. Third, there has been wide variation in the type of quantification used (i.e., 

the reference metabolite chosen to report GABA levels). GABA is often reported relative to 

another high-concentration metabolite, such as total creatine (tCr), total N-acetyl aspartate 

(tNAA), or the internal tissue water signal. Although Gao et al. (2013) observed similar 

age-related GABA+ reductions using either tCr or tNAA, Maes et al. (2018) found opposite 

results when using GABA with two different references, highlighting the instability of both 

tCr and tNAA in aging studies. Moreover, unsuppressed water-referenced GABA levels are 

sensitive to tissue composition within the voxel (Porges et al., 2017b; Maes et al., 2018). 

Thus, tissue correction is strongly recommended in order to avoid partial volume effects 

(Harris et al., 2015; Porges et al., 2017b; Peek et al., 2023). However, relatively few aging 

studies have applied comprehensive tissue correction methods, such as water referencing 

combined with full segmentation-based correction for voxel composition (e.g., Thomson et 

al., 2024). Lastly, sample sizes have been modest, with many studies including fewer than 

50 participants which is problematic for aging (e.g., Aufhaus et al., 2013; Simmonite et al., 

2019), and only one exceeding 200 (Mikkelsen et al., 2017), although this study did not 

directly test for aging effects.

Beyond GABA, there are a collection of studies using 1H-MRS to examine age-related 

alterations in Glu concentration. While the evidence broadly suggests that Glu levels are 
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lower in older relative to younger adults, the findings in this area are also reasonably 

variable (for review, see Haga et al., 2009 and Cleeland et al., 2019; for a meta-analysis, 

see Roalf et al., 2020). While many of the same limitations identified above in aging studies 

of GABA also apply to aging studies of Glu, there are additional concerns, with the most 

concerning being that different studies focused on different metabolites in the Glu family. 

Essentially, estimating the concentration of Glu is particularly challenging for 1H-MRS due 

to its spectral overlap with glutamine resonances at the most commonly used magnetic 

field strengths (i.e., 1.5 to 3T). Thus, some studies of aging have collapsed across Glu and 

glutamine resonances to form a compound measurement commonly referred to as Glx (i.e., 

Glu + glutamine; Chang et al., 1996; Raininko and Mattsson, 2010; Chen et al., 2013; Ding 

et al., 2016; Mooney et al., 2017; Simmonite et al., 2019), while others have reported their 

best estimate of Glu (Sailasuta et al., 2008; Zahr et al., 2013; Suri et al., 2017) or individual 

concentrations of Glu and glutamine (Schubert et al., 2004; Kaiser et al., 2005; Hädel et al., 

2013; Marjańska et al., 2017), and this has likely contributed to the variation in age-related 

findings (Roalf et al., 2020).

In the current study, we aimed to overcome many of these previous limitations and quantify 

age-related changes in the levels of GABA+ and Glx in a large sample of healthy adults with 

an age range across most of the adult lifespan (i.e., n = 187, age range: 19–79 years; mean 

age ~ 48). Despite the considerable scientific interest in both metabolites, few 1H-MRS 

studies have probed both simultaneously in the context of aging and the few that have 

examined relatively small samples (Gao et al., 2013; Ghisleni et al., 2015; Huang et al., 

2017; Simmonite et al., 2019). Examining the two together is of particular interest given 

the recent surge of investigations focused on excitatory/inhibitory balance in the context 

of mental health (i.e., E/I ratio; Yizhar et al., 2011; Nelson and Valakh, 2015; Sohal and 

Rubenstein, 2019). Specifically, a collection of electrophysiological studies have linked 

aberrations in the E/I balance to multiple psychiatric and neurological conditions (Lisman, 

2012; Marín, 2012; Foss-Feig et al., 2017).

To estimate both simultaneously, we leveraged the well-known MEscher-GArwood Point 

RESolved Spectroscopy (MEGA-PRESS; Mescher et al., 1998; Mullins et al., 2014) J-

difference spectral editing sequence and modeled the association of metabolite estimates 

with age as a continuous variable, which should provide a more nuanced understanding 

of neurochemical aging profiles compared to traditional group comparisons. We angled 

the voxel to follow the calcarine fissure bilaterally, as this early visual region likely 

has the highest neuronal cell density in human and nonhuman primates (Collins et al., 

2010), estimated at approximately 75,000–90,000 neurons/mm3 in macaque and similar in 

humans, combined with relatively uniform tissue composition, factors known to improve 

signal-to-noise ratio for low-concentration metabolites like GABA (Garcia-Marin et al., 

