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Regional Differences and Metabolic Changes in Normal
Aging of the Human Brain: Proton MR Spectroscopic

Imaging Study

Emmanuelle Angelie, Alain Bonmartin, Abdel Boudraa, Pierre-Marie Gonnaud, Jean-Jacques Mallet, and
Dominique Sappey-Marinier

BACKGROUND AND PURPOSE: Aging is recognized to originate from a diversity of mech-
anisms that blur the limits between normal and pathologic processes. The purpose of this study
was to determine the early effect of normal aging on the regional distribution of brain metab-
olite concentrations, including N-acetylaspartate (NAA), a major neuronal marker, choline
(Cho), and creatine (Cr).

METHODS: Thirty-two healthy participants, ages 21 to 61 years, were examined by proton
MR spectroscopic (1H MRS) imaging. 1H MRS imaging acquisitions were performed in two
brain locations: the centrum semiovale and the temporal lobe. Thirty voxels were selected in
four cerebral regions, cortical, semioval, temporal, and hippocampal, and 1H MR spectra were
processed to determine the metabolite ratios.

RESULTS: With advancing age of the participants, the ratios of %NAA, NAA:Cho, and
NAA:Cr were significantly decreased, whereas the ratios of %Cho and %Cr were significantly
increased in the cortical, semioval, and temporal regions. On the basis of the significant met-
abolic difference determined by cluster analysis, two groups of 16 participants with ages rang-
ing from 21 to 39 years (younger group) and 40 to 61 years (older group) were compared.
Repeated measures analysis of variance tests, with multiple comparison procedures between
the two age groups and among the four brain region groups, showed significant decreases of
the %NAA, NAA:Cho, and NAA:Cr ratios in the semioval and temporal regions of the older
group compared with the younger group. When compared with other cerebral regions, %NAA
and %Cho ratios were significantly decreased in the hippocampal and cortical regions,
respectively.

CONCLUSION: These metabolic changes suggest that brain aging is characterized by a re-
duction in neuronal viability or function associated with an accelerated membrane degradation
and/or an increase in glial cell numbers.

Aging is recognized to originate from a diversity
of mechanisms that blur the limits between normal
and pathologic processes (1). Normal aging has
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been associated with some degree of neuron and
volume loss, accompanied by increasing adjacent
glial cells (2). Recent studies have suggested that
these changes are quantitatively less than previous-
ly thought and that they seem to be attributable to
reductions of neuronal cell size rather than neuro-
nal cell number (3). Furthermore, it is thought that
the cognitive impairment associated with normal
aging is due to neuronal dysfunction rather than to
loss of neurons or synapses. The decline in levels
of synaptic proteins involved in structural plasticity
of axons and dendrites has suggested that disturbed
mechanisms of plasticity may contribute to cogni-
tive dysfunction during aging (4). Although these
histologic features cannot be observed noninva-
sively, quantitative analysis of cerebral structures
with volumetric MR imaging has indicated a pro-
gressive reduction in cerebral hemispheres (2–3.5%
per decade) and an increase in ventricular volumes
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(2% per decade) (5–8). T2-weighted MR images
have also shown the presence of characteristic
white matter hyperintensities in the elderly (9). Al-
though these anatomic and radiographic features
are often correlated with cognitive impairment (9,
10), it is unclear whether neuronal function de-
clines with age in healthy people. A number of
metabolic studies using positron emission tomog-
raphy have shown a gradual decline in regional ce-
rebral blood flow of gray and white matter (11–
13), particularly of the frontal lobes (14). Whether
these results reflect a decline in metabolic activity,
a fall in the number of active neurons, or a reduc-
tion in neuron density remains uncertain.

