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ABSTRACT

INTRODUCTION: The two main neurotransmitters in the human brain are excitatory
glutamate and inhibitory gamma-aminobutyric acid (GABA). Measuring their levels in the
living brain is an important readout for studies investigating the pathophysiology of psychiatric
disorders. However, numerous factors may influence neurotransmitter levels; therefore, it is
important to determine their effects. Here, we studied the effects of age, sex, and education

level on glutamate and GABA levels.

METHODS: A total of 69 healthy subjects, aged 18-49 years were investigated, with a sex
ratio of 29 males / 40 females. GABA+ and glutamate + glutamine (Glx) levels were measured
using a MEGA-PRESS sequence at 3T in the anterior cingulate cortex (ACC). Water- and
creatine-referenced GABA+ and Glx measurements were performed to compare different

referencing and correction approaches and examine the influence of demographic factors.

RESULTS: We found a significant influence of sex, age, and education level on
neurotransmitter levels. Glx levels were higher in the ACC in men than in women, whereas
GABA+ levels were similar between the sexes. Age was positively correlated with GABA+
levels in the ACC in the entire cohort. In contrast, Glx levels were negatively correlated with
age in the ACC of the entire cohort and in women only. Education level was negatively

correlated with Glx levels in the ACC in men.

CONCLUSION: Our data support the notion that both age and sex affect glutamate and GABA
levels in the human brain. Furthermore, our results imply that MRS studies should also consider

the education level of subjects.

Word count in the abstract: 250

Keywords: anterior cingulate cortex; cognition; Glx; MEGA-PRESS; MRS; y-
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1. INTRODUCTION

Normal functioning of the human brain is based on the fine-tuned balance between the two
major neurotransmitters, excitatory glutamate (Glu) and inhibitory gamma aminobutyric acid
(GABA). Glutamate is an immediate precursor of GABA, and Glu is synthesized from
glutamine (GIn). These three metabolites participate in complex neurotransmitter cycling
involving numerous enzymes and transporters in both neurons and astrocytes (Bak et al. 2006).
Both GABA and Glu play multiple roles. Among others, Glu is critically involved in
neuroplasticity (Mattson 2008) and neurotoxicity (Choi 1988), whereas the GABAergic system
plays a key role in cognitive functions, such as learning and memory (Koh et al. 2023) and
orchestrating neuronal networks (Buzsdki & Chrobak 1995). Disruption of this
excitatory/inhibitory balance has been implicated in numerous neuropsychiatric disorders,
including schizophrenia-spectrum disorders (Merritt et al. 2021a; Nakahara et al. 2021),
depressive and anxiety disorders (Pollack et al. 2008; Duman et al. 2019; Sarawagi et al. 2021;
Tao et al. 2025), autism spectrum disorders (Horder et al. 2018), epilepsy (Sarlo & Holton
2021), dementia (Ebrahimi et al. 2025), and others (Maddock & Buonocore 2011; Zahid et al.
2023; Zhang et al. 2024). Therefore, measuring Glu and GABA levels in vivo is an important
readout for studies investigating the physiology of neurocognitive and psychiatric disorders and

the effectiveness of therapeutic strategies.

Proton magnetic resonance spectroscopy ('H-MRS) is a powerful, non-invasive method
that enables the simultaneous detection of in vivo metabolites in the brain including GABA and
Glu. As Glu and GIn peaks partially overlap in the MR spectrum, the sum of Glu and Gln (Glx)
is often reported as a measure of glutamatergic metabolite concentrations. Compared to other
brain metabolites, the concentration of GABA in the human brain is relatively low (~1-2 mM);
therefore, conventional MR spectroscopy (MRS) techniques only allow the measurement of
macromolecules and metabolites that are present in much higher concentrations in the brain,
such as Glx, N-acetyl aspartate (NAA), choline (Cho), and creatine (Cr). The measurement of
GABA is particularly demanding, not only because of its low concentration but also because
the GABA peak in the spectra overlaps with neighboring metabolites with much higher
concentrations, such as NAA or Cr (Puts & Edden 2012; Kanagasabai et al. 2024). Several
strategies have been developed for selectively editing GABA resonance from the complicated
spectral background, but currently, probably the most widely used technique for measuring
GABA is the MEshcher-GArwood Point RESolved Spectroscopy (MEGA-PRESS) sequence

which uses J-editing pulses and is specifically designed for the detection of low-concentration



J-coupled metabolites (Mescher et al. 1998)(Mullins et al. 2014). In the MEGA-PRESS
sequence, edit-ON pulses are applied at 1.9 ppm to refocus GABA coupling, while edit-OFF
acquisitions (usually applied at 7.5 ppm) allow the spin system to evolve freely. Subtracting the
edit-OFF from the edit-ON spectra isolates the GABA signal at 3 ppm, but also co-edits
macromolecular resonances (which can contribute up to ~50% of the measured peak),
producing the composite GABA+ signal. Incorporating a 1.5 ppm pulse in the edit-OFF
condition can theoretically co-edit macromolecules equally in both halves of the experiment,
allowing their subtraction; however, this approach increases sensitivity to experimental
instability (Mikkelsen et al. 2017; Mikkelsen et al. 2019; Peek et al. 2023). While the primary
target of MEGA-PRESS techniques is GABA, co-edited signals from Glu and GIn can also be
detected, allowing for the estimation of a combined Glx signal as a secondary outcome in the
same acquisition. As both metabolites are increasingly examined under different conditions,
their measurement reliability represents a critical prerequisite for meaningful interpretation

(Sanaei Nezhad et al. 2018; Maddock et al. 2018).