2024; Mikkelsen et al., 2018). Following best practices (Tkáč et al., 2021; Peek et al., 2023), 

metabolite concentrations were expressed relative to the unsuppressed water signal, a more 

stable reference than tCr or tNAA, and fully corrected for voxel tissue composition, which 

is essential for accurate GABA quantification (Harris et al., 2015). While our focus was on 

GABA+, Glx, and the E/I ratio, given our large sample size, we also quantified secondary 

metabolites of general interest to the field, including tNAA, total choline (tCho), tCr, and 

myo-inositol (mI). tNAA, predominantly NAA, reflects neuronal viability and mitochondrial 
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metabolism (Patel and Clark, 1979; Ross and Sachdev, 2004; Rae, 2014; Scavuzzo et al., 

2018), while tCho includes choline-containing compounds involved in membrane turnover 

and signaling (Chiu et al., 2014; Harris et al., 2014; Rae, 2014). tCr is a marker of cellular 

energy homeostasis and acts as an osmolyte (Ross and Sachdev, 2004; Rae, 2014) and mI 

serves as a brain osmolyte and is implicated in glial activity and signaling (Novotny et al., 

2003; Duarte et al., 2014; Hoyer et al., 2014). Our primary hypotheses were that GABA+ 

and Glx concentrations, as well as the E/I ratio, would decrease with age. While the other 

metabolites were not a focus, we generally expected age-related declines in tNAA and 

increases in tCho and mI based on the literature (Cleeland et al., 2019).

2. Methods

2.1. Participants

One hundred eighty-seven cognitively healthy volunteers participated in the study (99 

females; mean age: 47.74 [SD: 17.22], range: 19–79 years). Participants were recruited 

from the Omaha, Nebraska metropolitan area through flyers, social media advertisements, 

and from participation in other studies in our laboratory. General cognitive status was 

measured using the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005). 

Exclusion criteria for the study included any diagnosed neurological or psychiatric disorder, 

any medical illness associated with CNS dysfunction, history of head trauma, substance 

use disorder, the presence of metallic implants that could impede magnetic resonance 

imaging (MRI) data acquisition, and pregnancy. All study procedures were approved by the 

Institutional Review Board of Boys Town National Research Hospital and all participants 

provided written informed consent prior to participating.

2.2. MRI and 1H-MRS acquisition

MRI and 1H-MRS data were acquired using a 3T Siemens Prisma scanner equipped with a 

32-channel head coil. High-resolution T1-weighted anatomical images were obtained using 

a 3D magnetization-prepared rapid acquisition gradient echo (MP-RAGE) sequence (TR = 

2400 ms, TE = 2.05 ms, 192 slices, slice thickness = 1 mm, voxel size = 1 × 1 × 1 mm3, 

FOV = 256 mm, flip angle = 8°, GRAPPA acceleration factor = 2). This anatomical scan 

was used for voxel placement and tissue segmentation. 1H-MRS data were acquired from 

a 30 × 20 × 20 mm3 voxel placed over the calcarine visual cortex (Fig. 1A) using the 

MEGA-PRESS sequence with these acquisition parameters: TR = 2000 ms, TE = 68 ms, 

192 transients (96 edit-ON, 96 edit-OFF), with frequency-selective editing pulses (full-width 

at half-maximum [FWHM] bandwidth = 55 Hz) applied at 1.9 ppm (edit-ON) and 9.0 

ppm (edit-OFF). Water suppression was performed using the VAriable pulse Power and 

Optimized Relaxation delays (VAPOR) technique (Tkáč et al., 1999). A MEGA-PRESS 

unsuppressed water reference scan was acquired using the same parameters (8 transients) to 

enable eddy-current correction of metabolite data (Klose, 1990). Additionally, a short-echo 

(TE = 30 ms, 4 averages) unsuppressed water scan was acquired to serve as a voxel-specific 

reference, allowing metabolite amplitudes to be scaled to the water signal and corrected 

for tissue composition and relaxation effects. This short TE-scan (30 ms) provides a more 

accurate estimate of the true water signal amplitude, as it is less affected by T2-weighting 
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effects than the water reference acquired with the same TE (68 ms) of the MEGA-PRESS 

sequence used for eddy-current correction.

