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ABSTRACT

BACKGROUND AND PURPOSE: Knowledge of age-related physiological changes in the human brain is a prerequisite to identify neuro-
degenerative diseases. Therefore, in this study whole-brain 1H-MRS was used in combination with quantitative MR imaging to study the
effects of normal aging on healthy human brain metabolites and microstructure.

MATERIALS AND METHODS: Sixty healthy volunteers, 21–70 years of age, were studied. Brain maps of the metabolites NAA, creatine and
phosphocreatine, and Cho and the tissue irreversible and reversible transverse relaxation times T2 and T2� were derived from the datasets.
The relative metabolite concentrations and the values of relaxation times were measured with ROIs placed within the frontal and parietal
WM, centrum semiovale, splenium of the corpus callosum, hand motor area, occipital GM, putamen, thalamus, pons ventral/dorsal, and
cerebellar white matter and posterior lobe. Linear regression analysis and Pearson correlation tests were used to analyze the data.

RESULTS: Aging resulted in decreased NAA concentrations in the occipital GM, putamen, splenium of the corpus callosum, and pons
ventral and decreased creatine and phosphocreatine concentrations in the pons dorsal and putamen. Cho concentrations did not change
significantly in selected brain regions. T2 increased in the cerebellar white matter and decreased in the splenium of the corpus callosum
with aging, while the T2� decreased in the occipital GM, hand motor area, and putamen, and increased in the splenium of the corpus
callosum. Correlations were found between NAA concentrations and T2� in the occipital GM and putamen and between creatine and
phosphocreatine concentrations and T2� in the putamen.

CONCLUSIONS: The effects of normal aging on brain metabolites and microstructure are region-dependent. Correlations between both
processes are evident in the gray matter. The obtained data could be used as references for future studies on patients.

ABBREVIATIONS: BSd � pons dorsal; BSv � pons ventral; HK � hand motor area; SCC � splenium of the corpus callosum; tCr � creatine and phosphocreatine

As a prerequisite to identify neurodegenerative diseases, the

knowledge of age-related physiologic changes in the hu-

man brain becomes more important in a society with increas-

ing life expectancy. 1H-MR spectroscopy and quantitative MR

imaging of brain tissue are both useful tools to study these

changes. 1H-MR spectroscopy enables detection of brain me-

tabolites, which, for example, reflect neuronal attenuation and

integrity (NAA), relate to the turnover of cell membranes

(Cho), or serve as a marker of energy metabolism (creatine and

phosphocreatine [tCr]). Thus, 1H-MR spectroscopy has often

been applied to study age-associated neurometabolism1 or pa-

thology in the human brain.2 Due to limitations in the spatial

coverage of standard acquisition techniques, most of the
1H-MR spectroscopy studies have been performed by using

just 1 or a few small brain regions.1 In recent years, a whole-

brain 1H-MRS technique with high spatial resolution has been

established and has been used to study metabolic aging effects

by deriving mean metabolite concentrations within each brain

lobe.3 However, the evaluation of aging effects in multiple,

more differentiated anatomic structures in human brain re-

mains unreported, to our knowledge.

Quantitative MR imaging methods can be used to quantify

relaxation processes of brain tissue, such as transverse relax-

ation due to spin-spin interactions characterized by the irre-

versible relaxation time (T2), local magnetic field inhomoge-

Received March 16, 2015; accepted after revision July 26.

From the Institute of Diagnostic and Interventional Neuroradiology (V.V.E., P.B.,
P.R.D., H.L., X.-Q.D.), Hannover Medical School, Hannover, Germany; and Depart-
ment of Radiology (A.A.M.), University of Miami School of Medicine, Miami,
Florida.

This work was partially supported by Deutsche Forschungsgemeinschaft and by
the National Institutes of Health grants R01 EB016064 and R01 EB008222 (A.A.M.).

