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Abstract
Glutamate (Glu) is the most abundant excitatory neurotransmitter in the central nervous system (CNS) and is involved in the
pathophysiology of Alzheimer’s disease (AD) in which there is an increased excitotoxicity. Biochemical composition of living
tissues including the levels of Glu was analyzed by magnetic resonance spectroscopy (MRS). Previous reports point to
decreased levels of Glu in AD. As Glu plays an important role in memory, we hypothesize that Glu levels are decreased
in patients with AD when compared with controls. A consecutive sample of 30 patients with mild-to-moderate AD under-
went H-MRS with the voxel placed in the bilateral posterior cingulate gyrus. For comparison purposes, we carried out the
same technique in 68 patients with mild cognitive impairment (MCI) and in 26 controls. The healthy controls had higher meta-
bolite levels of N-acetyl-aspartate (NAA) than patients with MCI and AD. In turn, patients with MCI and the controls had
higher levels of Glu than in patients with AD. The differences were significant in the analysis of variance (ANOVA) test model
corrected for age. In the post hoc analysis, the most remarkable differences were seen between patients with AD and the rest
(patients with MCI and the controls). In AD, the levels of Glu and NAA are decreased in comparison with MCI and normality,
which reflects loss of neurons.
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Introduction

Previous reports point to an excess of excitatory glutamatergic

stimulation in the brain of patients with Alzheimer’s disease

(AD), which could lead to neuronal death.1-4 This fact gave rise

to treatment of patients with memantine, a glutamate (Glu)

receptor antagonist. The experience with memantine is mostly

limited to moderate-to-advanced AD and the results are equally

modest,5,6 but 2 placebo-controlled randomized trials also

point to a benefit in mild stages.7,8

Magnetic resonance spectroscopy (MRS) enables us to

measure the concentration of Glu in the brain and other

metabolites as well, but there is a paucity of studies measuring

such a metabolite. Previous reports point to a decreased levels

of Glu in AD in transgenic mice9 and in humans but the studies

were small.10-12 The main findings described in patients with

AD who underwent MRS with a single-voxel spectroscopy

areas are as follows: decrease in N-acetyl-aspartate (NAA) in

the mesial temporal lobe, posterior cingulate gyrus, occipital

lobes, temporal lobes, parietal lobes, and hippocampi; decrease

in white matter being smaller than the gray matter13-16;

increased myoinositol (mI) in the mesial temporal lobes, ante-

rior and posterior cingulate gyrus, and parietal lobes, with

major affectation of the gray matter13; decrease in choline

(Cho)/creatine (Cr) levels in patients with mild cognitive

impairment (MCI) who did not progress to AD with respect

to MCI converters and the controls.17

The posterior cingulate region of the brain is also a key com-

ponent of the default mode network (DMN), a constellation of

brain regions activated during self-referential thinking. The

medial temporal lobe subsystem provides information from

previous experiences in the form of memories and associations

that are the building blocks of mental simulation. The medial

prefrontal subsystem facilitates the flexible use of this infor-

mation during the construction of self-relevant mental simula-

tions. These 2 subsystems converge on important nodes of

integration including the posterior cingulate cortex (PCC).18

On the basis of the previous reports and the progressive

nature in AD, we hypothesize that there is a continuum

between normality, MCI, and AD. The patients with AD should

have lower levels of Glu than the controls and MCI group in the

posterior cingulate gyrus.
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Patients and Methods

In this cross-sectional study, we included a consecutive sample

of 26 healthy volunteers, 68 patients with amnestic MCI, and

30 patients with mild-to-moderate AD. The patients with MCI

were referred by family physicians because of memory com-

plaints corroborated by an informant. They met the criteria of

amnestic MCI according to the criteria of Petersen et al.19 At

baseline, the patients underwent neuropsychological analysis

encompassing the Memory Impairment Screen (MIS),20

Mini-Mental State Examination test (Spanish version; with a

maximum possible score of 35 points),21 Blessed Dementia

Rating scale, clock drawing test, Geriatric Depression scale

(GDS), and the Rey Auditory Verbal Learning Test (RAVLT)

delayed recall. The patients with MCI included in this study

must score 5 or lower in the MIS, 0.5 in the Clinical Dementia

Rating scale (CDR), and a score higher than 21 points in the

Mini-Mental State Examination.