While Glu is relatively abundant (6.0–12.5 mM), GABA exists at much lower concentrations 

(~0.5–2 mM) and overlaps with high-intensity metabolite signals, making it harder to 

resolve (Govindaraju et al., 2000; Harris et al., 2017). Glu can also be estimated with PRESS 

or STEAM sequences, but accurate GABA detection at standard field strengths generally 

requires edited sequences such as MEGA-PRESS. MEGA-PRESS uses a J-difference 

editing approach to isolate GABA by applying an editing pulse at 1.9 ppm in alternating 

scans (edit-ON/OFF), with the resulting difference spectrum revealing the edited GABA 

peak. Due to a considerable signal contribution of “co-edited” macromolecules at 3 ppm 

that cannot be reliably separated from the ‘pure’ GABA signal, the composite measure of 

these two compounds is commonly reported and referred to as “GABA+” in the literature 

(i.e., GABA + macromolecules; Henry et al., 2001; Edden et al., 2014). Glu quantification 

is similarly affected by its overlap with glutamine, and their combined signal is commonly 

reported as “Glx” (i.e., Glu + glutamine; Mullins et al., 2014), as noted above. Importantly, 

Glx concentration estimates that are derived from MEGA-PRESS off-resonance spectra 

strongly correlate with values obtained using conventional PRESS (Öngür et al., 2011; 

Stan et al., 2015; Maddock et al., 2016, 2018), making MEGA-PRESS a robust method 

for simultaneous quantification of GABA+ and Glx (O’Gorman et al., 2011; Puts and 

Edden, 2012; Harris et al., 2017; Maddock et al., 2018). The MEGA-PRESS sequence 

used in this study was obtained through a research agreement with the Center for Magnetic 

Resonance Research (CMRR) at the University of Minnesota (https://www.cmrr.umn.edu/

spectro/; Marjańska et al., 2013; Tremblay et al., 2014).

2.3. 1H-MRS processing and analysis

Raw 1H-MRS data (difference and edit-OFF spectra) were processed using Osprey (Version 

2.9.0; Oeltzschner et al., 2020), an open-source 1H-MRS analysis toolbox implemented 

in Matlab (version 2018b). Osprey provides a standardized automated pipeline comprising 

preprocessing, spectral modeling, voxel coregistration, tissue segmentation and metabolite 

quantification. Preprocessing included eddy-current correction using the unsuppressed 

water reference scan, followed by frequency and phase correction using robust spectral 

registration (Near et al., 2015; Mikkelsen et al., 2020; Oeltzschner et al., 2020). Fourier 

transformation and water signal removal were subsequently applied. Edit-ON and edit-OFF 

spectra were then averaged and subtracted to isolate GABA+ at 3.02 ppm by removing 

overlapping metabolite signals (creatine, phosphocreatine, N-acetylaspartate) from the 

difference spectrum. Spectral modeling was conducted on both edit-OFF (Fig. 1B, top) 

and difference spectra (Fig. 1B, bottom) using the Osprey fitting algorithm, applying a 

default fitting range of 0.5–4 ppm, and knot spacing of 0.4 ppm (Oeltzschner et al., 

2020). Average metabolite spectra were modeled using Osprey’s basis set, which includes 

metabolites simulated via density matrix methods using the FID-A toolbox (Simpson et 

al. 2017). This basis set was specifically tailored for the Siemens scanner, MEGA-PRESS 

sequence, and a 55 Hz editing pulse bandwidth. Macromolecular and lipid contributions 

were modeled using Gaussian basis functions (Oeltzschner et al., 2020). A total of 

18 metabolites were included in the basis set: ascorbic acid, aspartic acid, creatine, 
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CrCH2, GABA, Glu, glutamine, glycerophosphocholine, glutathione, mI, lactate, NAA, 

N-acetylaspartylglutamate, phosphocholine, phosphocreatine, phosphatidylethanolamine, 

scyllo-inositol, and taurine. Five macromolecules (MM09, MM12, MM14, MM17, MM20) 

and three lipids (Lip09, Lip13, Lip20) were included in the edit-OFF models. Two 

macromolecular components (MM09, coMM3) were included in the difference spectra 

models, with a constraint on their relative amplitudes to stabilize the co-edited MM model 

component at 3.0 ppm (Zöllner et al., 2022). Composite estimates were further calculated 

as tNAA (total NAA; NAA + N-acetylaspartylglutamate), tCr (total creatine; creatine + 

phosphocreatine), tCho (total choline; glycerophosphocholine + phosphocholine).

Coregistration of the 1H-MRS voxel to the anatomical T1-weighted image and image 

segmentation into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) 

fractions was performed using SPM12 (Wellcome Department of Cognitive Neurology). 

