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ABSTRACT

Background: Acquiring new knowledge necessitates alterations at the synaptic level
within the brain. Glutamate, a pivotal neurotransmitter, plays a critical role in these pro-
cesses, particularly in learning and memory formation. Although previous research has
explored glutamate’s involvement in cognitive functions, a comprehensive understand-
ing of its real-time dynamics remains elusive during memory tasks.

Objective: This study aimed to investigate glutamate modulation during memory
tasks in the right Dorsolateral Prefrontal Cortex (DLPFC) and parieto-occipital regions
using functional Magnetic Resonance Spectroscopy (fMRS).

Material and Methods: This experimental research applied fMRS acquisi-
tion concurrently with a modified Sternberg’s verbal working memory task for fourteen
healthy right-handed participants (5 females, mean age=30.64+4.49). The glutamate/
total-creatine (Glu/tCr) ratio was quantified by LCModel in the DLPFC and parieto-
occipital voxels while applying the tissue corrections.

Results: The significantly higher Glu/tCr modulation was observed during the task
with a trend of increased modulation with memory load in both the DLPFC (19.9%
higher, P-value=0.018) and parieto-occipital (33% higher, P-value=0.046) regions com-
pared to the rest.

Conclusion: Our pioneering MRS study has yielded groundbreaking insights into
brain functions during S-term Memory (STM) and learning. This research provides
valuable methodological advancements for investigating the metabolic functions of
both healthy and disordered brains. Based on the findings, cognitive demands directly
correlate with glutamate levels, highlighting the neurochemical underpinnings of cogni-
tive processing. Additionally, the obtained results potentially challenge the traditional
left-hemisphere-centric model of verbal working memory, leading to the deep vision of
hemispheric contributions to cognitive functions.

Citation: Mohammadi H, Jamshidi Sh, Khajehpour H, Adibi I, Rahimiforoushani A, Karimi Sh, Dadashi Serej N, Riyahi Alam N. Unveiling
Glutamate Dynamics: Cognitive Demands in Human Short-Term Memory Learning Across Frontal and Parieto-Occipital Cortex: A Functional
MRS Study. J Biomed Phys Eng. 2024;14(6):519-532. doi: 10.31661/jbpe.v0i0.2407-1789.

Keywords
Memory, Short-Term; Glutamatergic Agents; Magnetic Resonance Spectroscopy;
Learning; Metabolic Brain Mapping

Introduction
uman learning, brain development, and Long-term Memory
(LTM) storage depend on Short-term Memory (STM). In the
brain, the sensory input information enters the sensory memory.
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This is a brief initial stage where sensory in-
formation is held for a short period of time also
known as the sensory register. If this informa-
tion is attended to, it transitions into the STM
[1, 2]. Learning new information is a mental
process facilitated by modifications in the syn-
aptic level among nerve cells that store data.
The process, by which neurons connect to net-
works is primarily facilitated through synaptic
plasticity by neurotransmitters of excitatory
synapses [3]. Glutamate, the most important
excitatory neurotransmitter in human memory
and learning, is released in 80% of synapses
[4]. Glutamate levels mediate neural network
activity in response to stimuli [5]. The rela-
tionship between glutamate release, electrical
signaling, and metabolic demands is intricate
and bidirectional. The function of glutamate-
gated N-methyl-D-aspartate (NMDA) recep-
tors is well-established in synaptic plasticity
and memory formation. To function as a “co-
incidence detector,” this receptor needs to be
activated by both postsynaptic depolarization
and presynaptic glutamate release, resulting in
a calcium influx and the subsequent intracel-
lular signaling cascades [6]. Glutamate release
into the synaptic cleft causes an electrical re-
action in the postsynaptic neuron propagating
along the neuron, releasing neurotransmitters
and continuing neural network activity [7].
The NMDA receptor controls synaptic plas-
ticity and mediates memory and learning.
Long-term Potentiation (LTP) or Long-term
Depression (LTD), which results from the
calcium influx into postsynaptic neurons via
the glutamate-gated NMDA receptors, con-
tributes to the establishment of memory [3].
Hence, the measurement of glutamate modu-
lation of neurons could be directly relevant
to LTP/LTD, receptor types, depolarization
activity, and plasticity during memory forma-
tion. The NMDA receptors have a powerful
influence on prefrontal cortex function and
Working Memory (WM) when afferent stimu-
lation causes neurons to depolarize [8]. Dur-
ing brain activity, the ability to store sensory