The patients with probable AD fulfilled the criteria of the

National Institute of Neurological and Communicative Disor-

ders and Stroke and the Alzheimer’s Disease and Related

Disorders Association (NINCDS-ADRDA) work group22 and

were included in a randomized trial previously done to com-

pare memantine with donepezil.15 The patients with AD were

reevaluated 6 months after randomization, but a second com-

plete MRS study was only possible in 20 patients (10 under

donepezil 10 mg/d and 10 under memantine 20 mg/d).

All patients underwent the neuroimaging techniques of

magnetic resonance imaging (MRI). Data were acquired using

a 1.5-T Signa HD clinical scanner (GE Healthcare Diagnostic

Imaging, Milwaukee, Wisconsin). All images were acquired

using an 8-channel phased-array head coil (neurovascular head

array [NVHEAD A]). Magnetic resonance spectroscopy was

carried out as follows. A midsagital T1-weighted image (repe-

tition time [TR] ¼ 560 ms, echo time [TE] ¼ 12 ms, 90� flip

angle, number of excitations ¼ 1, matrix size ¼ 256 � 160,

field of view ¼ 24 � 24 cm2, slice thickness/gap ¼ 5/0 mm)

was obtained to locate a voxel (2x2C2 cm) including the right

and left PCC and inferior precunei (Figure 1). 1H-MRS was

carried out by a short TE of 35 ms and a TR of 2000 ms and

128 accumulations using a single voxel with a spin echo tech-

nique that uses selective excitation with gradient spoiling for

water suppression. The mode of spectral acquisition was proton

brain spectroscopy–point resolved spectroscopy (PROBE-P)

technique. For the quantification of absolute concentrations

of brain metabolites, expressed in millimoles per liter per kilo-

gram wet weight, we used the user-independent frequency

domain-fitting program LCModel (version 6.2-0),23 applying

an eddy current correction and using internal water signal ref-

erence to calculate absolute metabolite concentrations. Apart

from the individual analysis of the Glu, Cr, NAA, and mI com-

pounds, we studied the summed concentrations of glutamate þ
glutamine referred to as Glx. Absolute metabolite values were

only considered when the Cramér–Rao lower bound was below

20%, thus indicating that these metabolites could be reliably

estimated. Chemical concentrations can now be automatically

extracted from magnetic resonance (MR) spectra using sop-

histicated and well-documented time domain and spectral

frequency fitting software packages such as LCModel,23 a

user-independent fitting routine based on a library of model

spectra of all individual metabolites.23 Concentration values

are expressed as arbitrary institutional units and are not cor-

rected for contributions by cerebral spinal fluid (CSF) and a

small reduction in the numerical values by residual T1 and

T2 relaxation effects. We also obtained the ratios of the peak

amplitude of the metabolites relative to Cr. In clinical practice,

metabolic ratios are assessed using Cr, which is considered as

the most stable metabolite and as an internal reference.24 In

Figure 2, an example of spectrum is given.

Before starting this study, we studied the test–retest reliabil-

ity of metabolite measurements in every area in a sample of

patients with other pathologies, with 2 consecutive studies

without removing the patient from the scanner. According to

the resulting a coefficients, we must assume a mean random

variation of approximately 8% for mI/Cr and approximately

10% for NAA/Cr and Cho/Cr.25 We also carried out a second

immediate MRS in 16 patients without being removed from the

scanner to check the reproducibility of Glu and Glx. The intra-

class correlation coefficients were .80 for PCC.

Statistical Analysis

The differences of mean metabolite values and ratios were

analyzed with the ANOVA test and Bonferroni correction.

However, as these values and ratios correlated with age signif-

icantly (P¼ .003 or lower) and as the mean age of controls was

lower than that of patients, we made a multivariate analysis to

correct the differences in age. We used the t test for paired sam-

ples to compare the changes in metabolite levels after treatment

using donepezil and memantine separately, and for the whole

sample of treated patients.