Please address correspondence to Xiao-Qi Ding, MD, Institute of Diagnostic and
Interventional Neuroradiology, Hannover Medical School, Carl-Neuberg-Str One,
30625 Hannover, Germany; e-mail: ding.xiaoqi@mh-hannover.de

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4557

AJNR Am J Neuroradiol 37:447–54 Mar 2016 www.ajnr.org 447

http://orcid.org/0000-0001-7653-3063
http://orcid.org/0000-0003-1898-9657


neity characterized by the reversible relaxation time (T2�), or

both mechanisms together characterized by an effective relax-

ation time (T2*), with the relation of 1/T2* � 1/T2 � 1/T2�.

The variations of transverse relaxation times reflect influences

from the molecular environment within the tissue and provide

a measure of microstructural changes in the maturing or aging

brain4-6 and brain diseases.7,8

In this prospective study, NAA, tCr, and Cho concentrations

and T2 and T2� values were measured simultaneously in selected

brain structures by using whole-brain 1H-MRS and quantitative

MR imaging with the aim of detecting physiologic changes of the

metabolism and microstructure of the human brain related to

normal aging and possible correlations among metabolic and mi-

crostructural changes, which may provide insight into the effects

of aging.

MATERIALS AND METHODS
Subjects
Sixty-eight healthy volunteers were recruited from the local pop-

ulation. Based on a self-reporting interview, all subjects had no

history of brain trauma, neurologic disorder, or other systemic

diseases. Each subject received 2 screening tests (DemTect and the

Beck Depression Inventory II) to exclude cognitive or psychiatric

impairments.9,10 Sixty subjects 21–70 years of age (mean age,

44 � 14 years; 6 men and 6 women in each age group—ie, 21–30

years, group 1; 31– 40 years, group 2; 41–50 years, group 3; 51– 60

years, group 4; and 61–70 years, group 5) were included in the

study. Eight subjects were excluded after the screening tests or due

to incomplete MR imaging examination findings. The study was

approved by local institution review board, and written consent

was obtained from all subjects before the examinations.

MR Imaging Examinations
All MR imaging examinations were performed at 3T (Verio; Sie-

mens, Erlangen, Germany). A 12-channel phased array head coil

was used. The MR imaging protocol included a T2-weighted

turbo spin-echo sequence with 3 echoes (triple TE) (TR/TE, 6640/

8.7/70/131 ms; 150° flip angle; 3-mm section thickness; 256 � 208

matrix; 256 � 208 mm FOV; acceleration factor, 2), a T2*-

weighted gradient-echo sequence with triple TEs (TR/TE, 1410/

6.42/18.42/30.42 ms; 20° flip angle; 3-mm section thickness;

256 � 208 matrix; 256 � 208 mm FOV; acceleration factor, 2),

and volumetric spin-echo-planar spectroscopic imaging (TR/TE,

1710/70 ms) acquisition by using an FOV of 280 � 280 � 180

mm3 and a slab of 135 mm, with a resolution of approximately 1

mL.11 The spin-echo-planar spectroscopic imaging acquisition

included a second dataset obtained without water suppression

that provided a water reference signal with spatial parameters

identical to those of the metabolite MR spectroscopy. The water

reference MR spectroscopic imaging was used for several process-

ing functions, including measurement and correction of the res-

onance frequency offset at each voxel location, correction of line

shape distortions, and providing an internal signal reference for

the normalization of metabolite concentrations.12 In addition, a

T1-weighted 3D MPRAGE image was obtained at 1-mm isotropic

resolution for anatomic reference. The spin-echo-planar spectro-

scopic imaging, MPRAGE, TSE, and gradient-echo scans were

obtained with the same angulation so that the same anatomic

structures could be identified. The total scan time was approxi-

mately 36 minutes.

Data Processing
T2- and T1-weighted images were inspected by 2 experienced

neuroradiologists to exclude subjects with morphologic

abnormalities.