Fundamental observations made it clear that the living human brain is chemically
heterogeneous and that brain metabolite concentrations, including Glu and GABA, are age- and
sex-dependent, with additional variability across brain regions (Grachev & Apkarian 2000; Gao
et al. 2013a; Grachev & Vania Apkarian 2001; Zuppichini et al. 2024; Porges et al. 2021; Hadel
et al. 2013; Authaus et al. 2013; Epperson et al. 2005; O’Gorman et al. 2011; Simpson et al.
2012). The chemical heterogeneity of the brain may be further influenced by the subtle effects
of cognition on GABA and glutamatergic metabolism, emphasizing that brain neurochemistry
is shaped by numerous interacting factors (Zahr et al. 2012; Li et al. 2024). However, the
findings remain controversial, as others have reported that while uncorrected GABA levels are
significantly lower in older adults, this age-related effect is absent when GABA levels are
corrected for voxel composition (Maes et al. 2018). This result implies that age-related
differences in GABA levels are, at least partly, driven by age-related gray matter (GM) loss.
Consequently, different tissue correction methods are essential for the accurate quantification
of GABA and Glx levels, as they account for the varying contributions of GM, white matter
(WM), and cerebrospinal fluid (CSF) within the MRS voxel (Harris et al. 2015). More
sophisticated correction strategies that utilize unsuppressed water as a reference signal acquired
from a separate acquisition enable further adjustments to metabolite signals (Harris et al. 2015;
Gasparovic et al. 2006). Conversely, employing an endogenous metabolite signal, such as Cr,

as a reference for determining metabolite ratios eliminates the necessity for separate water



acquisition and may mitigate error propagation associated with more complex signal-scaling
procedures. However, this approach may compromise signal stability, particularly in the context

of neurological or psychiatric conditions (Mikkelsen et al. 2019).

Building on these considerations, and to further elucidate methodological aspects, this
study was designed to address two objectives. First, we evaluated how different referencing and
correction approaches, including unsuppressed water-based correction strategies, influenced the
quantification of GABA+ and Glx levels in the ACC region. Second, we examined the influence
of demographic factors, specifically age, sex, and years of education on the creatine-referenced

GABA+ and Glx levels in the ACC.

2. MATERIALS AND METHODS

2.1.  Subjects

A total of sixty-nine healthy adults (40 females; mean age = 25.67+6.75; age range 18-49 years)
were recruited for this study. The cohort was divided into two study groups to explore the two

research questions.

- 1) Thirty volunteers participated in the first experiment, with 21 females; mean age =
27.07+7.84; age range 18-49 years. Both water- and creatine-reference signals were
examined in the ACC to assess how different referencing and correction approaches
influenced the quantification of GABA+ and Glx metabolite levels.

- 2) The second investigation involved the complete cohort, i.e. sixty-nine healthy adults,
including participants from the first study group. Here, we evaluated the influence of
sex, age, and years of education using Cr as the sole reference signal and examined the

correlations between these demographic parameters and GABA+/Cr and GIx/Cr ratios.

The following exclusion criteria for participation were applied: head injury, current substance
use, history of internal medical or neurological disorders, and any MR scanning issues (e.g.,
claustrophobia or metal objects in the body). Scans were scheduled at the same time of day for
each participant to minimize the diurnal variability. Participants provided information on their
demographic characteristics and education level (Table 1) and were instructed to refrain from
caffeine and alcohol consumption for 12 h before the examination. All participants were
Caucasian, native Hungarian speakers, and lived in the urban and suburban areas of Pécs.
Participants provided written informed consent after being fully informed about the study

objectives, procedures, potential risks and benefits, and their right to withdraw at any time



without any consequences. The study design and protocol were performed in accordance with
the Declaration of Helsinki and approved by the Regional Research Ethics Committee of the
University of Pécs (Ethical Approval No. 2018/7371).

Table 1.

Demographic characteristics of the participants

First study group Second study group

(n=30) (n=69)
Age (years) 27.07+7.84 (18-49) 25.67+6.75 (18-49)
Females (%) 70 58

Education (years) 13.70 + 3.00 (8-19) 13.45+3.09 (8-21)

Data are expressed as mean + SD (range).