All voxel placements were visually inspected for accuracy. Metabolite concentrations were 

estimated relative to the unsuppressed water signal from the short TE water scan. All 

metabolite concentration estimates were corrected for voxel tissue composition (GM, WM, 

CSF fractions), with tissue-specific water content and T1 and T2 relaxation time literature 

values described previously (Gasparovic et al., 2006; Puts et al., 2013; Harris et al. 2015; 

Oeltzschner et al., 2020). Given the impact of GM tissue composition on metabolite 

estimates, we conducted follow-up analyses to assess the integrity of the correction, and 

these are reported in the Supplemental Materials. Concentration estimates are reported 

in institutional units (i.u), which approximate millimolar units. GABA+ was quantified 

from the difference spectra, while all other metabolites were quantified from the edit-OFF 

spectra. All spectra were visually inspected for quality, and quantitative quality metrics were 

extracted from Osprey, including creatine signal-to-noise ratio (Cr_SNR), creatine linewidth 

(Cr_FWHM), water linewidth (water_FWHM), frequency shift, relative residual amplitude 

of the edit-off spectrum (relResA), and the GABA-edited difference spectrum (relResdiff1). 

In this study, we focused on GABA+, Glx, and the E/I ratio, and additionally reported tNAA, 

tCho, mI and tCr to enrich the literature. We additionally computed the E/I ratio index as 

Glx/GABA+ for each participant.

2.4. Statistical analysis

Statistical analyses were performed using SPSS (version 29). We identified and excluded 

outliers (i.e., ±3 SD from the mean) per metabolite prior to statistical testing. Of note, the 

exclusion of an outlier for one metabolite did not lead to removal of the corresponding 

spectrum from all other metabolites. To examine the relationship between GABA+, Glx, 

E/I ratio, tNAA, tCho, mI, tCr and healthy aging, we conducted Pearson correlations. We 

also correlated GM, WM, and CSF voxel fractions with age to assess age-related tissue 

composition differences. In addition, GABA+ and Glx analyses were followed up with two-

tailed, independent-samples t-tests comparing the younger and older participants to improve 

interpretation. Finally, to assess potential effects of cognitive status, additional confirmatory 

correlations between age and metabolite levels were performed after excluding participants 

with MoCA scores below 22.
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3. Results

Across the full sample, the mean MoCA score was 26.97 (SD: 2.38; range: 19–30), with 

only seven participants scoring below 22, including six who scored 21 and one who scored 

19. We did not exclude anyone based on MoCA scores (see below). The mean and SD of 

the spectra quality metrics were as follows: Cr_SNR = 110.65 ± 21.91, Cr_FWHM = 6.36 

± 0.71 Hz, water_FWHM = 6.63 ± 0.82 Hz, frequency shift = −3.38 ± 1.82 Hz, relResA 

= 9.94 ± 21.16, and relResdiff1 = 3.95 ± 6.86. Exploratory Pearson correlations between 

spectra quality metrics and age are reported in the Supplemental Materials. Although 

these parameters were examined to ensure overall data quality and consistency, we did 

not apply them as exclusionary criteria as hard thresholds for exclusion do not currently 

exist. Instead, metabolite outliers were excluded based on values exceeding ±3 SD from 

the mean (see previous section), consistent with common practices for outlier detection. 

Following exclusion of outliers, 184 spectra were included in the final analyses of GABA+ 

(97 females; mean age: 47.46 [SD: 17.20], range: 19–79 years). In addition, 186 spectra 

were included in the final analyses of Glx (98 females; mean age: 47.87 [SD: 17.18], range: 

19–79 years), tNAA (99 females; mean age: 47.59 [SD: 17.14], range: 19–79 years) and tCr 

(99 females; mean age: 47.59 [SD: 17.14], range: 19–79 years). Finally, for the E/I ratio, 

183 spectra were included in the final analyses (96 females; mean age: 47.58 [SD: 17.16], 

range: 19–79 years). As expected, the GM fraction of the 1H-MRS voxel decreased with age 

(0.61 ± 0.06; r = −0.543, p < .001), while WM (0.28 ± 0.06; r = 0.176, p = .016) and CSF 

(0.11 ± 0.05; r = 0.477, p < .001) fractions increased with age. All metabolite concentration 

estimates were corrected for voxel tissue composition.