Whole-Brain 1H-MRS and Metabolite Maps. Reconstructions of

the metabolite and water reference images were made as described

by Maudsley et al,3 on which the spin-echo-planar spectroscopic

imaging data were analyzed by using the Metabolic Imaging and Data

Analysis software to determine volumetric maps of the metabolites

NAA, tCr, and Cho, with metabolite signal-intensity normalization

by using tissue water as an internal reference and the corresponding

maps of spectral line width. All resultant maps were spatially trans-

formed and interpolated to a standard spatial reference at 2-mm

isotropic resolution.

Maps of Relaxation Times. T2 and T2* maps were obtained on

the fly on the MR imaging system with an extended image recon-

struction provided by the manufacturer, by using monoexponen-

tial fitting to the signal-intensity decay curves of the triple TE data

acquired with TSE and gradient-echo sequences, respectively. T2�

values were calculated according to the relationship 1/T2� �

1/T2* � 1/T2.

ROI Analysis. Local metabolite concentrations NAA, tCr, and

Cho, as a ratio to tissue water, together with the spectral line width

and tissue relaxation times T2 and T2�, were determined by using

mean values over ROIs at 13 locations within each hemisphere:

the frontal and parietal WM, centrum semiovale, splenium of the

corpus callosum (SCC), hand motor cortex (HK), occipital GM,

putamen, pallidum, thalamus, pons ventral (BSv), pons dorsal

(BSd) at the level of the upper pons, and cerebellar white matter at

the axial level of the midcerebellar peduncle and cerebellar poste-

rior lobe. Metabolite values obtained from spectra with a line

width of �12 Hz or with a signal-to-noise ratio of 	5 were not

sampled. Paired t tests showed that there were significant differ-

ences (P 	 .05) of up to 10% between the bihemispheric values at

several ROIs. However, considering the limitations of the sample

size related to the handedness (54 for right-handed versus 6 for

left-handed), the left and right values for each ROI were averaged

for further analysis. Due to local magnetic field distortion caused

by neighboring structures containing bone and air, ROIs at the

genu of the corpus callosum and caudate nucleus were not con-

sidered. All ROIs were carefully drawn within a single section on

T1-weighted images (for metabolite measurements) and T2-

weighted images (for quantitative MR imaging measurements) as

a circle with an area of 29 � 4 mm2, which was manually located

according to anatomic landmarks to exclude partial volume ef-

fects. ROI measurements on the relaxation time maps were made

by using ImageJ software (National Institutes of Health, Bethesda,

Maryland),13 while those on the metabolites were done with the

ROI tool in the Metabolic Imaging and Data Analysis software.

No CSF correction was made considering that the ROIs were

placed within brain tissue.
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Statistical Analysis
For each ROI, the 2-sided t tests with Bonferroni correction (sig-

nificance level, � �.05/3 �.017) were used to estimate sex differ-

ences of the measured local metabolite concentrations or trans-

verse relaxation times. A linear regression analysis was used to

estimate the age-dependence of the measured values, and the

Pearson correlation test was used to test for possible correlations

between changes of local metabolite concentrations and local

transverse relaxation times (ie, to quantify the degree to which

they are related). For linear regression analysis and for the Pear-

son correlation test, a low significance level of .01 was used to

avoid accidental associations. Statistical analyses were performed

with SPSS, Version 21 (IBM, Armonk, New York).

RESULTS
Locations of each selected ROI in the right-brain hemisphere are

shown in Fig 1 as white filled circles on the T2-weighted images of

a 31-year-old volunteer, where sample spectra in the parietal

white matter and occipital gray matter are also shown. Metabolite

maps of NAA, Cho, and tCr and maps of transverse relaxation

times were obtained for all subjects for further ROI analyses.

The values of NAA, Cho, tCr concentrations, and T2 and T2�

were measured at each ROI on the corresponding maps of metab-

olites or relaxation times for all subjects. The group mean values

of each age group obtained in corresponding ROIs are shown in

Fig 2, where both metabolite concentrations and the transverse

relaxation times show clear differences between the ROIs, indicat-

ing that the brain metabolite content or relaxation times are brain

region– dependent.