2.2. Magnetic resonance imaging

Magnetic resonance imaging data were collected using a 3T Siemens Magnetom Prisma Fit
(Siemens Healthineers, Erlangen, Germany) scanner with a 64-channel receive-only head and
neck coil. The scanning protocol included an isotropic T1-weighted 3D magnetization prepared
rapid gradient echo (MPRAGE) sequence with the following parameters: repetition
time/inversion time/echo time (TR/TI/TE) = 2530/1100/3.37 ms; flip angle = 7°; 176 sagittal
slices with a thickness of 1 mm; field of view (FOV) = 256 mm x 256 mm?; matrix size = 256
x 256; receiver bandwidth = 200 Hz/pixel; number of averages = 1. Proton GABA+ and Glx
measurements were acquired with a MEGA-PRESS sequence using the following parameters:
TE = 68ms, TR = 1500 ms, spectral bandwidth = 1200 Hz, 512 data points, total number of
signal averages = 128, FOV: 30 x 30 x 25 mm?, total scan duration = 6 min 30 s. The editing
pulse (duration: 13.8 ms; bandwidth: 49 Hz; delta frequency: -2.8ppm) was applied at 1.9 ppm
for the edit-ON condition and 7.5 ppm for the edit-OFF condition. Each reported spectrum was
obtained by subtracting the edit-OFF data from the edit-ON data. A modified Water suppression
Enhanced through T: effects (WET) approach was applied using a CHEmical Shift Selective
(CHESS) pulse to achieve water suppression. Unsuppressed water reference spectra were
collected for eddy current correction and quantification of the absolute concentrations.
Supplementary Table 1 summarizes the complete set of parameters used for the MRS

acquisition.



2.3.  Spectral Processing

MEGA-PRESS spectral preprocessing and quantification were performed by S. A. N and Zs.
K. using the Gannet 3.1.5 software pipeline (Edden et al. 2014), both with 7 years of experience
in MRS data acquisition and evaluation. The data were first loaded, eddy-current corrected,
zero-order phase corrected, 3 Hz exponential line-broadened, and zero-filled to a spectral
resolution of 0.061 Hz/point. Frequency and phase alignment of acquisitions (Mikkelsen et al.
2020) was performed, followed by the subtraction of the ON and OFF series to create difference
(DIFF) spectra. Subsequently, GABA+ and GlIx in the DIFF spectra, Cr in the edit-OFF spectra,
and unsuppressed water peak signals (if available) were fitted to the data. The GABA+ and Glx
signals at = 3.0 and = 3.75 ppm were fitted using a three-Gaussian model with a linear slope
and nonlinear baseline. When modeling the GABA+ peak, the effects of Cho subtraction
artifacts were reduced by down-weighting the signal between 3.16 and 3.285 ppm. For each
participant, the percentage fit errors (computed as the combined quadrature sum of the
metabolite and reference signal model fit errors [GABA+,water; GABA+,Cr; Glx,water; and
Glx,Cr]), the linewidth of water and Cr, the signal-to-noise ratio (SNR, defined as the signal
model amplitude divided by twice the standard deviation of noise signal) for GABA+ and Glx
and the water frequency full width at half maximum (FWHM) during manual shimming before
acquisition were determined and used for evaluating the quality of the spectra. Participants were
excluded if the percentage fit errors of GABA+ or Glx exceeded 20% or if the linewidths of Cr
(>20 Hz) or water (>25 Hz) exceeded the established cut-off values. The voxels were
superimposed on the 3D T1-weighted MPRAGE images by Gannet using modules from
Statistical Parametric Mapping (SPM12), and tissue segmentation of the spectroscopy voxels
was performed based on the MPRAGE images. Thereafter, the fractions of GM (fon), WM
(fwm), and CSF (fcsr) were determined (Ashburner & Friston 2005). Uncorrected signal integral
ratios (Cuncorrected) Of GABA+ and GIx (/i) and the metabolite reference signals (/rey) water or

Cr in all tissue compartment (fou, fwm, fcsr) were derived from Eq. 1.

_ Im
Cuncorrected = Tre Eq. L.
e

The CSF-corrected GABA+ and Glx metrics (c,) relative to water (if available) and creatine

(Cr) were estimated using the following equations:

__ Cuncorrected
¢, = Guncorrected Eq. 2.

fem+fwm



The GABA+ and Glx measures using Cyncorrectea (S€€ Eq. 1.) are defined as GABA+/Water
uncorrected or GABA+/Cr uncorrected and Glx/Water uncorrected or GIx/Cr uncorrected,
whereas the metrics derived from Eq. 2. are denoted as GABA+/Water, or GABA+/Cr, and
Glx/Water, or Glx/Cr,, respectively (Harris et al. 2015).

2.4.  Quantification of brain metabolites
GABA+ and Glx levels were quantified in Gannet using three approaches, each employing the

unsuppressed water signal as a reference.

In the first approach, metabolite concentrations were estimated while correcting for the partial
volume effects of water. This correction followed the method proposed by Gasparovic et al., as

detailed in Eq. 3. (Gasparovic et al. 2006).

TE TR
Iy Hw MM Z?M'WM'CSFfiﬁiexlo(_T W-)[l_EXp T W)]
c o= Hw MM . 2w Wi Eu3
SRR e e e
CSFJ €XP Tom p Tim

where Cj is the estimated metabolite concentration in institutional units corrected for the partial
volume effects of water, /i and I are the metabolite and water signal integrals, respectively,
Hy and Hy are the number of 'H protons that give rise to the metabolite and water signals,
respectively, MM is the correction factor for the contribution of the co-edited macromolecule
signal in the metabolite signal (0.45 for GABA+ and 1 for other metabolites), x is the editing
efficiency, Cw is the molecular concentration of pure water (55.51 mol/kg), fi is the voxel
volume fraction of GM, WM, or CSF, f; is the relative MR visibility of water in GM, WM, or
CSF (0.78, 0.65, and 0.97, respectively), TEw and TE), are the echo times of the water reference
and metabolite acquisitions, respectively, TRy and TRy are the repetition times of the water
reference and metabolite acquisitions, respectively, T2w; (0.110, 0.0792, and 0.503 s) and Tw;
(1.331, 0.832, and 3.817 s) are the transverse and longitudinal relaxation times in GM, WM, or
CSF, respectively, and T>y and Tiu are the transverse and longitudinal relaxation times of the
metabolite. The GABA+ and GIx concentrations were calculated using Eq. 3. denote

GABA+/Water, and Glx/Watery, respectively.