Proton MR spectroscopy (1H MRS) has the po-
tential to detect and quantify different amino acids
and metabolites of the human brain, including N-
acetylaspartate (NAA), total creatine (Cr), and cho-
line (Cho) compounds. Previous localized 1H MRS
studies have examined age-related changes of brain
metabolite concentrations with a number of differ-
ent methods, population size, and variable results
(15–19). Because NAA has been shown to decrease
dramatically in cases of neuronal disease (20–23),
to be neuronal in origin and not present in mature
glial cells (24), it may be used to evaluate neuronal
viability. Some workers reported that NAA was re-
duced with respect to age in basal ganglia or in
white and gray matter (25), whereas others have
shown no age-related change in NAA. Cho-con-
taining compounds, including phosphorylcholine
and glycerophosphorylcholine, as precursor and
breakdown products of membrane phospholipids,
respectively, have been shown to increase with age
in several brain regions (26). Total Cr concentra-
tion, which indicates the energetic metabolism of
neurons and glia, has been shown to increase in
parietal white matter in the persons older than 60
years. This last report confirmed the previous find-
ing of an increase of phosphocreatine content with
advancing age (27). However, these single-voxel
studies are limited in the context of clinical spec-
troscopy to few brain locations that are of relatively
large size. In contrast, imaging has significant ad-
vantages in terms of spatial resolution, efficiency
of data acquisition, and mapping the distribution of
cerebral metabolite levels. The results obtained in
1H MRS imaging investigations of normal aging
were also variable (28–30). No age-related changes
in NAA concentration with increased concentra-
tions in Cho only or in Cho and Cr were reported
in gray and white matter. In contrast, metabolite
ratios of NAA:Cr and NAA:Cho have been report-
ed to decrease in cortical gray matter but not in
white matter regarding age. These 1H MRS imag-
ing studies have suggested that metabolite concen-
trations of normal brain may vary depending on
brain structures or tissues (31–33). However, most
of them were performed in brain regions that are
not particularly known for involvement in cogni-
tive impairment with aging.

The present study investigated whether metabol-
ic measurements can change in normal brain during
the early period of aging, ranging from 21 to 61
years. To test this hypothesis, the metabolite distri-
bution was determined by using 1H MRS imaging
in two brain locations that are most involved in
neurodegenerative disorders and cognitive impair-
ments. The first region of interest was centered at
the centrum semiovale, including both gray and
white matter, and the second was placed in the tem-
poral lobe, including temporal white matter and
hippocampal formations.

Methods

Participants and Neuropsychological Evaluation

Thirty-two healthy volunteers (17 women and 15 men), aged
21 to 61 years (mean age, 38 years), with university levels of
education provided their informed consent to participate in this
study. Volunteers were screened for histories of pacemaker use,
diabetes, stroke, coronary artery disease, renal failure, liver
failure, alcohol abuse, and psychiatric illness. All participants
received a neuropsychological workup, including a Mini-Men-
tal State Examination (34) and a battery of tests such as atten-
tion, motor function, sensitivity, memory, and language tests
and visuoconstructive tasks. None of the participants were ex-
cluded for dementia (mean Mini-Mental State Examination
score, 29.3; range, 28–30) or for history of neurologic or psy-
chiatric illness. None had undergone or was undergoing any
therapeutic treatment.

MR Examination

MR imaging and spectroscopic investigations were per-
formed using a whole-body Philips system (Gyroscan ACS II)
operating at 1.5 T and equipped with a quadrature head coil.
Sagittal T1-weighted standard spin-echo sequences were ob-
tained with imaging parameters of 600/30/1 (TR/TE/excita-
tions). Two series of axial T2-weighted images were obtained
using turbo spin-echo sequences with imaging parameters of
2900/120/1 and a turbo factor of 16. Centered at the centrum
semiovale, 15 sections were acquired along the anterior com-
missure-posterior commissure axis, and seven sections were
obtained from the temporal lobe along the hippocampal axis.
Both T1- and T2-weighted images were obtained with a sec-
tion thickness of 5 mm, an intersection gap of 0.5 mm, a field
of view of 256 mm, and a matrix size of 256 3 256. These
MR images were used to visualize any white matter hyperin-
tensities and guide the MRS imaging localization. MR images
were interpreted by a radiologist, and no white matter hyper-
intensities were observed.

1H MRS imaging data sets were acquired using a spin-echo
sequence with imaging parameters of 1500/272/1 and prese-
lection of regions of interest (point-resolved spectroscopy se-
quence [PRESS] volume) (Fig 1). MRS images were phase-
encoded over a field of view of 256 mm with a 32 3 32
rectangular sampling array, resulting in a nominal voxel res-
olution of 1.28 mL. The spectral sweep width was 2000 Hz.
Water suppression was provided by a chemical shift select se-
quence with a selective pulse of 120 Hz bandwidth. In both
acquisitions, unsuppressed water MRS imaging was recorded
with 16 3 16 phase-encoding steps.