Two-sided t tests revealed no significant sex differences for

most measures with the exceptions of NAA concentrations and

T2� in BSd, tCr concentrations in HK, and T2� in the cerebellar

posterior lobe and centrum semiovale. Therefore, values for male

and female subjects were combined for most ROIs, and those

showing significant sex differences were analyzed separately for

men and women. While the spectral line width at all ROIs did not

reveal any significant correlation to age, linear regression analysis

revealed significant (P 	 .01) changes of metabolite concentra-

tions and transverse relaxation times with age in most of the se-

lected brain structures, as shown in the Table: NAA concentration

was significantly decreased in the occipital GM, putamen, SCC,

and BSv, with amounts varying from �16% to �26% within the

observed 5 decades, and showed a trend of reduced values in the

centrum semiovale (R � �0.292, P � .024) and parietal WM

(R � �0.288, P � .026) and the thalamus (R � �0.301, P � .019)

(not shown). tCr concentration was reduced significantly in the

putamen (�17%) and dorsal brain stem (�16%) and showed a

tendency of increase in frontal WM (R � 0.27, P � .044) (not

shown). Cho concentration in selected ROIs did not change sig-

nificantly with age but had a small increase in frontal WM (R �

0.261, P � .054). T2 decreased with age in the SCC (�14%) and

FIG 1. Locations of each selected ROI in the right brain hemisphere displayed as white filled circles on the T2-weighted images, respectively, and
sample spectra from the parietal white matter and occipital gray matter of a 31-year-old volunteer. The numbering represents the ROIs in the
hand motor cortex (1), centrum semiovale (2), splenium of the corpus callosum (3), cerebellar white matter (4) and posterior lobe (5), brain stem
ventral (6) and dorsal (7), frontal white matter (8), putamen (9), pallidum (10), thalamus (11), parietal white matter (pWM, 12), and occipital gray
matter (oGM, 13), respectively.
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increased in the cerebellar white matter (12%), and T2� decreased

in occipital GM (�23%), putamen (�47%), and hand motor

cortex (�20%) and increased in the SCC (35%) with age.

In Fig 3, the values of metabolite concentrations (top) and

tissue transverse relaxation times (bottom) measured at the ROIs

of the occipital GM, putamen, and pallidum are drawn according

to age, together with the corresponding results of linear regression

analysis: The NAA and T2� in the occipital GM and the NAA, tCr,

and T2� in the putamen revealed linear reductions with age

(P 	 .01, Table), while tCr, Cho, and T2 in the occipital GM and

Cho and T2 in the putamen did not show any age dependence.

The results measured in the pallidum showed a tendency of de-

FIG 2. Group mean values of metabolite concentrations and tissue transverse relaxation times (y axis) with SDs for age group 1 (21–30 years),
group 2 (31– 40 years), group 3 (41–50 years), group 4 (51– 60 years), and group 5 (61–70 years) are shown. The ROIs are as described in Fig 1.

Significant associations (P < .01) of the regional metabolite concentrations and transverse relaxation times with age, derived with
linear regressions

ROI Parameter Meana SD R P No.b Intercept Slope Variation in 50 Yr (%)c

Occipital GM NAA 13.2 1.6 �0.40 .002 59 15.16 �0.04 �16
T2� 56.7 9.4 �0.45 .000 60 69.67 �0.30 �23

Putamen NAA 13.2 1.5 �0.51 .000 60 15.54 �0.05 �19
tCr 10.2 1.4 �0.39 .002 60 11.89 �0.04 �17
T2� 55.1 13.1 �0.68 .000 60 83.44 �0.66 �47

Pallidumd T2� 32.3 6.4 �0.34 .005 40 41.53 �0.24 �26e

HK T2� 63.6 10.5 �0.35 .007 60 76.72 �0.28 �20
SCC NAA 10.9 1.9 �0.36 .005 60 13.01 �0.05 �19

T2 105.1 9.3 �0.47 .000 60 118.50 �0.31 �14
T2� 57.5 7.4 0.40 .002 60 45.14 0.36 35

CbWM T2 120.5 8.3 0.45 .000 60 108.93 0.26 12
BSv NAA 13.4 2.4 �0.42 .003 50 16.73 �0.08 �26
BSd tCr 9.2 1.3 �0.35 .010 53 10.64 �0.03 �16