In the second approach, metabolite concentrations were estimated with corrections for both
water and metabolite partial volume effects, following the method proposed by Harris et al., as

described in Eq. 4. (Harris et al. 2015).

GMWM,CSF , . _TEW)[ _ (_TRW)]
_ Iy Hw MM 2i flCW"eXp< Twi) ' P\ 1

c = TE TR ) )
P Tom P Tim




where C. is the estimated metabolite concentration in institutional units corrected for the partial
volume effects of water and metabolite, Cy; is the molal concentration of water in GM, WM,
or CSF (43.30, 36.08, and 53.84 mol/kg, respectively), and « is the ratio of intrinsic WM:GM
metabolite concentrations. The GABA+ and Glx concentrations were calculated using Eq. 4.

and are denoted as GABA+/Water. and Glx/Water., respectively.

In the third approach, metabolite concentrations were estimated with corrections for both water
and metabolite partial volume effects and were additionally adjusted to the average GM and
WM composition derived from the included participants, as described in Eq. 5. (Harris et al.

2015).

GM,WM,CSF TEy TRy,
i iCw iex (——) 1-ex (— )
C, = Im  Hw MM Zi JiCw.iexp Tow,i [ P Tiw,i 1 . UMt aUwm Eq.5
7y Hy ok exp(——TEM)[l—exp(——TRM)] (fem+afwm)(em+uwm)’ o
Tom Tim

where Cy is the estimated metabolite concentration in institutional units corrected for the partial
volume effects of water and metabolite and adjusted to the average voxel GM and WM
composition across our group, and ucu and pwar are the group-averaged voxel volume fractions
of GM and WM derived from the included participants. The GABA+ and GIx concentrations
were calculated using Eq. 5. denote GABA+/Waterq and Glx/Waterq, respectively.

2.5.  Statistics

Statistical analyses were performed using SPSS software (version 29.0.2.0, IBM Inc., Armonk,
NY, USA Armonk, NY). For the first research question, Spearman’s rank-order correlations
were conducted to assess the correlation of uncorrected and CSF-corrected metabolite ratios
referenced to water versus Cr (e.g., GABA+/Water vs. GABA+/Cr; Glx/Water vs. GIx/Cr), as
well as to evaluate the correspondence among water-referenced metrics obtained using

uncorrected, CSF-corrected, and quantitative approaches for GABA+ and GIx.

Thereafter, for the second research question, the potential effects of age and years of education
on creatine-referenced metabolite ratios (i.e., GABA+/Cr and Glx/Cr with and without CSF
correction) were tested using stepwise multiple linear regression analyses. In cases where no
significant independent variables were identified by the stepwise procedure, p-values and
standardized beta coefficients were derived using the enter method with a single predictor
(either age or years of education). The assumptions of multiple linear regression were satisfied,
as judged by checking for independence of errors, linearity, homoscedasticity, multicollinearity,

outliers, and residue normality. Potential sex differences in creatine-referenced metabolites



were evaluated using the Mann—Whitney U test for both uncorrected and CSF-corrected
measurements. For all statistical procedures, results were considered statistically significant at

p<0.05.

2.6.  Data availability statement

All data generated or analysed during this study are included in this published article [and its

supplementary information files]."

3. RESULTS

3.1.  Participants of the two studies

In the first study, four participants were excluded due to inadequate reference signal fitting, and
one was excluded because the linewidth of Cr exceeded the cut-off of 20 Hz. The final dataset
included 25 participants (17 females; mean age =27.72 + 7.89; range = 18—49 years), for whom

creatine- and water-referenced data from the ACC were analyzed and correlated.

In the second study, four participants were excluded due to inadequate reference signal fitting,
two participants were excluded owing to severe motion artifacts affecting the 3D T1-weighted
MPRAGE images, three subjects were excluded because the percentage fit error of GABA+
and Glx exceeded 20%, and one was excluded because the linewidth of Cr exceeded the cut-
off of 20 Hz. The final sample comprised 59 participants (35 females; mean age = 25.25 + 6.68;
range = 1849 years), and their creatine-referenced metabolite data from the ACC were

analyzed.

No structural abnormalities or potential pathological lesions were observed on structural MRI

scans.

3.2.  Spectral quality control

Representative examples of reference signal fitting (water and creatine) and spectral processing

of GABA and the combined glutamate and glutamine (GIx) signal are displayed on Figure 1.

In the first study, the FWHM values in Hz were 12.57 (11.69-14.16) for water and 12.12
(10.96-13.48) for creatine, while the water FWHM obtained during manual shimming was
18.00 (16.85-19.95) Hz. The percentage fitting errors were as follows: GABA+,water = 4.93
(4.17-5.59), GABA+,Cr = 5.05 (4.34-5.90), Glx,water = 5.51 (3.63-7.58), and GIx,Cr = 5.62
(3.91-7.78). Tissue fractions for GM, WM, and CSF were 0.56 (0.52—0.58), 0.28 (0.26-0.31),



and 0.13 (0.15-0.18), respectively. The SNR for GABA+ and Glx were 28 (21-34) and 25 (19-
31.5), respectively.