Figure 1. Sagittal T1-weigthed magnetic resonance imaging. Voxel
placed in the bilateral posterior cingulate gyrus.
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Results

We included 124 patients in the study: 68 patients with MCI, 30

patients with AD, and 26 controls (healthy volunteers). The

baseline variables and the results of memory test and scales are

included in Table 1.

We observed that controls were somewhat younger than the

patients with MCI and AD (mean age: 69.9 vs 74 and 78, respec-

tively). Female predominance was noted in all the groups—MCI

group (61%), AD group (73%), and control group (53.8%).

Hypertension was described in MCI (34%) and AD (33%) groups.

The presence of 1 or 2 APOE4 alleles in MCI and AD groups was

30.8% and 50%, respectively (Table 1).

Table 2 lists the metabolite levels and ratio of Cr in all the 3

groups of patients. When we compared the absolute values of

NAA in the posterior cingulate gyrus, we found significant dif-

ferences (F ¼ 6.3; P ¼ .002), with lower levels in AD (6.9

mmol/L) and MCI (7.3) groups than in the control group (7.58).

Another finding was the lower levels of Glu in AD (6.63

mmol/L) and MCI (7.25) groups in comparison with the control

group (7.19) with statistical significance (F ¼ 4.68; P ¼ .01).

Lower levels of Glx were also found in patients with AD

(9.02) in comparison with patients with MCI (9.7) and the

controls ([9.45] F ¼ 3.13; P ¼ .047). The differences found

in NAA and Glu were confirmed in a multivariate ANOVA

test model corrected for age. In the post hoc analysis (Bon-

ferroni test), the most remarkable differences were seen

between patients with AD and the rest (patients with MCI and

the controls), but not between patients with MCI and the con-

trols. Figure 3 shows the box plots for NAA and Glu levels

in each group.

With regard to the patients with AD, 20 of them underwent a

second MRS after 6 months of treatment; 10 patients were on

donepezil and 10 on memantine. In general, we did not see sig-

nificant global changes after treatment with either donepezil or

memantine in the t test for paired data. There was a trend of

increased Glu levels, but the difference was only significant for

the Glx/Cr ratio (means: 1.63 at baseline and 1.86 in the second

scan; t ¼ �3.01, P ¼ .007). Despite treatment, the NAA levels

decreased significantly (6.8 vs 6.2; t ¼ 2.2; P ¼ .04), which

is consistent with a progressive degeneration and neuronal loss

(P ¼ .008). The NAA/Cr ratios did not change significantly.

When the differences were analyzed separately for donepezil/

Table 1. Baseline Variables for MCI, Patients With AD, and Controls

Variables in MCI patients (n ¼ 68)
Age: 74.2 year (SD: 6.9; range: 58-88)
Sex: 42 were female
MEC: 28.3 (SD: 3.1; range: 21-34)
BDRS: 2.7 (SD: 0.8; range: 1-4)
MIS: 2.4 (SD: 1.6; range: 0-5)
RAVLT: 3.2 (SD: 2.5; range: 0-6) in delayed recall.

Hypertension: 24 (34%)
APOE4 genotype: 21 had 1 or 2 alleles
Variables in the group of patients with AD (n ¼ 30)
Age: 78.8 (SD: 4.65; range: 65-86)
Sex: 22 were female

MEC: 23.3 (SD: 3.5; range: 16-30)
BDRS: 7.8 (SD: 2.7; range: 4-14)

ADAS-cog: 22.7 (SD: 8.7; range: 13-48)
NPI: 10.8 (SD: 8.8; range: 2-40)
DAD: 74% (SD: 15; range: 20%-100%)

Hypertension: 10 (33%)
APOE4 genotype: 15 had 1 or 2 alleles

Control group (N ¼ 26)
12 were male; 14 were female
Age: 69.96 (SD: 17.29; range: 60-90)

Abbreviations: MIS, Memory Impairment Screen; RAVLT, Rey Auditory Verbal
Learning Test; SD, standard deviation; MCI, mild cognitive impairment; AD,
Alzheimer’s diease; MEC, Mini-Examen Cognoscitivo; BDRS, Blessed Dementia
Rating Scale; ADAS-cog, Alzheimer Disease Assessment Scale-cognitive part;
NPI, neuropsychiatric inventory; DAD, disability assessment for dementia.