Note:—R indicates the Pearson correlation coefficient.
a In ratio to internal water for metabolites and in milliseconds for relaxation times.
b Values of several ROIs were not sampled for all subjects (n 	 60) due to artifacts.
c In ratio to the values at 20 years of age.
d The values for subjects older than 60 years were not sampled for linear regression.
e Variation in 40 years. Significant linear relation of T2� to age in the pallidum was found for the ages between 20 and 60 years (P 	 .01), but not for the whole age range (21–70
years, P � .01).
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creased tCr with age (R � �0.28, P � .04 � .01) and no significant

age correlation for NAA, Cho, and T2. T2� values in the pallidum

were the lowest ones in comparison with all other ROIs and re-

vealed a linear reduction with ages from 20 to 60 years (�26%)

(P 	 .01, Table), though without further significant reduction for

older than 60 years of age (P � .73). The Pearson correlation tests

showed significant positive correlations (R � 0.53, P 	 .01) be-

tween NAA concentrations and T2� in the occipital cortical gray

matter, between NAA concentrations and T2� (R � 0.55, P 	 .01),

and between tCr concentration and T2� (R � 0.50, P 	 .01) in the

putamen. Weak correlations between NAA concentrations and T2

(R � 0.30, P � .02) and between NAA concentrations and T2� (R �

�0.27, P � .03) were found in the SCC.

DISCUSSION
Previous studies have examined associations of brain metabolite

concentrations with age in selected brain structures with varying

results,1 but few of these studies have examined a large number of

brain anatomic structures. To our knowledge, no previous studies

have examined possible associations with tissue relaxation times.

The metabolite concentrations determined in this study agree in

general with those reported by using single-voxel spectroscopy,

with NAA being the largest component in the cerebrum and tCr,

the largest component in cerebellum, while the Cho concentra-

tion is the smallest in both regions,14,15 though in this study the

measurements were obtained in multiple regions by using only a

single MR spectroscopic acquisition. The T2 and T2� values found

in this study are also comparable with those previously published,

with T2� being shortest in the supratentorial deep gray matter,

and T2, longest in the cerebellum.6,16

With combined whole-brain 1H-MRSI and quantitative MR

imaging measurements, this study determined for the first time,

simultaneously, the age-related metabolite concentrations and

tissue transverse relaxation times at multiple supratentorial and

infratentorial structures in the healthy human brain, which have

the potential to provide a reference basis for future studies to

identify pathologic alterations in patients. Additionally, with a

significance level of .01, variable age dependences of the metabo-

lite concentrations and the tissue relaxation times within the brain

have been found. With increasing age, NAA changed the most

among the 3 metabolites, with concentrations decreasing signifi-

cantly in 4 ROIs (occipital GM, putamen, SCC, and BSv), while

the tCr concentration decreased significantly in 2 ROIs (putamen,

BSd). Cho concentration revealed only a tendency to increased

values in the frontal white matter. Although the metabolite T2s

were not directly measured, the observations of no significant

correlations between age and spectral line width for all ROIs in-

dicate that the changes in metabolite T2s with age are negligible.

Thus, the possible influence on local metabolite concentrations

FIG 3. Values of the metabolite concentrations (top) and tissue transverse relaxation times (bottom) of all subjects measured at the ROIs of
occipital GM, putamen, and pallidum drawn according to the age, where NAA and T2� in the occipital GM and NAA, tCr, and T2� in the putamen
reveal linear reductions with age (P 	 .01 with the value of each slope being given in the Table), while tCr, Cho, and T2 in the occipital GM and
Cho and T2 in putamen do not show an age dependence. No significant age correlations were found in the pallidum both for metabolites and
relaxation times, but a significant linear reduction of T2� with age was found up to 60 years of age (P 	 .01 with the value of each slope being given
in the Table).
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caused by variations of metabolite T2s with age was not consid-

ered. For transverse relaxation times, the aging effect was most

obvious for T2�, which showed significant age-related changes in

4 ROIs, the occipital GM, putamen, hand motor cortex, and SCC,

and some changes in the pallidum, while T2 significantly changed

with age in only 2 ROIs (SCC and cerebellar white matter).