In the second study, the FWHM values in Hz were 11.40 (10.61-12.30) for creatine, whereas
the water FWHM obtained during manual shimming was 16.90 (15.58-18.70) Hz. The
percentage fitting errors were as follows: GABA+,Cr = 5.03 (4.30-6.80) and GlIx,Cr = 5.58
(3.80-7.36). Tissue fractions for GM, WM, and CSF were 0.55 (0.53-0.57), 0.29 (0.27-0.32),
and 0.15 (0.14-0.17), respectively. The SNR for GABA+ and Glx were 28 (23-33) and 28 (23-
33), respectively. All values are reported as medians with interquartile ranges (25th—75th

percentiles).

3.3.  First study: Water and creatine reference consistency

The water-referenced signal integral ratios of both GABA+ and Glx exhibited robust positive
correlations with their creatine-referenced counterparts in the ACC (p <0.001, n=25; see Table
2).



Table 2.
Correlations between water- and creatine-referenced measures of GABA+ and Glx in ACC,
evaluated with and without corrections for cerebrospinal fluid.

Data

Metabolite n=25

Spearman’s correlation p-value (rho)

GABA+/Water uncorrected 0.7819 (0.6630-1.0248)

p<0.001 (0.8775)

GABA+/Cr uncorrected 0.1088 (0.0970-0.1340)
GABA+/Water, 0.9150 (0.7864-1.2060) p<0.001 (0.8962)
GABA+/Cr, 0.1280 (0.1161-0.1569)

Glx/Water uncorrected
GIx/Cr uncorrected

1.6194 (1.4834-2.0753)
0.0708 (0.0580-0.0780)
Glx/Water, 1.9683 (1.7959-2.4712)
GIx/Cr, 0.0824 (0.0694-0.0934)

p<0.001 (0.8202)

p<0.001 (0.7862)

Data is presented in median (interquartile range). Water- and creatine-referenced metabolite measurements are signal integral
ratios.

a Estimated metabolite ratio corrected for cerebrospinal fluid fraction.

Abbreviations: GABA+: gamma Aminobutyric acid plus co-edited macromolecules; Glx: combined glutamate and glutamine
signal; ACC: anterior cingulate cortex; Cr: Creatine

Within the same subject cohort and across all water-referenced correction methods, GABA+
and Glx exhibited strong intercorrelations (rho>0.97; p <0.001; Table 3), reflecting the high
consistency between the different water-based correction methods used.

Table 3.
Correlations between corrected and uncorrected water-referenced measures of GABA+ and
Glx in the ACC.

Spearman’s correlation p-value (rho) n=25

Metabolite

GABA+/Water.

GABA-+/Watery

GABA+/Water.

GABA+/Waterq

GABA+/Water uncorrected

p<0.001 (0.9946)

p<0.001 (0.9946)

p<0.001 (0.9931)

p<0.001 (0.9931)

GABA+/Water, p<0.001 (1.0000)  p<0.001 (0.9977)  p<0.001 (0.9977)
GABA+/Waters p<0.001 (0.9977)  p<0.001 (0.9977)
GABA+/Water. p<0.001 (1.0000)

GIlx/Water uncorrected

Glx/Watera
p<0.001 (0.9808)

Glx/Waterp
p<0.001 (0.9762)

Glx/Water.
p<0.001 (0.9777)

Glx/Waterq
p<0.001 (0.9777)

Glx/Watera p<0.001 (0.9992)  p<0.001(0.9923)  p<0.001 (0.9923)
Glx/Waterp p<0.001 (0.9931)  p<0.001 (0.9931)
Glx/Water. p<0.001 (1.0000)

a Estimated metabolite ratio corrected for cerebrospinal fluid fraction.
b Estimated metabolite concentration corrected for partial volume effects of water.

¢« Estimated metabolite concentration corrected for partial volume effects of water and metabolite.

4 Estimated metabolite concentration corrected for partial volume effects of water and metabolite and adjusted to the
average voxel gray matter and white matter composition across our final study sample of 59 heathy subjects.
Abbreviations: GABA+: gamma Aminobutyric acid plus co-edited macromolecules; Glx: combined glutamate and
glutamine signal; ACC: anterior cingulate cortex



3.4. Second study: The influence of demographic parameters on GABA+ and Glx levels

No significant sex x age or sex x years of education interactions were observed for either the
uncorrected or CSF-corrected GABA+/Cr and Glx/Cr values. Age and years of education were
positively correlated in the third study sample (p<0.001, n=59) and within both men (p=0.0007,
n=24) and women (p=0.0098, n=35) according to Spearman’s correlation (Table 4). Among
females, age and years of education ranged from 18 to 49 years and 8 to 19 years, respectively,
whereas among males, the corresponding ranges were 18—40 years and 8-21 years. Neither the
uncorrected nor CSF-corrected GABA+/Cr levels showed significant sex differences. In
contrast, GIx/Cr levels showed significant sex differences, with males exhibiting higher ratios
than females. No significant sex differences were observed in age or years of education (Table

4).