The first PRESS volume (13 3 10 3 2 cm3) was placed
immediately above the corpus callosum along the anterior
commissure-posterior commissure direction to encompass the
semioval white matter and the cortical gray matter (Fig 1A–
C). Extracranial lipid signal was attenuated by the use of a
water eliminated Fourier transform sequence with a selective
inversion pulse (bandwidth of 50 Hz and frequency offset at
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FIG 1. MR images identify the position of
the PRESS volumes centered at the cen-
trum semiovale and temporal lobe.

A, Sagittal T1-weighted MR image
shows the PRESS volume (large box) lo-
calized at the centrum semiovale.

B, Sagittal T1-weighted MR image
shows the PRESS volume (large box) lo-
calized in the temporal lobe.

C, Axial T2-weighted MR image shows
the PRESS volume (large box) localized at
the centrum semiovale. For metabolite
quantitation, 30 voxels were selected and
registered on the corresponding MR spec-
troscopic images. Markers indicate the po-
sitions of individual voxels selected in the
cortical (x) and semioval (o) regions.

D, Axial T2-weighted MR image shows
the PRESS volume (large box) localized in
the temporal lobe. For metabolite quanti-
tation, 30 voxels were selected and regis-
tered on the corresponding MR spectro-
scopic images. Markers indicate the
positions of individual voxels selected in
the temporal (x) and hippocampal (o)
regions.

–225 Hz from the water peak) and an inversion time mini-
mized to 304 ms (35). The second PRESS volume (10 3 10
3 2 cm3) was placed in the temporal lobe along the hippo-
campal axis (Fig 1B–D). After MRS imaging acquisitions, two
packages of three axial (6-mm thickness, 0.6-mm intersection
gap) T2-weighted sections were collected with the coordinates
of the MR spectroscopic images, using the above-described
turbo spin-echo sequence (Fig 1C and D).

MRS Imaging Processing

All the raw data were transferred to a workstation (SUN,
Ultra Sparc 1) and processed with a home-written subroutine
using Interactive Data Language software. The unsuppressed
water raw data were used to correct any frequency shifts due
to magnetic susceptibility effects (36). The water-suppressed
data were processed using a gaussian line broadening (3 Hz)
to enhance the signal-to-noise ratio. A data shift accumulation
(DSA) process of four points was applied to reduce the residual
water peak (37). A sine window smoothing was used in both
k-space directions, increasing the voxel size from 1.28 to 2
mL. MRS images were reconstructed by integrating the mag-
nitude spectrum over a region of 20 Hz for NAA and 15 Hz
for Cr and Cho peaks.

To determine whether there were regional differences in me-
tabolite values, 30 individual voxels were selected in four re-
gions: cortical, semioval, temporal, and hippocampal (Fig 1C
and D). Placed on T2-weighted images, the voxel positions
were registered on the spectroscopic images to extract the 1H
MR spectra. Twelve spectra were selected in the cortical region
(prefrontal, frontal, frontoparietal, parietal, and occipital in
each hemisphere and interhemispheric anterior and posterior).
Six spectra were selected in the semioval, temporal, and hip-
pocampal regions (anterior, middle, and posterior in each
hemisphere).

The magnitude spectra were processed automatically using
baseline correction and curve-fitting procedures to determine
the resonance areas of NAA, Cho, and Cr. The baseline cor-
rection program consisted of two processes. For the first pro-
cess, peaks were automatically detected by measuring consis-
tent (.5 points) changes of the derivative sign, above a
threshold fixed by the operator, and then subtracted from the
spectrum. For the second process, residual baseline (after peak
subtraction) was adjusted by minimizing the difference be-
tween the experimental data and a sinusoidal model function,
which was previously defined to fit the baseline form modified
by the DSA filter. Three gaussian line shape peaks were au-
tomatically fitted to the three selected peaks by using the gaus-
sian function program provided by Interactive Data Language.
Supervised by the operator, the fitting process was usually
achieved after fewer than 10 iterations.