information for short periods is a key compo-
nent of WM [9]. Single nerve cells in the fron-
tal cortex can encode the contents of WM by
increasing and decreasing activity rapidly [10,
11]. On the other hand, the recall of visual cues
is accompanied by a transient increase in gluta-
mate and Gamma-aminobutyric Acid (GABA)
concentration levels in the visual cortex [12].
Recent evidence shows that the recruitment of
the visual association cortex during encoding
is associated with memory performance [13].
Additionally, neurons in the primary visual
cortex respond to basic elements of the visual
scene and play a role in cognitive process-
es, including visual perception and working
memory [14]. A monkey study found that the
primary visual cortex, also involved in vision,
displays different activity patterns for images
conjured up from memory compared to real-
time visual input, showing its crucial role in
recalling pictures stored in memory [15]. All
these findings highlight the visual cortex’s role
during memory processing and learning.

The functional Magnetic Resonance Imag-
ing (fMRI) studies have also identified acti-
vated brain regions for primary processing and
transient storage related to STM for numerical
digits in the visual cortex [16, 17]. These find-
ings support the idea that during the formation
of a new visual STM, the frontal and poste-
rior regions are involved and communicate.
Employing in-vivo proton functional Mag-
netic Resonance Spectroscopy (‘H fMRS) in
human memory is limited, and investigations
were performed mostly on the hippocampus
[18, 19] or left Dorsolateral Prefrontal Cortex
(DLPFC) [20]. On the other hand, EEG stud-
ies have introduced the frontal and parieto-oc-
cipital cortices as areas for encoding, storing,
and retrieving STM information [21, 22]. Fur-
thermore, a meta-analysis of 42 fMRI studies
suggested that the left-hemisphere concept of
verbal Working Memory (VWM) should be
reconsidered [23]. Therefore, the underlying
metabolic function and contribution of the
right DLPFC and parieto-occipital cortices

520 \

J Biomed Phys Eng 2024; 14(6)



fMRS Reveals Glutamate Dynamics of STM

remain unclear in STM. The present study is
designed to investigate this gap using verbal
STM tasks and fMRS.

Material and Methods

This experimental study is conducted in the
following steps.

Participants

The study commenced with the participation
of fourteen healthy, right-handed individuals
(5 females, mean age=30.64+4.49). Partici-
pants were selected from the student popula-
tion of Tehran universities, Tehran, Iran within
the limited age range of 18-35, ensuring a more
homogeneous sample, leading to minimizing
variability, due to age-related changes in brain
metabolism. Health conditions were assessed
according to a Structured Clinical Interview
for DSM-IV (SCID) and medical history. The
volunteers had no history of neurological ail-
ments, psychiatric and mental problems, brain
surgeries, or diseases of the brain. Participants
who consumed alcohol, smoked, or used drugs
were also excluded from the study. Detailed
information regarding eating habits, sleep

patterns, exercise routines, and work-related
stress was collected through well-designed
questionnaires. These lifestyle factors were
considered, due to their potential impact on
brain metabolites. All volunteers had normal
or corrected-to-normal vision, ensuring con-
sistent visual perception during the study. This
study was approved by the local ethics com-
mittee at Isfahan University of Medical Sci-
ences, Isfahan, Iran. The committee reviewed
the study protocol, consent forms, and all re-
lated documents to ensure compliance with
ethical standards and guidelines. Participants
were provided detailed information about the
study, including its purpose, procedures, po-
tential risks, and benefits. Written informed
consent was obtained from all participants
before their inclusion in the study.

Experimental Design

This study used a modified version of Stern-
berg’s verbal short-term memory task. The
task, depicted in Figure la, comprised four
phases: encoding, retention, response, and
rest. During the encoding phase, participants
were presented with a random sequence of

a MRS MRS

™~

—N

MRS MRS

Figure 1: A modified Sternberg’s verbal working memory task (a): Magnetic resonance
spectroscopy voxel placement in the DLPFC (dorsolateral prefrontal cortex) (b) and parieto-
occipital cortex (c). The BOLD (blood-oxygen-level-dependent) signal confirmed the activation
of target areas: right dorsolateral prefrontal (d) and parieto-occipital (e) cortices.
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letters they were instructed to memorize. Dis-
playing a cross signified the retention phase.
In the response phase, a single letter was dis-
played, and the participants were instructed
to respond as quickly and accurately as pos-
sible. The response time was measured from
stimulus onset to a button press (in seconds).
Each part of the trial precisely lasted two sec-
onds. The MRS acquisition was concurrently
initiated with the commencement of the task
display using a trigger box.