3.4.1. The effect of age

GABA+/Cr exhibited only weak associations with age in the whole population and in females,
irrespective of the correction method, whereas no age-related effects were found in males (Table
4). In detail, GABA+/Cr, showed a significant positive association with age in the whole
population after adjusting for years of education (p=0.0467). Using the enter method, slightly
positive associations with age were also observed for uncorrected GABA+/Cr in the whole
sample (p=0.0629) and for both uncorrected and CSF-corrected measures in females (p=0.0683
and p=0.0635, respectively), whereas no such age-related associations were observed in males

(Table 4).

Glx/Cr showed robust negative associations with age in the total sample for both
uncorrected and CSF-corrected measures (p=0.0071 and p=0.0126, respectively) after
controlling for years of education. When the analyses were stratified by sex, females showed
significantly negative age associations across both metrics after adjusting for years of education
(GIx/Cr uncorrected p=0.0152, Glx/Cra p=0.0183), whereas no comparable associations were

observed in males (Table 4).

3.4.2. The effect of years of education

GABA+/Cr levels generally showed no significant associations with years of education across

the total sample or within males and females, regardless of the correction method applied.

In contrast, uncorrected Glx/Cr exhibited a significant negative association with years

of education corrected for age in men (p=0.0388), whereas no significant associations were



observed in women or in the total sample. In males, Glx/Cr. demonstrated a marginally negative

association with years of education using the enter method (p=0.0622). See details in Table 4.



Table 4. Creatine-referenced GABA+ and Glx measures in the ACC with and without cerebrospinal fluid correction, and their associations with age, education level, and sex.

Data Association with age Association with years of education Sex difference
p-value (standardized beta) p-value (standardized beta) (p-value)
metabolite All (n=59) male (n=24) female (n=35) All (n=59) male (n=24) female (n=35) All (n=59) male (n=24) female (n=35)
GABA+/Cr 0.1820
uncorrected 0.1010 (0.0879-0.1137)  0.0922 (0.0837-0.1088)  0.1015 (0.0928-0.1200) | 0.0629 (0.2437) 0.6488 (0.0980) 0.0683 (0.3117) 0.5600(0.0774) 0.7261 (-0.0754) 0.3549 (0.1612) ’
GABA+/Cr, 0.1165 (0.1045-0.1342)  0.1160 (0.0988-0.1295) 0.1186 (0.1066-0.1415) | 0.0467 (0.2601)* 0.5350 (0.1332) 0.0635 (0.3171) 0.7015 (-0.0578) 0.8520 (-0.0402) 0.3597 (0.1596) 0.3234
GIx/Cr 0.0338*
uncorrected 0.0748 (0.0630-0.0903)  0.0822 (0.0692-0.0989)  0.0708 (0.0587-0.0826) | 0.0071(-0.3468)**  0.9030 (-0.0317) 0.0152 (-0.4073)* | 0.5051(-0.0975) 0.0388 (-0.4242)*  0.6290 (0.0870) ’
GIx/Cr, 0.0897 (0.0740-0.1060)  0.1003 (0.0837-0.1152)  0.0828 (0.0697-0.0959) | 0.0126 (-0.3229)*  0.2176 (-0.2612) 0.0183 (-0.3967)* | 0.5414 (-0.0902) 0.0622 (-0.3864) 0.6269 (0.0879) 0.0124*
Age (years) 23 (20-30) 23.50 (20-30.75) 23 (20-30) - - - <0.001 (0.5120)**  0.0007 (0.6386)**  0.0098 (0.4307)** 0.9691
Years of 0.7050
education 12 (12-15) 12 (11.25-15) 12 (12-16) <0.001 (0.5120)**  0.0007 (0.6386)**  0.0098 (0.4307)** | - - - )

Data is presented in median (interquartile range). Creatine-referenced values represent signal integral ratios. For metabolite related associations, italic values indicate parameters retained in the stepwise linear regression model, while plain text values
were analyzed using the enter method.

. Estimated metabolite ratio corrected for cerebrospinal fluid fraction.

Abbreviations: GABA+: gamma Aminobutyric acid plus co-edited macromolecules; Glx: combined glutamate and glutamine signal; ACC: anterior cingulate cortex; Cr: Creatine
* Significant at the 0.05 level (2-tailed).
** Significant at the 0.01 level (2-tailed).



4. DISCUSSION

The present study had the following main findings: Our test-retest experiment demonstrated
that Glx measures generally outperformed GABA+ metrics, with lower CVs and higher ICCs
values. The water-referenced GABA+ and Glx ratios showed strong correlations with their
creatine-referenced counterparts in the ACC, underscoring the consistency of the referencing
approaches. Furthermore, the different water-based correction methods yielded highly
intercorrelated results, indicating the methodological robustness of the correction strategies.
Although no significant sex x age or sex x years of education interactions were observed for
either the uncorrected or CSF-corrected GABA+/Cr and Glx/Cr measures in the ACC, separate
analyses were conducted for each sex to account for the known age- and sex-related associations
of the investigated metabolites (Huang et al. 2016, O’Gorman et al. 2011). Consistent with the
findings of (O’Gorman et al. 2011), our cohort exhibited sex differences in GIx/Cr levels, with
males displaying higher Glx/Cr ratios than females using both uncorrected and CSF-corrected
methods. However, the GABA+/Cr levels did not differ significantly between the sexes. An
age-related effect was also observed in females; GABA+/Cr levels showed slightly positive
associations with age, whereas Glx/Cr levels were negatively related to age in the ACC. These
female-specific associations likely account for the marginally significant and significant age
effects observed in the entire sample. Surprisingly, the level of education also had an impact on
brain metabolites, as we found a negative association between GIx/Cr levels and years of

education in the ACC of men, whereas no such association was found in women.
4.1.  Effect of sex, age, and correction strategies on GABA+ and Glx