Individual signal integrals were used to calculate metabolite
ratios (NAA:Cho, NAA:Cr, and Cho:Cr) and percentages
(%metabolite is defined as the signal intensity integral of the
metabolite divided by the sum of all metabolite signal intensity
integrals). Because no significant differences between right and
left hemispheres were detected by the repeated measures anal-
ysis of variance, these values were averaged and six metabolite
measures were obtained for each cerebral region.

Because the DSA filter introduced a sinusoidal modification
of the spectrum baseline, the effect on resonance intensities
was determined experimentally by subtracting two spectra pro-
cessed with and without DSA and by simulation. These results
were used in this study to correct each metabolite ratio.
%NAA, %Cr, and %Cho ratios were divided by 1.72, 1.14,
and 1.04, respectively, and NAA:Cho, NAA:Cr, and Cho:Cr
ratios were divided by 1.65, 1.51, and 0.91, respectively.

Statistical Analysis
Mean values and standard errors of six metabolite measures

(%NAA, %Cho, %Cr, NAA:Cho, NAA:Cr, and Cho:Cr) were
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FIG 2. Spectroscopic images of NAA ob-
tained from the brain of a young partici-
pant. Four representative 1H MR spectra
(C1–C4) were selected from the voxels
(voxels 1–4) in the cortical (C1), semioval
(C2), hippocampal (C3), and temporal (C4)
regions to illustrate the regional variations.
The nominal size (0.8 3 0.8 3 2 cm3) of
the individual voxels is shown on the MRS
images.

A, Localized at the centrum semiovale.
B, Localized in the temporal lobe.

computed in four regions (cortical, semioval, temporal, and
hippocampal) for each group. Data are reported as mean 6
SD. Statistical analyses were performed using Sigmastat and
Systat softwares.

Based on the significant results of cluster analysis using the
k-means clustering algorithm (38), the participants were divid-
ed into two groups of 16 participants of ages ranging from 21
to 39 years (younger group) and 40 to 61 years (older group).
To determine whether there were systematic differences in me-
tabolite measures between hemispheres (left and right), among
regions (cortical, semioval, temporal, and hippocampal), or by
gender or age (younger and older), repeated measures analysis
of variance was performed. The dependent variables were the
six metabolite measures (%NAA, %Cho, %Cr, NAA:Cho,
NAA:Cr, and Cho:Cr). Brain hemispheres, gender, and age
were grouping variables, and region was a covariant (thus,
these analyses adjusted for regional differences). To isolate
which group differs from the others, a multiple comparison
with Bonferroni’s correction was performed. These age groups
were then compared for each metabolite measure in each re-
gion by using a follow-up t test. Standard correlation and linear
regression were performed to study the relationship between
the metabolite measures and the age of the participants. P ,
.05 was considered statistically significant.

Results
Figure 1 shows sagittal T1-weighted and axial

T2-weighted MR images to identify the position of

the PRESS volumes centered at the centrum se-
miovale and temporal lobe. The positions of the
individual voxels selected for metabolite quantifi-
cation are marked on the transverse T2-weighted
images. Figure 2 shows the spectroscopic images
of NAA localized at the centrum semiovale (Fig
2A) and in the temporal lobe (Fig 2B) of a young
participant. Also shown (Fig 2C) are four represen-
tative 1H MR spectra, selected from the cortical,
semioval, hippocampal, and temporal regions, to il-
lustrate the regional variations (location and nom-
inal size of individual voxel are indicated in the
corresponding MRS images).

Metabolite Changes with Aging
Metabolite ratios of %NAA, NAA:Cho, and

NAA:Cr were significantly decreased with aging in
the cortical, semioval, and temporal regions. In
contrast, %Cho and %Cr ratios were significantly
increased during aging in the same brain regions
with the exception of the %Cr ratio in the temporal
region. Rates (in percent per decade) and correla-
tion coefficients of the linear regressions, calculat-
ed for each cerebral region between the metabolite
measures and the age of the participants, are listed
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TABLE 1: Rates (in % of decade) and correlation coefficients (r) of the linear regressions calculated between the metabolite ratios in four
cerebral regions and the age of the subjects

Regions %NAA %Cho %Cr NAA/Cho NAA/Cr Cho/Cr

Cortical 22.15**
(0.56)

3.37*
(0.43)

3.86**
(0.56)

24.3*
(0.49)

24.6**
(0.59)

20.22
(0.03)

Semioval 22.81***
(0.63)

5.34*
(0.49)

3.54*
(0.47)

25.73**
(0.56)

24.96**
(0.61)

1.44
(0.14)

Temporal 22.50**
(0.58)

4.95**
(0.49)

2.82
(0.27)

25.89
(0.53)

24.04*
(0.38)

2.26
(0.15)

Hippocampal 21.39
(0.35)

2.02
(0.29)

1.36
(0.14)

22.96
(0.33)

22.53
(0.23)

0.76
(0.06)

Note.—Significance of correlation coefficients: * P , .01, ** P , .001, *** P , .0001.