Figure 2. Example of spectrum obtained with the LC Model. NAA indicates N-acetyl-aspartate; Glx, glutamate þ glutamine; Cr, creatine; Cho,
choline; mI, myoinositol.
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memantine (Table 3), we only saw significant changes in the

variable Glx/Cr ratio (.36 for donepezil vs .06 for memantine;

t ¼ �2.3; P ¼ .03).

Discussion

As expected, decreased levels of NAA and NAA/Cr in posterior

cingulate gyrus were found in the patients with AD and MCI

compared with controls. Additionally, absolute Glu and Glx lev-

els and Glx/Cr ratio were reduced in patients with AD versus

MCI group. Patients with MCI showed NAA and NAA/Cr levels

that were intermediate between controls and patients with AD.

There were no changes detected in the absolute levels of Cho and

mI in patients with MCI or AD compared with the control group.

The DMN of brain is a recently described brain system that

has been identified using neuroimaging methods. The posterior

cingulate region of the brain is also a key component of the

DMN.18

Patients with AD showed decreased resting-state activity in

the posterior cingulate and hippocampus, suggesting that dis-

rupted connectivity between these regions accounts for the pos-

terior cingulate hypometabolism and hypoperfusion commonly

detected in positron emission tomography studies of early

AD.26 The activity in the DMN may prove a sensitive and spe-

cific biomarker for cognitive decline.27

Previous spectroscopy studies in patients with AD and MCI

have found decreased levels of NAA, NAA/Cr, and NAA/

mI.16,28-30 The PCC is an area involved in memory and many

times studied in MCI and AD. With regard to the best area to

be explored, it seems that the posteromedial parietal cortex is

particularly useful in terms of reproducibility.25

N-acetyl-aspartate is a marker of neuronal viability and

axonal density. Studies of MRS found decreased NAA and

increased mI in the occipital, temporal, parietal, and frontal

lobes in patients with AD even in the early stages of the

disease.31 N-acetyl-aspartate is believed to be located predo-

minantly in neural bodies, dendrites, and axons. Cortical

NAA concentrations provide information on neuronal and

synaptic growth and pruning, while white matter NAA lev-

els reflect development of axonal system.32 Spectral

abnormalities found in the elderly individuals suggest that

there is a reduction in the number of neurons and of neuron

viability (diminished NAA) associated with a more degrada-

tion of membranes and/or increase in the number of glial

cells (elevated Cho and Cho/Cr ratio). Magnetic resonance

spectroscopy in posterior cingulate discriminate AD and

MCI according to the differences in NAA/Cr ratio.30 The

NAA/Cr ratio in the posterior cingulate gyrus predicted

conversion from MCI to probable AD with a sensitivity of

82% and specificity of 72%16 and correlate closely with

clinical severity scales.33 The ratio of NAA/Cr ratio �1.43

in the posteromedial bilateral parietal cortex predicted con-

version to probable AD with 74.1% sensitivity and 83.7%
specificity. The cross-validated accuracy28 of classification

was 82%.

Table 2. Metabolite Values and Ratios of Creatine in Each Groupa

Metabolite Patients With AD Patients With MCI Controls Significance P Value

NAA 6.9 (0.88) 7.3 (0.67) 7.82 (0.61)b .008
Cho 1.12 (0.18) 1.1 (0.13) 1.09 (0.14)
mI 4.99 (0.92) 5.1 (0.65) 4.77 (0.56)
Glu 6.63 (0.96) 7.25 (0.82) 7.52 (1.05)b .036
GLX 9.02 (1.26) 9.74 (1.24) 9.69 (1.38)b .019
NAA/Cr 1.23 (0.1) 1.27 (0.1) 1.38 (0.12)
Cho/Cr 0.2 (0.1) 0.19 (0.22) 0.19 (0.18)
mI/Cr 0.89 (0.13) 0.9 (0.12) 0.84 (0.02)
Glu/Cr 1.19 (0.14) 1.26 (0.14) 1.33 (0.19)
GLX/Cr 1.63 (0.26) 1.7 (0.22) 1.71 (0.25)b .04