In the present study, we found significantly higher Glx/Cr levels in the ACC of men than in
women, whereas the GABA+/Cr levels were similar between the sexes. Comparable data were
documented by (Tayoshi et al. 2009). They measured Glu and GlIn levels separately and found
sex differences only for Gln, but not for Glu, in the ACC. Notably, several studies have reported
negative results. For instance, a point-resolved spectroscopy study involving 118 healthy
participants determined the absolute concentrations of Glu and Gln in the hippocampus and
ACC. This study identified a statistically significant sex-related difference in Glu levels in the
hippocampus but not in the ACC (Héidel et al. 2013). Another study that focused on the
pregenual ACC (pACC) and the left cerebellar hemisphere found no sex-related differences in
Glx levels in the pACC (Endres et al. 2016). A study focusing only on GABA concentrations
in the ACC found no sex differences (Authaus et al. 2013).



In the present study, we found that age had an impact on females; moderate positive
associations were observed between age and GABA+/Cr levels, while age was negatively
related to GIx/Cr levels in the ACC of female participants. Comparable data within a similar
age range have been reported by Ghisleni et al., who found an age-related increase in GABA+
levels in the frontal cortex of young adults (Ghisleni et al. 2015). In contrast, another study
reported an age-dependent decline in GABA+ levels in the frontal region of healthy subjects
aged 20-76 years, which was more rapid in females than in males (Gao et al. 2013b). Age-
related decline of GABA and Glu levels has been reported in the dorsolateral prefrontal cortex
of healthy middle-aged subjects (Grachev & Vania Apkarian 2001), while another study
involving 77 control subjects reported only a tendency for age-related decline of GABA levels
in the medial frontal/ACC, but this decline was statistically non-significant (Rowland et al.
2015). Another study reported significantly lower GABA levels in older adults; however, this
age effect disappeared when GABA levels were corrected for voxel composition, suggesting
that age-related differences in GABA levels may be caused by age-related GM loss (Maes et al.
2018). Others found an age-related decline in GABA+ levels in the frontal region when no
tissue correction was used and also when CSF correction was applied; however, they examined
healthy subjects with more advanced ages, that is, aged between 44 and 92 years (Porges et al.
2017). However, when they applied the a-correction, wherein GABA+ levels in the GM are
assumed to be twice those in the WM (analogous to our second MRS quantification approach),
no correlation was observed between age and GABA+ levels (Porges et al. 2017). A more recent
longitudinal study reported a within-person age-related decline in cortical GABA levels at two
time points a few years apart; however, when a cross-sectional design was applied to the same
cohort, the effect of age on GABA levels disappeared (Zuppichini et al. 2024). A meta-analytic
study that created a model of the pattern of frontal GABA estimates reported an asymmetric
lifespan trajectory characterized by a fairly quick increase in GABA during development,
followed by a flattening during adolescence, and a subsequent slow decrease with aging (Porges
et al. 2021). The considerable variability in GABA levels can be attributed to its relatively low
concentration in the brain (~1-2 mM) and the overlap of its signal with metabolites present at
higher concentrations (Puts & Edden 2011). Additionally, normal diurnal fluctuations during
the light-dark cycle (Evans et al. 2010), as well as confounding factors, including smoking,
menstrual cycle phase (Epperson et al. 2005), dietary conditions (van Nieuwenhuizen et al.
2025), and cannabis use (Kirkland et al. 2025), may contribute to this variability. The effect of
age on Glu and Glx levels appears to be more consistent. An age-related decline in Glu and Glx

levels has been reported in the ACC and medial prefrontal cortex during the lifetime period



(Huang et al. 2016; Merritt et al. 2021). Reduced Glu concentrations have also been reported in
the motor cortex of older adults (Kaiser et al. 2005), but negative findings also exist (Authaus
et al. 2013). However, it is worth mentioning that age-related metabolite changes are often
associated with a reduction in GM and an increase in CSF (Maes et al. 2018). Consequently,
the tissue composition of the MRS voxels has a significant impact on the metabolite levels (and
reference signals), as they naturally differ between the CSF and brain tissues (GM and WM).
When tissue correction is not applied, metabolite estimation is conducted without accounting
for the relative proportions of GM, WM, and CSF within the voxel. When tissue correction is
applied, the process typically refers to accounting for the CSF fraction within the voxel by
normalizing the voxel with the non-CSF voxel fraction (fom + fwm), with the implicit
assumption that the metabolites in question are negligible in the CSF or, if present, do not
contribute to the MRS signal. Among tissue correction strategies, GM correction (which
considers only the GM fraction) also exists, but it increases the dependence of GABA
measurements on the GM/WM ratio and can lead to an overestimation of GABA by a factor of
1.5 (Harris et al. 2015). Consequently, this correction approach is not frequently used in MRS
studies. When a water-reference signal is available, more sophisticated tissue corrections are
available that correct for partial volume effects that attenuate the observed water signal; or
correct for partial volume effects that attenuate the observed water and metabolite signals,
accounting for the intrinsic differences in metabolite concentrations in the GM and WM (where
GM:WM is 2:1 estimated). This could be further refined if the average voxel GM and WM
compositions are calculated from the studied group and represent the examined conditions of