Pearson correlations indicated a significant negative correlation between GABA+ and Glx 

concentration estimates and age (GABA+: r = −0.172, p = .02; Glx: r = −0.270, p < .001; 

Fig. 2). To further examine age-related effects on GABA+ and Glx levels and improve 

comparability to past studies, we conducted independent samples t-tests on younger and 

older groups. First, participants who fell within ±0.5 SDs of the mean age of the full sample 

were excluded, and those 0.5 SD above the mean were categorized into the older group 

while those 0.5 SD below the mean became members of the younger group. The two groups 

were closely matched for GABA+ (Younger: n = 67; 37 females; mean age: 28.3 [SD: 

5.71], range: 19–39 years; Older: n = 70; 36 females; mean age: 65.7 [SD: 6.53], range: 

56–79 years) and Glx analyses (Younger: n = 67; 37 females; mean age: 28.6 [SD: 5.83], 

range: 19–39 years; Older: n = 69; 35 females; mean age: 66.3 [SD: 6.23], range: 57–79 

years). Complementing the correlational analyses, the results indicated that GABA+ (t(131) 

= 3.22, p = .0016) and Glx levels (t(134) = 3.80, p < .001) were significantly lower in 

older compared to younger adults (Fig. 2). Regarding the E/I ratio, Pearson correlations 

indicated a significant negative correlation (r = −0.150, p = .043; Fig. 3). Finally, regarding 

the other metabolites, a significant negative correlation between tNAA and age (r = −0.340, 

p < .001) and a positive correlation between tCr and age (r = 0.159, p = .03; Fig. 4) were 

also observed. No significant correlations were found between age and mI or tCho.

To assess whether our findings were possibly affected by cognitive decline in this healthy 

aging sample, we re-computed our analyses without the seven participants who scored below 

22 on the MoCA. We chose 22 as the cutoff as this is a conservative threshold that is often 
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used to identify early-stage mild cognitive impairment. When the seven participants with 

MoCA scores below 22 were excluded, the correlation between age and GABA+ slightly 

strengthened (r = −0.214, p = .004), and the same was observed for the age-Glx correlation 

(r = −0.299, p < .001). The correlation of the E/I ratio with age was not affected (r = −0.149, 

p = .048). These findings indicate that the observed age-related associations were not driven 

by participants with lower cognitive scores.

4. Discussion

In this study, we investigated age-related neurochemical changes in a large cohort of healthy 

adults (N = 187; age range: 19–79 years) using 1H-MRS to quantify GABA+, Glx, and the 

E/I ratio in the calcarine cortex, a region chosen for its high neural density and homogenous 

tissue composition (Collins et al., 2010; Garcia-Marin et al., 2024), which make it ideal for 

quantifying metabolites such as Glx and GABA+. We found robust negative associations 

between age and both GABA+ and Glx levels, suggesting that healthy aging is accompanied 

by a gradual decline in both inhibitory and excitatory neurotransmitter pools within the 

occipital cortex. Notably, we also observed a significant age-related reduction in the Glx/

GABA+ ratio, a proxy for E/I balance. In addition, we conducted supplementary analyses 

to quantify a set of secondary metabolites and found that tNAA decreased significantly with 

age, while tCr increased with age. No age-related associations were observed for mI or tCho. 

Together, these results provide a comprehensive aging profile of neurochemical changes in 

the visual cortex and contribute to a growing literature on metabolic and neurotransmitter 

concentrations in humans.

Our findings of decreased GABA+ levels with age are in agreement with some previous 
1H-MRS studies. For example, Simmonite et al. (2019) reported significantly lower occipital 

GABA+ concentrations in older adults (aged 59–87) compared to younger ones (aged 18–

23). Likewise, Gao et al. (2013) demonstrated reductions in GABA+ with increasing age 

across frontal and parietal cortices in adults aged 20–76, and similar findings were reported 

in the frontal cortex in 43–92 year-olds (Porges et al., 2017a). However, others have reported 

the opposite pattern of increased GABA with age in the frontal cortex (Ghisleni et al., 

2015), or no change in the anterior cingulate cortex (Aufhaus et al., 2013). As mentioned 

in the introduction, such inconsistencies may reflect the frequent use of between-group (i.e., 

younger vs. older groups) compared to continuous approaches, relatively small sample sizes 

for aging research, the focus on different brain regions in different studies, different degrees 

of sophistication in the tissue composition correction, and/or the type of reference compound 

used (i.e., relative to water or a high concentration metabolite). In the current study, we 

attempted to address and overcome these issues by using a large sample that extended across 

most of the adult lifespan, performing both between group and continuous comparisons, 

and quantifying GABA+ relative to unsuppressed water, while correcting for effects of 

tissue composition (i.e., GM, WM, CSF) on tissue water content and water relaxation 

times. Our between-group and continuous comparisons yielded equivalent findings and are 

in agreement with a recent meta-analysis focused on lifespan changes that suggested that 

