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Maturational decrease of glutamate in the human cerebral
cortex from childhood to young adulthood: a 1H-MR
spectroscopy study
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BACKGROUND: The aim of the present study was to
investigate maturational changes in glutamate (Glu) in the
human cerebral cortex from childhood to young adulthood
using 3.0-Tesla proton magnetic resonance spectroscopy
(1H-MRS), which is capable of quantifying Glu in vivo.
METHODS: Normal volunteers comprising 11 children (aged
4–13 years) and 11 young adults (aged 18–33 years)
participated in the study. Single-voxel point-resolved spectro-
scopy (PRESS, repetition time/echo time = 2,000/80 ms) was
performed on the frontal and occipital cortices, and the Glu-
to-creatine ratio (Glu/Cr) and N-acetylaspartate-to-creatine
ratio (NAA/Cr) were determined.
RESULTS: In both the frontal and occipital cortices, Glu/Cr
was significantly lower during young adulthood relative to
that during childhood. NAA/Cr did not differ significantly
between the two age groups.
CONCLUSION: This study has provided objective evidence
that cerebral cortical Glu/Cr decreases between childhood
and young adulthood. The observed decrease in Glu/Cr may
reflect the simultaneous occurrence of maturational changes,
such as changes in cortical microstructure and the intercellular
compartmentation of Glu metabolism.

Refinement of cortical networks has been proposed to have
a pivotal role in postnatal maturation of the human brain

until young adulthood. Dysregulation of this process is
thought to be associated with a range of neurodevelopmental
and psychiatric disorders. Therefore, to investigate and better
understand the pathophysiology of these disorders, establish-
ment of quantitative physiological parameters indicative of
the refinement process would be highly desirable.
Proton magnetic resonance spectroscopy (1H-MRS), a power-

ful non-invasive technique capable of quantifying biochemical
parameters in vivo, has been applied successfully to studies of
early cerebral development. These studies have revealed that the
levels of N-acetylaspartate (NAA), creatine (Cr), and glutamate
(Glu) increase, whereas those of choline (Cho) and myo-inositol
decrease during the first few years of life (1–5).

By contrast, several 1H-MRS studies of children and
adolescents (1,3,6–9) have revealed only subtle age-related
changes. These included a slight increase in NAA and a
decrease in Cho in several regions (1,3,6,7), the NAA/Cho
ratio becoming maximal in the second decade of life (8,9). On
the other hand, these previous studies have found no change
in the level of Glu. Considering that Glu as an excitatory
transmitter is closely associated with the efficacy of synaptic
transmission, thereby contributing to refinement of cortical
networks (10), Glu may change in association with cortical
network refinement during this period.
In the present study, focusing on Glu, we investigated

maturational changes in biochemical profiles within the
cerebral cortex of normal individuals during childhood and
young adulthood using 3.0-T 1H-MRS, which allows reliable
quantification of Glu owing to its high signal-to-noise ratio
and spectral resolution.

METHODS
Subjects
Eleven normal volunteers representing the childhood stage (seven
male and four female subjects aged 4–13 years, mean 9.7 years) and
eleven normal volunteers representing the young adulthood stage
(seven male and four female subjects aged 18–33 years, mean 25.0
years) participated in this study. All procedures were performed in
accordance with the human research guidelines of the Internal
Review Board of the University of Niigata. Subjects underwent a
neurologic examination and interview to confirm the absence of
developmental abnormalities and ensure that they were free of any
medication and were not taking illicit drugs or alcohol. Written
informed consent was obtained from every volunteer or guardian.