These observations indicate that NAA and T2� are sensitive to

brain aging. Moreover, the observed age-related metabolic and

microstructural changes were strongly brain region– dependent:

The most significant changes occurred in the putamen (reducing

NAA and tCr concentrations and T2�) and the SCC (reducing

NAA concentrations and T2, and increasing T2�), indicating that

both structures are vulnerable to metabolic and microstructural

aging. These observations are in line with previous reports that

both the putamen and corpus callosum play important roles con-

cerning age-related cognitive and motor impairment.17,18

Decreased brain NAA with age in several brain structures has

also been reported previously by different authors.3,19,20 It has

been suggested that decreased NAA concentrations reflect re-

duced neuronal attenuation or neuronal function.19,21 Both rea-

sons could be responsible for our observations of age-related NAA

concentration reductions. While the age-related reductions of

NAA concentration are frequently reported, findings for Cho and

tCr in relation to the age reported until now are more divergent.

Raininko and Mattsson,22 in a single-voxel spectroscopy study at

1.5T, found age-related reduction of NAA concentration, but age-

independent Cho concentrations and tCr concentrations in cere-

bral supraventricular white matter. Charles et al20 found lower

NAA, Cho, and tCr concentrations in the cortical and subcortical

gray matter of older subjects but not in the white matter. In a

single-voxel spectroscopy study at 1.5T on 50 healthy subjects

20 –70 years of age, Brooks et al19 found that the NAA decreased

significantly with age in the interhemispheric tissue of the medial

frontal lobe, with an overall decrease of 12% between the third

and seventh decades, and the concentrations of Cr and Cho did

not change significantly with age. Similar to our findings in the

brain stem (decreased NAA concentrations at the BSv and de-

creased tCr concentrations at the BSd), an age-related decline of

NAA and a trend toward decreased tCr concentrations in the up-

per brain stem were also observed by Moreno-Torres et al23 in a

single-voxel spectroscopy study on 57 healthy subjects from 23 to

79 years of age. Therefore, more MR spectroscopy studies under

standardized conditions will be necessary to obtain more precise

and comparable values for multicenter studies to clarify these di-

vergent findings.

It is interesting to compare our results with the lobar mean

metabolite content derived by Maudsley et al,3 with the same

spin-echo-planar spectroscopic imaging technique on a different

sample of healthy volunteers. While our ROI measurements in the

frontal WM for NAA (reduced with age), Cho, and tCr concen-

trations (both showed a tendency of increase with age) are con-

sistent with their observations of age-related reduction of lobar

mean NAA concentrations and an increases of lobar mean tCr and

Cho concentrations,3 we found that the tCr concentration was

reduced with increasing age in the BSd and putamen, whereas the

Cho concentration did not show significant age-related changes

in the selected ROIs. These discrepancies may be caused by a

regional dependence of age-related metabolic distributions

within the lobar structures that was observable only for ROI mea-

surements, as revealed also by a study using both 2D-MR spec-

troscopy and single-voxel spectroscopy. With 2D MR spectros-

copy in the centrum semiovale, Gruber et al24 found a decrease of

3.1% per decade for NAA and an increase of 3.6% per decade for

Cho, while with single-voxel spectroscopy located in the frontal

lobe, they found a positive correlation between tCr and age, but

only a trend of increased Cho with age in the frontal lobe, indi-

cating again the inhomogeneity of metabolite distributions even

within a brain lobe.