the study.
4.2.  The relationship between education and neurotransmitters

Research indicates complex, mostly positive associations between education level and
cognitive performance across the lifespan of healthy subjects in both males and females
(Lovdén et al. 2020). Most studies examining cognition, learning, age, and sex dependencies
on bran metabolites usually control for education level (Treacy, Andrews, and Levenstein 2025;
Kantarci et al. 2011), but its effect on Glx and Cr has rarely been investigated, even though Cr
levels in the brain are associated with performance in memory and intelligence tasks (Avgerinos
et al. 2018) and are also associated with benefits for cognition in healthy older adults (Marshall
et al. 2025). Sex-specific alterations may also exist, as Glx was found to be related to a reversal
learning task in male marmosets but not in female specimens, reflecting potential sex-dependent

glutamatergic metabolism (Lacreuse et al. 2018). Glutamatergic metabolism in females may



appears less influenced by educational exposure, likely due to hormonal, metabolic, or
executive control differences (Knouse et al. 2022; Goyette et al. 2023; Barth, Villringer, and
Sacher 2015). We found a negative association between GIx/Cr ratios and years of education in
males, while this relationship was absent in females and in the overall cohort. In a study by
Borgan et al., no associations were found between Glu levels and cognitive function or between
Glu levels and years of education following compulsory education in the ACC of healthy young
adults with a male-to-female ratio of 2:1. However, water was used as the reference signal, and
direct sex-specific associations were not examined (Borgan et al. 2019). The sex-specific effect
observed in our study indicates differential neurochemical adaptations to educational exposure,
with men potentially exhibiting greater glutamatergic efficiency, reflected in reduced Glx, or
enhanced creatine-linked metabolic regulation in response to prolonged educational

engagement.
4.3. Limitations

This study, like any other investigation, has limitations that should be considered when
interpreting its results. Macromolecule contamination of the edited GABA signal should be
acknowledged as a methodological consideration, as it may affect the specificity and precision
of GABA measurements, thereby influencing the detectability of true neurochemical effects
and the interpretation of the observed associations. Additionally, participants were instructed to
refrain from caffeine and alcohol consumption for at least 12 h prior to the examination. Despite
these controls, the inherent biological variability and low sensitivity of MRS in detecting subtle
changes in GABA levels may limit the ability to fully characterize age-related eftects.
Furthermore, the analyses of demographic effects were limited to creatine-referenced GABA+
and GIx metabolites, whereas water-referenced and tissue-corrected estimates were not
included in the analyses. Despite this, strong correlations were observed between water- and
creatine-referenced measures, as well as among various water-referencing strategies, indicating
that both referencing approaches provide reliable estimates suitable for addressing the specific

research questions of this study.
4.5.  Conclusions

Creatine- and water-referenced metabolite measures in the ACC exhibited strong correlations,
indicating consistency between the two referencing strategies; therefore, the use of Cr as an
internal reference was considered appropriate for quantifying GABA+ and Glx levels and

examining the influence of sex, age, and education in our cohort. Sex differences were observed



in GIx/Cr ratios, with males exhibiting higher ratios, whereas GABA+/Cr levels remained
comparable between the sexes. Age-related effects were specific to females, indicating distinct
neurochemical trajectories, with GABA+ being positively and Glx negatively associated with
age in females. A novel negative association between GIx/Cr levels and years of education was
identified in males, suggesting a sex-specific neurochemical adaptation related to the
educational level. These findings highlight the importance of considering sex, age, and
education level in MRS studies and emphasize the effectiveness of Cr referencing under
appropriate conditions. However, in multicenter studies or in patients with neurological
conditions, water-referenced quantification using unsuppressed water scans may be preferable,
as it enables the application of more advanced correction methods for assessing GABA and Glx

alterations.

FIGURE LEGEND
Figure 1.

Reference signal fitting (water and creatine) and spectral processing of GABA and the
combined glutamate and glutamine (GIx) signal were performed, with down-weighting of the
residual choline signal between 3.16 and 3.285 ppm. Data derived from voxels in the anterior

cingulate cortex (A).
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ABREVIATIONS

ACC: anterior cingulate cortex;

Cho: choline;

Cr: creatine;

CSF: cerebrospinal fluid;

CV: coefficients of variation within subjects;

FWHM: full width at half maximum

GABA: gamma-aminobutyric acid;

GABA+: gamma-aminobutyric acid plus co-edited macromolecules
Gln: glutamine;

GM: gray matter;

Glu: glutamate;

Glx: combined glutamate and glutamine signal in the MR spectrum;
ICC: intra-class correlation coefficient;

MEGA-PRESS: MEshcher-GArwood Point RESolved Spectroscopy;
MR: magnetic resonance;

MRS: magnetic resonance spectroscopy;

NAA: N-acetyl aspartate;

OCC : occipital cortex;

PrC : precuneus cortex;

WM: white matter.
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