GABA+ rises during development, plateaus in early adulthood, and declines with aging 

(Porges et al., 2021). Support for such age-related declines in GABA+ with aging also 

comes from animal models. Studies in aged cats and monkeys have shown reductions 
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in the number and function of GABAergic neurons in the visual cortex (Leventhal et 

al., 2003; Hua et al., 2008), despite preserved total neuron count, suggesting a selective 

vulnerability of inhibitory systems. Reductions in GABAergic interneuron density, GABA 

receptor expression, and enzyme levels have also been observed in rodent hippocampus 

and cortex (Majdi et al., 2007; Rubio et al., 2012; Stanley et al., 2012; Soler et al., 2017). 

Importantly, these changes often occur independently of gross neuronal loss, reflecting 

a functional downregulation of inhibitory signaling. These changes are consistent with 

our observed decrease in GABA+ levels and may reflect a functional downregulation of 

inhibitory tone in aging rather than structural degeneration, especially since we corrected for 

GM volume.

Parallel to the decline in GABA+, we also found that Glx concentrations decreased with 

age in the calcarine cortex. Glx, comprising Glu and glutamine, reflects the excitatory pool, 

and the findings focusing on Glx have been more consistent than the GABA+ literature. 

For instance, Marjańska et al. (2017) reported reduced levels in the occipital cortex of older 

(aged 70–88) compared to younger adults (aged 19–22), while Gao et al. (2013) observed 

significant negative correlations between Glx and age in both frontal and parietal cortices. 

Similar age-related decreases have been reported across other brain areas, including the 

anterior cingulate (Hädel et al., 2013), motor cortex (Kaiser et al., 2005), precuneus (Suri 

et al., 2017), striatum (Zahr et al., 2013) and basal ganglia (Ghisleni et al., 2015). The 

current data support and extend these findings by replicating the pattern in the largest sample 

to date, correcting for tissue composition (since most past studies had not), and showing 

the same pattern of findings using both between-groups and continuous models of aging. 

While our approach was rigorous and leveraged a large sample, another recent large-scale 

study in 102 individuals (age range: ~20s–60 s years) did not show age-related Glx changes 

after tissue- and relaxation correction, derived from short-TE 1H-MRS measurements, in 

the posterior cingulate cortex and the centrum semiovale (Gong et al., 2022). However, this 

study used the PRESS sequence and the gray matter content in both of the target voxels 

was likely considerably less than the current study, which may have contributed to the 

observed disparities. Given that Glu is the brain’s primary excitatory neurotransmitter and 

plays a central role in synaptic plasticity and neuroenergetic metabolism (Meldrum, 2000; 

Magistretti and Allaman, 2015), the reductions in Glx observed in the current study likely 

reflect broader age-related declines in synaptic integrity and metabolic efficiency (Mattson 

and Magnus, 2006; Fjell and Walhovd, 2010). Moreover, diminished excitatory tone in 

sensory regions like the calcarine cortex may contribute to the well-documented age-related 

declines in perceptual sensitivity and cortical responsivity (Schmolesky et al., 2000; Hua 

et al., 2006; Yu et al., 2006; Betts et al., 2007). For instance, Hua et al. (2006) reported 

elevated spontaneous activity and reduced orientation selectivity in visual cortical neurons 

of aged cats, while Yu et al. (2006) found similar functional degradation in senescent rhesus 

monkeys. These findings align with the notion that age-related reductions in glutamatergic 

tone may impair stimulus-specific neuronal responsiveness and contribute to the functional 

decline of sensory systems in aging. Future work should examine whether these age-related 

declines in Glx underlie the well-known age-related increases in spontaneous cortical 

activity seen in the motor cortices (Heinrichs-Graham and Wilson, 2016; Heinrichs-Graham 

et al., 2018) and other brain regions, and/or if conditions with weaker spontaneous neural 
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activity (Springer et al., 2023; Schantell et al., 2024; Webert et al., 2024) are associated with 

increased Glx.

Importantly, we also observed a significant age-related decline in the Glx/GABA+ ratio, a 

measure that is more frequently being used as a proxy for E/I balance. To our knowledge, 

only a few prior 1H-MRS studies have reported trajectories of Glx/GABA+, primarily 

focusing on development through early adulthood (Thomson et al., 2024). For instance, 

Thomson et al. (2024) used nonlinear modeling and found a robust decline in Glx/GABA+ 

ratio from age five to 35 years, primarily driven by reductions in Glx. Extending these 

findings, our results demonstrate that this imbalance continues into older age, reflected 

by parallel reductions in both excitatory and inhibitory neurochemical pools. A lower E/I 

ratio may indicate reduced excitatory drive and/or a compensatory shift toward increased 

inhibition, potentially dampening cortical responsiveness and limiting neural flexibility. 