MRI and fMRS Data Acquisitions
Setup and Measurements

Magnetic Resonance Imaging (MRI) and
fMRS measurements were acquired using a 3
Tesla MR scanner with a 64-channel hydrogen
head and neck coil (MAGNETOM Prisma,
Siemens Healthineers, Erlangen, Germany)
at the National Brain Mapping Laboratory
(NBML) of Iran (https:/nbml.ir/). All acquisi-
tions were performed in the morning between
10 a.m. and 12 p.m. No acquisitions were con-
ducted before the current study to minimize the
thermal frequency drift effect on MRS spec-
tra. High-resolution 3D T1-weighted images
were acquired using a Magnetization-prepared
Rapid Gradient-echo (MPRAGE) sequence
(field of view=250 mm?, voxel size=1x1x1
mm?, Repetition Time (TR)=1800 ms, Echo
Time (TE)=3.5 ms, Inversion Time (TI)=1100
ms, flip angle=7°, averages=1, number of
slices=176) in the sagittal plane.

The fMRS acquisition was performed fol-
lowing a static shimming using a localized
voxel adjusted on the right DLPFC [24],
and right parieto-occipital cortex (Figure 1),
utilizing the Point RESolved Spectroscopy
(PRESS) sequence (voxel size=20x%20x20
mm?®, TR=2000 ms, TE=40 ms. The TE of 40
ms in 3T '"H-MRS using the PRESS sequence
led to the reliable measurement of glutamate
by reducing the glutamine overlapping signal
and yielding the lowest Cramer-Rao Lower
Bounds (CRLB) for glutamate quantification
spectra [25]. The “save single average” option

was activated to have separate spectra for each
part of the task. The MRS voxel was placed on
the DLPFC manually, bounded by the superi-
or-lateral extension of the cerebrum, the right
middle frontal gyrus, the precentral sulcus, and
the superior frontal sulcus. The Parieto-occip-
ital Sulcus (POS) was a crucial landmark for
voxel placement in the parieto-occipital cortex
(Figure 1). Manual placement can cause voxel
placement to adjust based on the participant’s
anatomical variations or functional consider-
ations. To prevent lipid contamination in spec-
tra, the scalp was avoided while adjusting the
MRS voxel, and saturation bands were applied
to all six borders of the voxel for outer volume
saturation.

The fMRS acquisition first started without
any task, in a resting state by looking at a cross
in the center of the screen (continuous rest). In
the next step, the presentation of the task and
fMRS acquisition were executed simultane-
ously. The fMRS acquisitions were performed
in a fixed order, i.e., first from the right DLP-
FC and then from the right parieto-occipital
cortex. This fixed order ensures uniformity
across subjects and minimizes potential con-
founds due to order effects. The TR of the
PRESS sequence was equal to the time of each
presentation (2000 ms), so for every phase of
the task, we have separate spectra. This re-
sulted in 96 spectra for 96 presentations, i.e.,
24 trials, and each trial had 4 presentations
(encoding, retention, response, and rest, so
4x24=96) in every fMRS acquisition. At the
end of each run, the water-unsuppressed sig-
nals from the same voxel were acquired so
we could perform water scaling. Therefore,
we had four metabolite spectra acquisitions (1
at rest and 3 during the tasks) and one water-
unsuppressed spectra acquisition, resulting in
a total of five acquisitions for each voxel loca-
tion, resulting in 960 (10x96) spectra and 15
minutes and 10 seconds of data acquisition for
each voxel. This led to an overall examination
time of 30 minutes and 20 seconds for each
subject.
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Right after performing the fMRS record-
ing, the DLPFC and parieto-occipital cortex
activation were confirmed using fMRI (Refer-
ence scan mode=Echo Planar Imaging (EPI)/
separate, TR=2000 ms, and TE=30 ms) signal
while running the task (Figure 1d-e).