FIG 3. Regression plots of %NAA, %Cr, and %Cho in the se-
mioval region regarding age.

in Table 1. The scatter plots shown in Figure 3
illustrate the relationship of the metabolite per-
centages (NAA, Cr, and Cho) in the semioval re-
gion with respect to age.

Based on a cluster analysis, a significant meta-
bolic difference was found between two groups of
16 participants ranging in age from 21 to 39 years
(younger group) and 40 to 61 years (older group).

Metabolite ratios obtained from cortical, semioval,
temporal, and hippocampal regions are listed in Ta-
ble 2 for both age groups. Repeated measures anal-
ysis of variance yielded significant group differ-
ences, with the effect of age being significant (P ,
.05) for all metabolite measures except the Cho:Cr
ratio and the regional effect being significant (P ,
.0001) for all measures. The interaction group was
not significant for any measures. Metabolite mea-
sures were then compared between the two age
groups by using a multiple comparison procedure
(Bonferroni’s correction) to adjust for regional dif-
ferences. %NAA (P , .001) and ratios of NAA:
Cho and NAA:Cr (P , .01) were significantly de-
creased in the semioval and temporal regions of the
older group compared with the younger group.

Regional Metabolite Differences
When compared with other regions, %NAA and

%Cho ratios were significantly lower in the hip-
pocampal and cortical regions, respectively. In con-
trast, %Cr ratio was significantly higher in the cor-
tical and hippocampal regions compared with the
semioval and temporal regions. Consequently,
NAA:Cho and NAA:Cr ratios were significantly
decreased in the hippocampal region compared
with the other cerebral regions. Cho:Cr ratio was
significantly higher in the semioval and temporal
regions than in the cortical region.

Gender Differences
The metabolite measures obtained from each

brain region showed no differences between the
male and female groups. Therefore, data for both
genders were combined for all regions.

Discussion
The major findings in these experiments were

significant differences in regional metabolite levels
and significant changes in metabolite ratios with
advancing age of the normal participants.

Regional Metabolic Differences
Regional analysis showed that metabolite distri-

bution varied among different brain regions.
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TABLE 2: Metabolite ratios (Mean 6 SD) in four cerebral regions and two age groups

Regions Age Group %NAA %Cho %Cr NAA/Cho NAA/Cr Cho/Cr

Cortical Y
O

58 6 3
55 6 3

23 6 2
24 6 3

19 6 2
20 6 1

2.59 6 0.31
2.28 6 0.36

3.08 6 0.38
2.71 6 0.29

1.19 6 0.11
1.20 6 0.13

Semioval Y
O

58 6 3
54 6 4**

25 6 3
28 6 3

17 6 1
18 6 2

2.34 6 0.35
1.95 6 0.36*

3.46 6 0.40
2.96 6 0.37*

1.50 6 0.19
1.54 6 0.23

Temporal Y
O

59 6 4
55 6 3**

24 6 4
27 6 2

16 6 2
18 6 2

2.50 6 0.54
2.07 6 0.20*

3.68 6 0.53
3.13 6 0.58*

1.51 6 0.31
1.52 6 0.27

Hippocampal Y
O

55 6 3
52 6 3

26 6 2
28 6 3

19 6 3
20 6 2

2.11 6 0.27
1.91 6 0.29

2.95 6 0.51
2.68 6 0.44

1.41 6 0.27
1.43 6 0.26

* P , .01 and ** P , .001 when the older (40–61 y) groups are compared with the younger (20–39 y) groups with repeated measure analysis
of variance and Bonferroni’s correction for the four regions.