Animal studies provide further support for this interpretation, as aged mice are known to 

exhibit reduced Glu/GABA ratios in the somatosensory cortex, accompanied by impaired 

synaptic responsiveness and diminished plasticity (Liguz-Lecznar et al., 2015). Likewise, 

cognitively-impaired aged rats have been shown to exhibit a selective reduction in excitatory 

input without a corresponding decline in inhibition in the parietal cortex, leading to a 

relative increase in inhibitory tone (Wong et al., 2006). Further, work in nonhuman primates 

has shown age-related reductions in the frequency of spontaneous excitatory postsynaptic 

currents along with increased inhibitory postsynaptic currents in the prefrontal cortex, 

indicating a shift in synaptic signaling toward inhibition (Luebke et al., 2004). Our in 
vivo findings contribute to this literature by demonstrating similar E/I alterations within 

a primary sensory region, namely the visual cortex, where age-related structural decline 

is thought to be minimal (Leuba and Garey, 1987; Raz et al., 2004). Indeed, evidence of 

age-related changes in visual cortex are primarily physiological in nature, with senescent 

animals exhibiting broader orientation tuning, elevated baseline firing rates, and slowed 

temporal processing in early visual areas, patterns linked to altered intracortical inhibition 

and reduced GABA levels (Schmolesky et al., 2000; Mendelson and Wells, 2002; Leventhal 

et al., 2003; Hua et al., 2006; Wang et al., 2006). Taken together, these results suggest that 

neurochemical and physiological alterations play a central role in age-related declines in 

visual cortical function.

In addition to primary neurotransmitters, we conducted supplementary analyses to quantify 

secondary metabolites including tNAA, tCho, tCr, and mI. Most notably, we observed an 

age-related decline in tNAA, which has been consistently reported across both cortical 

and subcortical regions and widely interpreted as a marker of reduced neuronal integrity, 

dendritic atrophy, and/or diminished mitochondrial function with age (Erickson et al., 2012; 

K. I. 2015; Hadel et al., 2013; Marjańska et al., 2017; Suri et al., 2017). Although again 

the findings have not been universal, as Gong et al. (2022) did not find tNAA or NAA 

decreases with age in the posterior cingulate cortex or centrum semiovale. Conversely, we 

found a significant increase in tCr with age, consistent with previous studies (Chiu et al., 

2014; Marjańska et al., 2017), including several involving large-sample studies (Charlton 

et al., 2007, n = 106; McIntyre et al., 2007, n = 106; Reyngoudt et al., 2012, n = 90; 

Suri et al., 2017, n = 147; Gong et al., 2022, n = 102). Age-related increases in tCr 

are commonly interpreted as reflecting compensatory shifts in cellular energy metabolism, 
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given creatine’s role in ATP buffering. Finally, we did not observe significant associations 

between age and either mI or tCho, which are in line with several investigations reporting no 

age-related change in mI (Reyngoudt et al., 2012; Chiu et al., 2014; Ding et al., 2016; 

Eylers et al., 2016) or tCho (Reyngoudt et al., 2012; Hadel et al., 2013; Z.-Y. Yang 

et al., 2015), although some other studies have found age-related associations (Zahr et 

al., 2013; Yang et al., 2014; Z.-Y. 2015; Suri et al., 2017; Gong et al., 2022). These 

mixed findings highlight the methodological heterogeneity across the 1H-MRS literature, 

including differences in voxel location, tissue correction, reference choices, and acquisition 

parameters. In addition to such methodological heterogeneity, questions also remain about 

best practices in estimating metabolites using 1H-MRS. While such questions regarding best 

practices exist for all noninvasive imaging modalities, some of the current ones for 1H-MRS 

are that corrections for water content as well as metabolite and water relaxation times (i.e., 

the Gasparovic method; Gasparovic et al., 2006) have long relied on literature reference 

values, which in general are sparse and do not consider the potential age dependencies of 

water content, water relaxation times, or metabolite relaxation times. Several recent large-

scale studies suggest that these parameters may change in a region-specific manner with 

age (Murali-Manohar et al., 2024, 2025; Hupfeld et al., 2025; Simegn et al., 2025). Such 

age dependencies, as well as differences between segmentation algorithms (Archibald et 

al., 2025), could confound many correction approaches and affect metabolite concentration 

estimates, but more work is needed and currently ongoing. To this end, large-scale datasets 

like that generated here will be a valuable resource for those interested in clarifying 

the complex interplay between age-related changes of anatomy, water content, relaxation 

behavior, and metabolite concentration estimation.