MRI and MRS Data Analysis

Tissue Volume Segmentation

MRI structural T1-weighted images were
segmented based on tissue types using FM-
RIB Software Library (FSL) software version
6.0.7. The snapshot was captured from the lo-
cation of the MRS voxel during data acquisi-
tion served as a valuable reference for verify-
ing the actual voxel segmentation. The skull
was removed using Brain Extraction Tool
(BET) functionality. Segmentation and partial
volume correction were performed using the
Hitchhiker’s Guide [26]. The FMRIB’s Auto-
mated Segmentation Tool (FAST) option was
used to extract Partial Volume Estimate (PVE)
maps of Cerebrospinal Fluid (CSF), Gray
Matter (GM), and White Matter (WM). PVE
images are the most accurate way of calculat-
ing tissue volumes [27]. The tissues inside the
MRS voxel were segmented using a binary
mask created by MATLAB (version 2018b).
MATLAB is a powerful and versatile tool for
advanced image processing. The partial vol-
ume calculations proceeded for tissues inside
the MRS voxel (Figure 2B-C) using FSL. The
composition of tissues inside the MRS voxels
is reported in Table 1. These calculations were
used in the next step for tissue correction.

MRS Spectrum Processing and
Quantification

Spectra, which did not meet the quality cri-
teria, were excluded from the analysis; for ex-
ample, the CRLB higher than 25%. The aver-
age Full-width-at-half-maximum (FWHM) of
the spectra was 12.3+2.4 Hz (varied between
9.9 and 14.7 Hz). The MRS spectra were
analyzed using the LCModel (version 6.3-
1R), which uses an automated algorithm and
simulated basis set to quantify the metabolite

concentration [28]. This technique is suitable
for estimating overlapped metabolite signals,
such as glutamate and glutamine. The spectra
were tissue and relaxation time corrected as
described previously [26], using the “Water
Concentration (WCONC)” term calculated for
each VOI using equation (1):

[HON(Fon R, )+ s Ry, )+ (Fese oo, )) )
1-fo

WCONC is the visible water concentration
(mM) inside the voxel, with unit of the frac-
tional brain water content in the voxel (B,,,),
which is 55556 B,,. for CSF [29]. The];m,fwm,
and f , are the water fractions in each tissue
type, calculated by equation (2):

Sy = S

0.82v,, +0.73v,,, +0.98v .

WCONC =

2

where C, is expressed as water content
fractions in GM, WM, and CSF, which are
0.82, 0.73, and 0.98, respectively. The factor
(1-f,,) in equation (1) is the partial-volume
correction. Considering that the metabolites
are concentrated in gray matter and white mat-
ter, this factor corrects for this fact. V is the
fraction of the segmented tissue in the MRS
voxel. The R, , is the relaxation factor,

based on the fact that water relaxes inside
different tissues at different rates [30] and
computed using equation (3):

TE TR
Ry, =€ [l—e”] 3)

where T1 and T2 are the water relaxation
times in the tissue type X, and the TR and TE
are the time to repeat and time to echo. To ac-
count for the blood-oxygen-level-dependent
(BOLD) effect [31], which may inflate the
metabolite levels, the metabolites were nor-
malized to the total creatine level, which is
similarly affected by the BOLD effect [4] and
remains constant under normal physiological
conditions.

Statistical Analysis
Statistical analysis was performed using

J Biomed Phys Eng 2024; 14(6)
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Figure 2: (a) Partial volume segmentation of brain tissues into three classes: cerebrospinal fluid,
gray matter, and white matter (upper row). Mixed and colored brain tissues are displayed in
the lower row in sagittal, coronal, and axial views (left to right, respectively). 3D representation
of segmented tissues inside the volume of interest in the dorsolateral prefrontal cortex that
its location annotated by a black arrow, compared to the whole brain (b). (c) Left: showing a
sample spectrum acquired in a single time to repeat (single event, for example, Encoding) and
quantified using a linear combination model. The black line is the original signal, the red line is
the LC Model estimation of simulated metabolites and the black line above is residual. (c) Right:
Conc. representing metabolites concentration in millimolars. SD (standard deviation) identify-
ing Cramer-Rao lower bounds (CRLBs) in %. The third column is the metabolite concentrations
normalized to total creatine. The blue colors identify the lowest CRLBs.