%NAA ratio was significantly lower in the hippo-
campal region when compared with other regions.
This finding is consistent with those of several pre-
vious reports (20, 39, 40), including a recent quan-
titative MRS study localized on the hippocampus
(41). Low NAA in hippocampus is in good agree-
ment with reduced neuronal densities reported for
the hippocampus and parahippocampal gyrus from
embryologic and histologic evidence (42). Studies
of cell type-specific cultures revealed that Cho con-
centration in astrocytes or oligodendrocytes was
greater than in neurons (24). Thus, the most likely
explanation for the high Cho content in the hip-
pocampal region is an increased glial cell density
relative to the cerebrum. This hypothesis is consis-
tent with our finding of higher %Cho in white mat-
ter tissue of the semioval and temporal regions
compared with the cortical region. Other 1H MRS
investigations of regional distribution were per-
formed mostly in the frontoparietal brain gray mat-
ter and white matter and reported a significant var-
iability in the gray matter:white matter ratio of
NAA and Cho metabolites (18, 19, 25, 28–30, 43–
46). However, there is a general agreement indi-
cating a higher Cr concentration in gray matter than
in white matter, which is consistent with our finding
of higher %Cr ratio in the cortical region. One pos-
sible explanation of these variable results is that the
T2 of NAA is longer in white matter than in gray
matter, although there are conflicting results re-
garding regional variations in metabolite T2 in the
literature (33, 47). Therefore, our results are in
good agreement with previous findings and empha-
size that regional effects must be accounted for in
any comparison of brain metabolites between dif-
ferent groups of participants. Thus, repeated mea-
sures analysis of variance was applied to test the
effect of age for each metabolite measure in dif-
ferent brain regions.

Metabolic Changes with Aging
The second major finding of this study was that

normal aging was associated with significant
changes in metabolite levels relative to each brain
region. First, NAA ratios were significantly de-
creased with aging in the cortical, semioval, and

temporal regions. Possible explanations for the re-
duced NAA levels are diminished neuronal density
and/or neuronal loss in the aged brain. NAA is con-
sidered as a major marker of neuronal cell popu-
lation for several reasons. First, NAA has been
shown to be significantly reduced in brain diseases,
including specific neuronal injury such as epilepsy,
stroke, and dementia (39, 48, 49) but also in distant
metabolic depression such as diaschisis (50). Sec-
ond, NAA is primarily found in neurons of mature
brain (51, 52). An alternative explanation for re-
duced NAA levels is a diminished concentration of
NAA in neurons, which may be a marker of neu-
ronal dysfunction. Several 1H MRS studies report-
ed reversible NAA levels under conditions of func-
tional stress (53) and in metabolic remission
occurring in cases of multiple sclerosis or enceph-
alopathies (26, 54). The reduction of NAA with
aging (2.5% per decade) is consistent with histo-
logic evidence of neuronal loss (55), volumetric
MR imaging measurements of decreased gray mat-
ter (25, 56), and neuronal dysfunction due to dis-
turbed mechanisms of plasticity (4). Further, the re-
duction of NAA ratios is occurring during the
middle age period in agreement with the brain vol-
ume decrease reported in men older than 40 years
(5). Thus, our results are in general agreement with
histologic, anatomic, and spectroscopic findings
(15, 16, 18, 25, 30).

In contrast to NAA, Cho content increased with
aging, which is in agreement with previous reports
(17, 28, 30, 57, 58). Cho MR spectroscopic signal
comprises compounds that contribute to the syn-
thesis and breakdown of Cho-containing phospho-
lipids, such as phosphorylcholine and glycerophos-
phorylcholine. Elevated Cho signal was observed
in many conditions associated with increased cell
membrane turnover or breakdown, such as brain
tumors (21) and multiple sclerosis (26). Thus, these
results may reflect an increased release of Cho
compounds related to membrane breakdown in the
aging process. This explanation coincides with the
decrease of phosphatidylcholine content observed
by in vitro studies (59), and the increase of sphin-
gomyelin synthesis with aging (60).

Although the importance of the Cr peak in the
diagnosis of neurologic disorders is unclear, its in-
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crease with aging was also determined by others
(17, 19, 30) and corresponds to the previous ob-
servation of an increasing phosphocreatine:total
phosphorous signal ratio with aging (27). Cr con-
tent provides information regarding cell energy me-
tabolism and is associated with the degree of cell
viability. Age-related %Cr increase and NAA:Cr
decrease could be explained by the increase in glial
cell numbers observed in the frontal, parietal, and
temporal lobes (3) because they act as a source of
Cr signal but not NAA signal (61).