Proton MR spectroscopy studies
A Signa 3.0-T (General Electric, Waukesha, WI) MR system with an
eight-element phased array head coil was used to perform all of the
studies. T2-weighted fast spin echo images were obtained. PRESS
with chemical shift-selective water suppression was utilized with the
following parameters: repetition time= 2,000 ms; echo time= 80 ms;
data point= 4,096; spectral width= 5,000 Hz; and 128 signal
averages. Using these settings for 3.0-T 1H-MRS, it had been shown
previously that resonance at 2.35 parts per million overwhelmingly
represents the Glu resonance (11–13). Accordingly, we assigned this
resonance to Glu. The overall examination time was ~ 30 min.
During the entire imaging process, volunteers were provided with
audiovisual aids and thus adequately prepared. No sedative
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procedure was performed. 1H-MRS spectra were obtained from two
regions of interest within the frontal and occipital cortices
(20 × 25 × 12 mm= 6 ml; Figure 1a).
The Glu/Cr and NAA/Cr ratios were determined by using a Linear

Combination Model of in vitro spectra (LCModel, Version 6.2;
Stephen Provencher, Oakville, Ontario, Canada; (ref. 14). The criteria
used to select the reliable metabolite concentrations were based on
the Cramér-Rao lower bounds, which are estimates of the SD of the
fit for each metabolite and are also determined by the LCModel.
Only results with a Cramér-Rao lower bounds of o20% were
included in the analyses. Cramér-Rao lower bounds values for
metabolites in each brain region were as follows (mean± s.d.): in the
frontal cortex, Glu 7.1± 1.1, NAA 2.8± 0.7, and Cr 2.7± 0.5; in the
occipital cortex, Glu 8.8± 1.4, NAA 3.2± 0.5, and Cr 3.0± 0.3.

Statistical analysis
Comparison of metabolite ratios between the two groups was
performed using the Mann−Whitney U-test (two-tailed). P values

less than 0.05 were considered to represent statistical significance.
Analyses were performed using IBM SPSS, version 20.0 (IBM
Corporation, Armonk, NY). When significant differences in ratios
were found between the two groups, the data were fitted to a
logarithmic model, y= a+b · ln(x), where y is Glu/Cr at age x (in
years), and a and b represent the intercept and slope parameters,
respectively. Models were determined using SigmaPlot Version 12.5
(SPSS, Chicago, IL).

RESULTS
Representative 1H-MRS spectra are shown in Figure 1b.
Quantitative analysis of the Glu-to-creatine ratio (Glu/Cr)
and the N-acetylaspartate-to-creatine ratio (NAA/Cr) is
shown in Figure 2. In both of the cerebral cortices, Glu/Cr
(mean± s.d.) was significantly lower in young adults than in
children (1.05± 0.06 vs. 1.13± 0.05 for the frontal cortex,
Po0.01; 0.94± 0.05 vs. 1.02± 0.09 for the occipital cortex,
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Figure 1. Representative 1H-MRS spectra for each of the ROIs. (a) Representative examples of ROIs determined from T2-weighted images. ROIs in
the frontal and occipital cortices used in this study are demonstrated by white rectangles. (b) Representative 1H-MRS spectra with a superimposed
Linear Combination Model of in vitro spectra (LCModel) fitted to metabolite concentrations and the estimated baseline. 1H-MRS, proton magnetic
resonance spectroscopy; ROI, regions of interest; Cr, creatine; Glu, glutamate; NAA, N-acetylaspartate; ppm, parts per million.
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Figure 2. Comparison of Glu/Cr and NAA/Cr between the two age groups. (a) Glu/Cr is significantly smaller at the young adulthood stage than at
the childhood stage in the frontal (**Po0.01) and occipital (*Po0.05) cortices. (b) NAA/Cr is not associated with any significant differences between
the two age groups. Each symbol and vertical bar represents mean± s.d. Glu/Cr, glutamate to creatine ratio; NAA/Cr, N-acetylaspartate to
creatine ratio.
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Po0.05). In both cortices, NAA/Cr showed no significant
differences between the two age groups. Curve fitting
between Glu/Cr and age across individual subjects is shown
in Figure 3. Glu/Cr decreased with age in both the frontal
(b=− 0.06) and occipital (b=− 0.08) cortices.