Table 1: Mean tissue volume composition of magnetic resonance spectroscopy voxels (%)

VOI (volume of interest) Gray Matter White Matter Cerebrospinal Fluid
DLPFC (dorsolateral prefrontal cortex) 0.39+0.05 0.43+0.04 0.18+0.03
Parieto-Occipital 0.41£0.03 0.3740.02 0.2240.02
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IBM SPSS Statistics (v27.0.1.0, 2020, SPSS,
Inc., an IBM Company, Chicago, United
States of America). The Kruskal-wallis test
was used to determine, whether there was a
statistically significant difference between
the medians of groups. The participants were
split into two groups of fast and slow learn-
ers based on the median split of response time.
Considering the non-normal distribution and
limited data sample, a nonparametric paired
Mann-Whitney test was performed to evaluate
whether the response time and percentage of
correct answers were differed by learning sub-
groups to indicate learning rate and asymptot-
ic performance. Variables for this test included
task condition, response time, and accuracy.
A one-way repeated measure of the analysis
of variance (rmANOVA) test, followed by a
post-hoc test with the Bonferroni correction
was employed to examine the main effect of
memory load on accuracy and response time.

To determine if Glu/tCr ratios varied signifi-
cantly either during memory loads compared
to continuous rest, or across different task con-
ditions, a one-way rmANOVA was conducted
for each region of interest (ROI). This was fol-
lowed by a post-hoc test using the Bonferroni
correction.

Results

Behavioral Results

Participants responded with an average ac-
curacy of 96%. Accuracy decreased with an
increase in the memory load (Figure 3b). The
lists of 2, 4, and 6-letter sets had accuracy rates
of 98.89%+1.52%, 96.39%+2.07%, and
88.93%+6.74%, and response times of
0.93+£0.50 seconds, 1.03+0.66 seconds, and
1.11+0.73 seconds, respectively
(Figure 3b). There was a significant effect of

memory loads on the means of response time
(F, ..=7.22, P-value=0.006, 77; =0.357) and
accuracy (F(z’ 26)=27.64, P-value<0.001,
77§ =0.680). Post-hoc tests indicated that the

(2, 26)

response time for the 6-letter set was signifi-
cantly longer than in 2-letter (P-value=0.001)
and 4-letter sets (P-value=0.032), but there
was no significant difference between 2- and
4-letter sets. Accuracy in the 6-letter set was
significantly lower than in the 2-letter

Time Vs A y and C ion Across Memory Loads
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Figure 3: a: One-way rmANOVA to compare
the effect of memory loads on dependent
variables. A significant effect was found in
response time (F =7.22, P-value=0.006,
17, =0.357), o 2672764,
P-value<0.001, 77; =0.680) and glutamate/

total creatine ratio in the DLPFC (F(s, 39416,
P-value=0.043, 72=0.243) and parieto-

occipital (F(3 39)=6.41, P-value=0.006,
77; =0.330). b: Learning rate and asymptotic

(2, 26)
accuracy (F

performance differed significantly (*) be-
tween fast and slow learners across all mem-
ory loads. Fast learners responded quicker
and had higher accuracy, indicating learning
rate and asymptotic performance were

J Biomed Phys Eng 2024; 14(6)
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(P-value=0.023) and 4-letter sets (P-val-
ue=0.022) and significantly lower in the 4-let-
ter set than in the 2-letter set (P-value=0.009)
(Figure 3a).

The participants cleaved into fast
(age=31%£1.73) and slow (age=30.28+6.36)
learners (n=7 in each). Mann-whitney results
indicated that fast learners had significantly
lower response times in the 2-letter (Z=-
9.054, P-value<0.001), 4-letter (Z=-9.063,
P-value<0.001), and 6-letter (Z=-9.096, P-
value<0.001) sets, respectively, and higher ac-
curacy than slow learners in the 2-letter (Z=-
3.573, P-value<0.001), 4-letter (Z=-2.033,
P-value=0.042), and 6-letter sets (Z=-4.799,
P-value<0.001). Fast learners responded
quicker and had higher accuracy, indicating a
direct relationship between learning rate and
asymptotic performance.