Abbreviations: NAA, N-acetyl-aspartate; GLX, glutamateþ glutamine; Cr, creatine; Cho, choline; mI, myoinositol; Glu, glutamate; MCI, mild cognitive impairment;
AD, Alzheimer’s disease; ANOVA, analysis of variance; SD, standard deviation.
a Mean and SD are expressed in mmol/L.
b Significant in the ANOVA test corrected for age.

Figure 3. Box plots for the NAA and Glu levels in the 3 groups. 1
indicates AD group; 2, MCI group; 3, controls; GLU, glutamate;
NAA, N-acetyl-aspartate.
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In the neurotransmission process, Glu is released into the

synapse from neuronal cells, then taken up by astroglial cells

and transformed into glutamine, and afterward transported

back to the neuron to be recycled to the Glu pool. As part of its

neurotransmitters role, Glx is an excitatory aminoacid, and

excessive Glx neurotransmission has been implicated in excito-

toxic neuronal damage.34 Some studies found that the persistence

of elevated Ca2þ levels in hippocampal neurons exposed to Glu

correlated with the extent of neuronal death35 and that a large

increase in Ca2þ in cultured hippocampal neurons after Glu

application predicted cell death.36 We have metabotropic recep-

tors (mGLUr 1-8) and ionotropic receptors (a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA], kainic

acid [KA], and N-methyl-D-aspartate [NMDA]), each one of them

with its own characteristics.37 In humans, as in animals, an acute

hypofunctional NMDA receptor (NMDAR) state is associated

with increased glutamatergic activity.38

The control group and MCI have significantly higher Glu lev-

els than patients with AD, since many of the metabolite altera-

tions that occur in AD processes including reductions in Glu

are also known to occur with normal aging.39 Amyloid-b (Ab)

can induce a number of biochemical changes in cells including

an increase in the levels of cytosolic calcium and the stimulation

of kinases. Recently, it has been reported that Ab deposits can

impair default network function in older individuals even with-

out clinical dementia symptoms.40 Thus, Ab may impair the

function of neurons at an early stage in the development of

AD. Synaptic plasticity is a key component of memory and cog-

nition, which regulates the strength of signaling between

neurons.41 Synaptic plasticity can be mediated by changes in

the level of receptors on both presynaptic and postsynaptic

membranes (postsynaptic density).41 a-Amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPARs) are key

regulators of synaptic function and cognition. In AD, cell sur-

face AMPARs are downregulated; however, the reason for this

downregulation is not clear; but recently, Liu et al have

described that the Ab protein induces a number of biochemical

changes in cells including an increase in cytosolic calcium, and

this contributes to a downregulation in the expression of Glu

receptors in postsynaptic membrane.42 This decrease in

AMPARs may contribute to the decline in cognitive function

seen in AD. The affection of the synaptic plasticity could explain

the low levels of Glu found in our research. Finally, it has been

reported that the Ab protein inhibits presynaptic function due to

the depletion of calcium-dependent vesicules,43 and this also

could explain the lower levels of Glu found in AD.

Limitations

The 1H-MRS signal arises from gray and white matter and is an

ensemble average of multiple different cell types. Levels of Glu

are often contaminated in part by glutamine, and Glu exists in

the neurotransmitter pool as well as a metabolic pool.

Conclusions

This study points Glu to be a marker of neuronal loss and cogni-

tive deterioration. The metabolite levels of Glu in patients with

MCI were generally intermediate to control group and AD values,

supporting the hypothesis of a pathological continuum. This study

places Glu, a key neurotransmitter, in the forefront of our thinking

behind the molecular processes involved in MCI and AD. We pro-

pose that decreased levels of Glu in the PCC, a key zone in the

default network hypothesis, cause cellular damage and disrup-

tions in circuits involved in cognition and behavior.
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