Before closing, it is important to consider several limitations. First, our results are 

limited to the calcarine cortex, a region chosen for its favorable properties for 1H-MRS 

acquisition (i.e., high neural density and relatively homogeneous tissue composition). Since 

both GABA+ and Glx levels may vary differently with age across the cortex, caution 

is warranted in generalizing these findings to other brain regions. Future studies should 

aim to simultaneously investigate GABA+ and Glx levels across multiple regions (e.g., 

prefrontal and parietal cortices) to determine whether similar age-related neurochemical 

patterns emerge. Second, while MEGA-PRESS is specifically optimized to detect GABA+, 

the signal includes contributions from co-edited macromolecules. Although this convention 

is widely adopted, it remains a limitation of the method, and future work could consider 

approaches that more selectively quantify GABA. Along the same lines, a key benefit 

of MEGA-PRESS is that it also provides reliable Glx quantification from the edit-OFF 

spectrum, making it a robust method for simultaneously measuring GABA+ and Glx 

(O’Gorman et al., 2011; Puts and Edden, 2012; Harris et al., 2017; Maddock et al., 2018). 

Nonetheless, future studies could benefit from using PRESS or sLASER sequences, which 

are more tailored to an optimal detection of Glx and other metabolites (e.g., tNAA, tCr, 

tCho and mI), in order to confirm whether our age-related effects hold using different 

acquisition methods. Third, as discussed above, age-related changes in water and metabolite 

relaxation times may influence concentration estimates. While our quantification approach 

included standard tissue and relaxation corrections based on literature values, future studies 

should incorporate age-specific relaxation parameters, such as those recently made available 
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in atlas-based frameworks (Simegn et al., 2025) to improve the accuracy of metabolite 

quantification across the adult lifespan. Finally, our sample was comprised of healthy aging 

adults and future work should examine patients with neurological disorders to determine 

whether these accentuate the decline in neurotransmitter levels with aging.

Despite these limitations, the present study offers several important strengths that advance 

our understanding of key neurotransmitter changes in the context of healthy aging. By 

leveraging a large cross-sectional sample (n = 187) spanning most of the adult lifespan 

(19–79 years) and applying rigorous methods, we were able to assess GABA+, Glx, and 

the E/I ratio simultaneously, alongside secondary metabolites such as tNAA, tCr, tCho and 

mI, and model the effects of aging. Our use of water-referenced metabolite quantification 

and full tissue composition correction aligns with current best practices and enhances the 

reliability, validity, and generalizability of our findings. In addition, targeting the calcarine 

cortex enabled optimized signal-to-noise ratios for detecting subtle age-related differences 

in the low-concentration metabolites. Collectively, these methodological strengths position 

our study as a robust contribution to the growing literature on neurochemical markers of 

healthy aging and provide a strong foundation for future longitudinal and multi-regional 

investigations.
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Fig. 1. Voxel placement and edit-OFF and difference spectra.
A) Example of 1H-MRS voxel placement, centered on the calcarine visual cortex. B) 
Example of model fit (yellow line) for the edit-OFF (top) and difference (bottom) spectra.
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Fig. 2. Age-related decreases in GABA+ and Glx.
(Top): Age was negatively correlated with GABA+ (top left) and Glx (top right) across 

all participants. To improve comparability with past work, we also divided the sample into 

age groups based on ±0.5 SDs of the full group’s mean age, such that participants 0.5 SDs 

above the mean became members of an older group (dark blue), and those 0.5 SDs below the 

mean became part of the younger group (light blue). Participants within ±0.5 SD were not 

included in this aspect of the analysis (white dots). (Bottom): Two-sample t-tests revealed 

significantly lower GABA+ (bottom left) and Glx (bottom right) levels in the older group 

compared to their younger counterparts; * p = .0016; ** p < .001.
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Fig. 3. Age-related decreases in the excitatory/inhibitory (E/I) ratio.
Age was negatively correlated with the E/I ratio across all participants.
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Fig. 4. Age-related decreases in tNAA and increases in tCr.
Age was negatively correlated with tNAA (top) and positively correlated with tCr (bottom) 

across all participants.
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