Technical Limitations
The major limitation of this study is that tissue

segmentation was not performed to correct the met-
abolic measures for partial volume effects. The
coarse spatial resolution of 1H MRS imaging may
have resulted in signal averaging of different struc-
tures or tissues. With the exception of the voxels
selected in the semioval region, which can be con-
sidered as ‘‘pure’’ white matter constitution, the
voxels obtained from the cortical, temporal, and
hippocampal regions are composed of different
amounts of white and gray matter and CSF. Thus,
our comparison between tissue types is limited.
Furthermore, the voxels selected in the hippocam-
pal region may reflect signal from hippocampus
and extra-hippocampal tissue, such as the entorhin-
al cortex, the parahippocampal gyrus, or temporal
white matter. Because hippocampus is a long and
narrow structure surrounded by CSF, the final voxel
volume (1 3 1 3 2 cm3) may be approximately
composed of 50% hippocampus, 35% extra-hip-
pocampal tissue, and 15% CSF. Although the con-
tribution of CSF to the voxel should not affect the
metabolite ratios, the decline of NAA ratios may
also reflect neuronal loss outside the hippocampus
or even a change in tissue composition rather than
in neuronal metabolism. Thus, new sequences with
fast encoding and short echo times may be useful
to improve the spatial resolution of 1H MRS im-
aging and better characterize small cerebral struc-
tures (62).

There are several other limitations to the present
study. First, metabolite measures were performed
in several regions of the brain that are more or less
sensitive to various technical difficulties. In the cor-
tical region, metabolic measurements were per-
formed by associating the PRESS sequence to select
the signal from the brain and the water-eliminated
Fourier transform sequence efficiently to suppress
the extracranial lipid signal. As shown by the qual-
ity of the spectra selected in this region (Fig 2C),
the lipid signal was efficiently suppressed. How-
ever, metabolite quantification may have been af-
fected by less homogeneity of B0 and/or B1 fields
in this region. In the hippocampal region, high
magnetic susceptibility effects may increase the
measurement variability, which can explain the ab-
sence of significant changes with aging. Neverthe-
less, this finding is consistent with the absence of

hippocampus atrophy during this early period of
age, as shown by volumetric MR imaging (63). In
contrast, measurements obtained from the semioval
region should benefit from a good homogeneity of
both static and RF fields and therefore may serve
as a reference for the result analysis. Second, me-
tabolite levels are reported as relative and not ab-
solute values. It is therefore possible that aging is
associated only with the increase of Cho and/or Cr
whereas NAA remains constant, as reported by ab-
solute quantification studies (19, 28, 29). Whereas
quantitative 1H MRS imaging is essential to indi-
vidually interpret the metabolite changes occurring
with aging, it is still sensitive to possible B1 field
inhomogeneities or reference variations, which may
increase the measurement variability. In contrast,
the use of metabolite ratios reduces systematic er-
rors due to technical imperfections described
above, because it would affect all metabolite res-
onances for a particular voxel in the same propor-
tion. Third, the use of a DSA technique to reduce
the residual water signal modifies the intensity of
metabolite peaks by different amounts as we move
away from the center frequency. The corrected
measurements reported in Table 1 are consistent
with those of previous reports of MR spectroscopic
studies of brain (15, 30, 64).

Conclusion
Despite these limitations, this study shows that

the aging process is characterized by metabolic
changes that start during the middle age period.
The diminished NAA content and the increased
Cho and Cr contents suggest that brain aging is
characterized by a reduction in neuronal viability
or function associated with an accelerated mem-
brane degradation and/or an increase in glial cell
numbers. Therefore, age effects must be considered
in 1H MRS imaging studies of human brain dis-
eases and careful age matching should be made be-
tween study groups. Furthermore, because the re-
ductions of NAA ratios are considered to reflect
neuronal alteration or dysfunction, 1H MRS imag-
ing studies may provide stronger support for neu-
ronal damage than volumetric MR imaging studies.
These methods may provide a better tool for the
characterization and diagnosis of neurodegenera-
tive processes such as Alzheimer disease (65).
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