DISCUSSION
The present study has demonstrated that Glu/Cr in the
cerebral cortex decreases significantly in an age-dependent
manner between childhood and young adulthood. Consider-
ing that Cr remains almost constant during this period (3),
the significant decline of Glu/Cr may reflect a decrease in Glu.
A similar maturational Glu decline has been reported in the
cerebrum of non-human mammalian species (15,16).
Although the precise mechanisms underlying this change
remain to be elucidated, it may reflect at least two of the
known physiological changes that occur during cerebrum
maturation—namely, a decline in synaptic density and a
decline in the synthesis of Glu from glutamine, a major
precursor of Glu, through alteration of the intercellular
compartmentalization of Glu metabolism.
First, during the process of cortical network refinement,

unwanted synapses are eliminated. A previous morphometric
study has shown that synaptic density in the human cerebral
cortex decreases significantly between childhood and young
adulthood (17). Considering that the highest Glu concentra-
tions are found inside the presynaptic terminals, a decline in
synaptic density may lead to a decrease in Glu. Indeed, in the
cornu ammonis of the hippocampus in mice, Glu has been
shown to decrease in association with a decrease in synapses
(18). Therefore, the decrease in Glu/Cr observed in our study
may reflect such a decline in synaptic density.
Second, in the mature brain, metabolism of Glu and its

major precursor glutamine is compartmentalized, because
several key enzymes and transporters involved in their
metabolism are distributed differently in neurons and glia.
Consequently, Glu and glutamine are most abundant in
neurons and glia, respectively (19). Previous studies of the rat
cerebral cortex have demonstrated maturational changes in

such enzymes and transporters during synaptic elimination.
After the third postnatal week, expression of the glutamine
transporter SN1 and activity of glutaminase are significantly
decreased (20,21), whereas expression of the Glu transporters
(GLAST and GLT-1) and activity of glutamine synthetase
appear to be slightly increased (22) and constant (23),
respectively, suggesting a maturational decrease in the
synthesis of Glu from glutamine, which may account for the
decrease in the concentration of Glu. In accordance with these
observations, a study of the rat cerebral cortex has demon-
strated a decrease in Glu and an increase in glutamine during
almost the same period (15). Thus, the decrease in Glu/Cr
observed in our study may reflect such maturational changes
in neuron− glia metabolic interactions with respect to Glu −
glutamine compartmentalization.
This study has provided objective evidence that cortical

Glu/Cr decreases between childhood and young adulthood.
The observed decrease in Glu/Cr may reflect the simultaneous
occurrence of maturational changes in the human cerebral
cortex. Therefore, evaluation of Glu/Cr by in vivo 3.0-T 1H-
MRS can potentially serve as an indicator of human cerebrum
maturation. Further studies employing larger numbers of
subjects will be needed to confirm our results, as well as to
clarify the effects of sex, sexual maturity, and age on the
cerebral Glu concentration. Longitudinal studies or trials
using several spectral fitting methods would also be desirable
for future practical use.
Human brain maturation is a complex process that involves

changes not only in the synapse microstructure but also in
axon myelination. Therefore, both gray and white matter
should be evaluated to detect and identify regions with
abnormal maturation. We propose that Glu/Cr can be used as
an indicator of gray matter maturation. We have previously
proposed eigenvalue diffusion tensor analysis as an indicator
of white matter maturation (24) because it reflects changes in
the microstructure, including myelination. We anticipate that
use of these in vivo MRI-related indicators will lead to
increased understanding of neurodevelopmental and psychia-
tric disorders.
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Figure 3. Age-dependent decrease of Glu/Cr in the cerebral cortices. (a) Frontal cortex (regression equation: y= 1.25–0.06 · ln(x), all parameters were
significant beyond the 0.05 level, R2 = 0.23). (b) Occipital cortex (regression equation: y= 1.21–0.08 · ln(x), all parameters were significant beyond the
0.01 level, R2 = 0.36). Fitting curves are plotted together with their 95% prediction intervals. Glu/Cr, glutamate to creatine ratio; R2, R-squared value.
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