1H fMRS Results

Glutamate concentration in millimolar (mM)
was normalized to total creatine concentration
(tCr) in mM (reported here in relative form
(Glu/tCr)). A significant effect of memory
loads on the Glu/tCr was found in the DLPFC

(F(3’ 39):4'163 P'Valuezo-043, 77; :0243) and
parieto occipital (F ., ,,=6.41, P-value=0.0006,

(3, 39)
77,, =0.330) voxel. Post-hoc analysis indicated
significantly higher Glu/tCr modulation in the
memory load of the 6-letter set than in con-
tinuous rest in both the DLPFC (19.90% high-
er, P-value=0.018) and parieto-occipital
(33.00% higher, P-value=0.046) and no sig-
nificant difference between other memory
loads in either target area (Figure 4). Glu/tCr
levels across task conditions during each
memory load are described as follows: 1)
memory load of the 2-letter set: the rmANO-
VA showed that there was no significant effect
of task condition on the Glu/tCr ratio in the
DLPFC voxel (F =2.67, P-value=0.067,

4, 52)
77; =0.171). However, task conditions signifi-
cantly affected Glu/tCr levels in the parieto-
occipital voxel (F, .,=5.98, P-value=0.007,

(4, 52)
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77; =0.315). The post-hoc test showed a sig-
nificantly higher glutamate level in the re-
sponse phase than in continuous rest in the
DLPFC (16.10% higher, P-value=0.041). No
significant differences were found between
any pairs of task conditions in the parieto-oc-
cipital voxel. The rest of the P-values are an-
notated in Figure 4; 2) memory load of the
4-letter set: there was no significant effect of
task condition on Glu/tCr levels in the DLPFC
voxel (F(4’ 52)22.59, P-value=  0.065,
77; =0.166), while the same measure indicated
a significant effect for the parieto-occipital
voxel (F(4’ 52)=5.85, P-value= 0.011,
7713 =0.310). No significant differences were
found between any pairings of task conditions
using post-hoc analysis, and 3) memory load
of the 6-letter set: a significant effect of task

condition on Glu/tCr modulation was ob-
served in both the DLPFC (F 52)=3.3 8, P-val-
ue=0.042, 77; =0.207) and parieto-occipital
(F, 5,,=8.56, P-value=0.003, 77,3 =0.397) vox-
els. No significant differences were observed
between Glu/tCr levels of task conditions in
the DLPFC using pairwise comparisons by
post-hoc analysis, while these measures were
significant in the parieto-occipital in a way
that Glu/tCr levels higher in the response than
in the retention (P-value=0.024) and continu-
ous rest (P-value=0.043).

The Mann-Whitney test in learning sub-
groups indicated no significant differences in
Glu/tCr concentration for the memory load
of 2-letter (Z=-1.27, P-value=0.201), 4-let-
ter (Z=-1.07, P-value=0.283), and 6-letter
(Z=-0.91, P-value=0.363) sets in the DLPFC.
Also, the same measurements for the parieto-
occipital were not significant in the memory
load of 2-letter (Z=-0.10, P-value=0.915),
4-letter (Z=-1.25, P-value=0.210), and 6-letter
(Z=-0.23, P-value=0.812) sets.

Discussion
Glutamate, glutamate-regulated  neural
firing, subsequent glutamate release, and the

repetition of this cycle are a complex interplay
essential for STM and learning [7]. In addi-
tion, frontal and prieto-occipital cortices are
involved in WM and retrieval [32, 33]. How-
ever, the glutamate modulation of the right
DLPFC and parieto-occipital cortex during
STM remains a case, which is addressed in
this study using fMRS. The right DLPFC is
involved in higher-order cognitive processes,
such as working memory, cognitive flexibil-
ity, and attentional control. Additionally, the
DLPFC is implicated in memory-guided at-
tention, due to its role in memory-based biases
during visual processing [34, 35]. The prieto-
occipital cortices are structural and functional
hubs in the brain, participating in the default
mode network and executive control network
[36]. The right DLPFC and the right poste-
rior parietal cortex have been associated with
memory-guided attention [37]. The current
study emphasizes the role of glutamate con-
tent in the DLPFC and the parieto-occipital
cortices as a shared property that may contrib-
ute to top-down attentional control and visual
processing tasks.