The tissue transverse relaxation parameters reflect molecular-

level relaxation mechanisms and are sensitive to microstructural

variations in tissue, such as changes of the free water content. For

example, reduced free water corresponds to shortened T2 in the

maturing brain,4,25 while pathologic demyelination or neurode-

generation resulting in increased free water content is associated

with prolonged T2.26-28 In line with these facts, our observations

of age-related increase of T2 in cerebellar white matter (R � 0.45)

may, therefore, reflect an age-related increase of free water within

this region, whereas the decrease of T2 at SCC (R � �0.47) may

indicate a loss of free water content within that region, though the

exact mechanism behind these changes is not yet clear. Siemonsen

et al5 found, in a retrospective study of 55 adults (12–90 years of

age; mean age, 54 � 20), an age-related decrease of T2� in the

lentiform nucleus (R � �0.69) and no age correlation in the

thalamus and parietal white matter, which are consistent with our

observations that T2� showed a strong negative linear correlation

to age in the putamen (R � �0.68) and no correlation with age in

the thalamus and parietal white matter.

Our findings that T2 and T2� values in the motor and oc-

cipital cortices were comparable and lowest in the pallidum are

consistent with an earlier study on T2 by Jara et al29 and with

regional distribution of nonheme iron in the report by Hall-

gren and Sourander,30 in which the iron content in the motor

and occipital cortices was similar while the pallidum had the

largest amount of iron. A decrease of T2� in the deep gray

matter has been suggested as a marker of increased iron depo-

sition,5,7,8 while cortical T2� is considered to provide informa-

tion about the local concentration of deoxyhemoglobin, which

is reduced due to age-related variations of cerebral autoregu-

lation and increased deoxyhemoglobin in elderly subjects.31-33

An increase of T2� in the normal-appearing white matter of

patients with multiple sclerosis was attributed to reduced me-

tabolism.7 Correspondingly, our observations of correlated

decreases of T2� and NAA concentrations (R � 0.53) in the

occipital GM may indicate an association of an age-related

increase of deoxyhemoglobin and reductions of neuronal at-

tenuation and/or function in the occipital gray matter. The

correlated decreases of T2� with NAA and tCr concentrations

(R � 0.55 and 0.50, respectively) in the putamen may indicate

associations of age-related increase of iron deposition (de-

creased T2�) and reductions of neuronal attenuation and/or

function (reduced NAA concentrations) and a decrease of en-

ergy metabolism (reduced tCr concentrations) in the deep gray

matter, while the observed increase of T2� with age in the white

matter of the SCC may reflect reduced metabolism with age,
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consistent with the observations of an age-related reduction of

NAA concentrations and T2 in the SCC. Also our observation

of a smaller change in T2� values in the pallidum for ages older

than 60 could be an indication of the metabolic function slow-

ing with increased age. The evidence of an age-related increase

of iron deposition with reduced neuronal function and energy

metabolism in the putamen and age-related reduction of neu-

ronal function, metabolism, and free water in the SCC may

make the putamen and corpus callosum more vulnerable to

neurodegenerative diseases.

There are several limitations to this study. The differences be-

tween the left and right hemispheres and the possible effect of

handedness were not considered because of the limited sample

size. Due to differences of section thickness (interpolated section

thickness of 5.6 mm for metabolite maps versus 3 mm for T2

maps), the spatial volumes of ROIs obtained on metabolite maps

did not match exactly those on quantitative MR imaging maps.

The effect of partial volume contributions from neighboring

structures and CSF was also not taken into account. This was,

however, minimized by using a small ROI that was visually placed

to avoid these contributions. An additional limitation is that sub-

jects older than 70 years were not included due to difficulties in

subject recruitment. To overcome these limitations, a study with a

larger sample size and more selected brain-specific structures is

necessary.

CONCLUSIONS
This study has demonstrated that age-related metabolic and mi-

crostructural changes in the human brain are regionally depen-

dent and more apparent in the cerebrum than in the cerebellum.

Correlations between both processes are evident in the gray mat-

ter. These results could be used as references for future study on

patients.
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