The glutamine-glutamate cycling and neuro-
nal glucose oxidation relationship is estimated
at approximately 1:1 [25]. The neurotransmit-
ter pool of glutamate and metabolic processes
are coupled and indistinguishable [38]. In ad-
dition, neural activity increases with memory
consolidation causing glucose consumption
and oxidative metabolism to increase, which
itself includes the glutamate and glutamine
cycle [18]. On the other hand, neuroplasticity,
which is crucial for learning and memory, is
mainly more related to glutamate rather than
glutamine [39]. Moreover, the combined mea-
surement of glutamate and glutamine (GIx)
did not reveal significant changes with learn-
ing measures [19]. Therefore, to meaning-
fully observe neuronal plasticity, an attempt
should be made to measure the signal of glu-
tamate rather than glutamine. To minimize the
overlap of glutamate and glutamine signals,
a PRESS sequence with a TE of 40 ms was
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used, as suggested in previous studies [40, 41].
The LCModel software was then employed to
quantify glutamate and glutamine separately
by estimating overlapping resonances and cor-
recting for relaxation time and partial volume
effects.

Previous studies suggest that glutamate
plays a significant role in mediating sensory
information processing and sensorimotor in-
tegration during various tasks [42, 43]. Sig-
nificantly higher modulation of glutamate was
observed during the Sternberg’s task. In the
current study, the obtained results were con-
sistent with the elevated glutamate levels in
the left DLPFC during the letter 2-back task
[20]. Similarly, glutamate concentration in-
creased significantly during sensory-guided
tasks compared to rest in the dorsolateral and
arcuate areas of the prefrontal cortex in pri-
mates [44]. Additionally, increased glutamate
is associated with a reduction in default mode
network deactivation in the human brain’s
posterior cingulate cortex/precuneus [45].
Furthermore, the present research showed a
more noticeable increase in glutamate in the
DLPFC during the response phase, showing
prefrontal cortex neurons play a larger role in
retrieval. Accordingly, the synthesis of gluta-
mate is necessary to carry out a learning cycle,
or the presence of glutamate is necessary for
retrieving a newly formed memory.

Evidence indicates that WM capacity im-
pacts cognitive processing and learning out-
comes [46]. Furthermore, increasing memory
load led to greater BOLD activation in the
prefrontal and parietal cortices [47] and de-
creased activity in the hippocampus [48].
However, one study indicated no load sensi-
tivity in DLPFC Glx levels [49]. Surveying
glutamate levels under various loads, which
has not been completely examined, increases
the understanding of its function and associat-
ed electrical oscillations during cognition. The
present study showed that increasing memo-
ry load can lead to decreasing accuracy and
increasing the glutamate concentration.

Hence, it can be concluded that the synthesis
of glutamate is essential not only for success-
ful retrieval, but also for the very nature of
learning and memory retrieval. This is partic-
ularly true under higher memory loads, even
though it may result in a higher number of
incorrect answers.

The NMDA dysfunction is implicated in a
variety of neuropsychiatric disorders, includ-
ing Alzheimer’s, schizophrenia, depression,
ischemic brain injury, and chronic pain [50].
Investigating the role of NMDA using fMRS
or in combination with other modalities, such
as EEG, can help identify potential therapeu-
tic targets for memory disorders. Addition-
ally, research on non-ill individuals, who have
memory impairments, may help clarify the
processes underlying the condition and iden-
tify possible indicators for early detection and
treatment. For example, the abnormality of
glutamate transmission induced by the NMDA
hypofunction is causally associated with the
symptoms of schizophrenia [51].

The present method has not been able to
distinguish between intracellular and extracel-
lular glutamate yet. Hertz and Rothman have
reported that intracellular glutamine is trans-
formed into glutamate, which is subsequently
secreted into the synaptic cleft, resulting in
either LTD or LTP [52]. The residual gluta-
mate is then converted into glutamine and
stored in the presynaptic neuron. Therefore,
future studies can be designed to investi-
gate the distinction between intracellular and
extracellular glutamate or in combination with
other methods like EEG.

Conclusion

The outcome of this research indicates that
the right DLPFC and parieto-occipital cor-
tices emerge as key players, with glutamate
modulation influencing attentional control
and visual processing. The findings under-
score the essential role of glutamate syn-
thesis in learning cycles and the retrieval of
newly formed memories, providing valuable
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methodological advancements for investigat-
ing the metabolic functions of both healthy
and disordered brains. Additionally, our results
suggest a direct correlation between cognitive
demands and glutamate levels, highlighting
the neurochemical underpinnings of cognitive
processing. These insights challenge the tradi-
tional left-hemisphere-centric model of verbal
working memory, suggesting a more nuanced
understanding of hemispheric contributions
to cognitive functions. Future investigations
could explore glutamate dynamics in combi-
nation with other methods to further elucidate
these complex processes.
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