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To quantify proton magnetic resonance (MR) spectros-
copy-detectable metabolite concentrations along anteropos-
terior axis of hippocampus in healthy young and elderly sub-
jects.

Young (three women, three men; age range, 25-35 years)
and elderly (four women, two men; age range, 68-72
years) groups underwent MR imaging and proton MR
spectroscopic imaging at 3 T in this HIPAA-compliant pro-
spective study and gave institutional review board-ap-
proved written consent. Volume of interest was centered
on and tilted parallel to hippocampal anteroposterior
plane. Absolute N-acetylaspartate (NAA), choline, and
creatine levels were obtained in each voxel, with phantom
replacement.

Mean NAA, creatine, and choline concentrations in the
young group were higher in posterior hippocampus (12.9
mmol/L = 2.0 [standard deviation], 7.8 mmol/L. = 1.2, 2.3
mmol/L = 0.4, respectively) than anterior hippocampus
(8.0 mmol/L = 1.1, 6.0 mmol/L = 1.4, 1.5 mmol/L % 0.2;
P = .005, .02, and .0002, respectively). In the elderly
group, mean concentrations were higher in posterior hip-
pocampus (8.6 mmol/I. £ 0.9, 5.6 mmol/l. = 0.6, 1.5
mmol/L = 0.2, respectively) than anterior hippocampus
(7.2 mmol/L = 1.0, 2.4 mmol/L = 0.3, 1.0 mmol/L = 0.2;
P = .006, .0001, .04, respectively). Mean concentrations
were significantly higher in the young group (13.2 mmol/
L = 1.0, 7.4 mmol/L * 0.8, 2.1 mmol/L. = 0.3, respec-
tively) than in the elderly group (9.0 mmol/I. = 1.0, 5.8
mmol/L. = 0.8, 1.8 mmol/L. = 0.3; P = .0001, .01, .05,
respectively). Posteroanterior metabolic gradients dif-
fered: NAA decreased faster in the young group (—1.0
mmol/L - em™") than the elderly group (—0.7 mmol/
L - cm™'); creatine and choline concentrations decreased
faster in the elderly group (—0.8 and —0.058 mmol/
L cm !, respectively) than the young group (—0.16 and
—0.008 mmol/L + cm™ ', respectively). No left-right meta-
bolic differences were found.

Significant metabolic heterogeneity was observed between
groups and along anteroposterior axis of healthy hip-
pocampus in both groups. Age matching and consistent
voxel placement are important for correct comparisons of
both absolute metabolic levels and metabolite ratios in
longitudinal intra- and intersubject cross-sectional studies.

© RSNA, 2008
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he hippocampus, a part of the limbic

system located on the floor of the

temporal horn of the lateral ventri-
cle (1), is crucial for memory consolida-
tion, spatial cognition, perception of tem-
poral ordering of events (2), mood regula-
tion (3), and negative feedback inhibition
of glucocorticoids (4). It is functionally
connected to a wide range of cortical and
subcortical brain regions, including the
cingulate gyrus, orbitofrontal and tempo-
ral cortices, amygdala, olfactory cortex,
and thalamic nuclei (5). Given this com-
plex function and connectivity, it is not
surprising that abnormalities of the hip-
pocampus play a major role in many prev-
alent neurologic disorders (eg, Alzheimer
disease [1], epilepsy [6], major depres-
sion [3], schizophrenia [7], and posttrau-
matic stress disorder [8]).

Magnetic resonance (MR) imaging
for structural and functional assessment
and proton hydrogen 1 ("H) MR spectros-
copy for metabolic and physiologic as-
sessment both are often used for noninva-
sive studies of the hippocampus (9). '"H MR
spectroscopic measurements can serve as
estimates of neuronal cell viability, cell
energetics, membrane turnover, gliosis,
glycolysis, and inflammatory processes in
vivo through levels of their respective sur-
rogate markers, N-acetylaspartate (NAA),
creatine, choline, myo-inositol, and lac-
tate (10-12). Furthermore, because 'H
MR spectroscopy has shown variable
changes among brain regions (13,14), its

Advances in Knowledge

B The regional MR spectroscopy-
detectable metabolic concentra-
tions in the healthy human hip-
pocampus are higher in young
than in elderly neurologically
healthy subjects.

B The concentrations of these me-
tabolites vary linearly along the
hippocampus axis from their high-
est at the posterior hippocampus
to their lowest at the anterior hip-
pocampus.

B These anteroposterior metabolite
concentration gradients are age
dependent and differ significantly
between young adults and the
elderly.

three-dimensional MR spectroscopic im-
aging variant is of great utility in the eval-
uation of an increasing number of clinical
conditions. MR spectroscopic imaging im-
proves diagnostic accuracy for differenti-
ation between recurrent neoplastic brain
lesions and therapy-related effects (15),
for preoperative assignment of grades to
gliomas (16), and for localization of an
epileptogenic focus in the medial tempo-
ral lobe (17).

"H MR spectroscopic imaging already
has revealed hippocampal metabolic dif-
ferences between patients and control
subjects in the assessment of a variety of
brain disorders. In Alzheimer disease, for
example, two findings are consistent: a
decrease in NAA, representing neuronal
atrophy or dysfunction, and an increase
in myo-inositol, reflecting gliosis (18).
Similarly, in medial temporal lobe epi-
lepsy, "H MR spectroscopy showed ipsi-
lateral hippocampal NAA decreases with
sufficient sensitivity to lateralize epilepto-
genic foci (19,20).

It is clear, then, that the clinical uses
of 'H MR spectroscopy in the examina-
tion of the hippocampus are numerous
and substantial, and, therefore, it is all
the more important to characterize the
normal metabolic distribution of this
structure. There are histoanatomic rea-
sons to suspect nonuniformity: First, the
hippocampus comprises a mixture of gray
matter and white matter. Its gray matter
is composed of two interlocking cortical
lamina, the dentate gyrus and the cornu
ammonis (hippocampus proper). White
matter axons in the alveus and fimbria not
only ensheathe the hippocampus but also
are interposed between its gray matter

Implications for Patient Care

B The findings from this study indi-
cate that there are significant
metabolic level differences be-
tween these two age groups and
among the different regions in
their hippocampi.

B (Clinical use of metabolic levels
requires both age-matched con-
trol subjects and comparisons of
analogous regions in the hip-
pocampus between patients and
control subjects.

laminae. Second, the hippocampus is not
histologically uniform, with an increase in
the density of pyramidal cells and a de-
crease in the density of granular cells
along its anteroposterior axis (21,22).

Some spectroscopic heterogeneity al-
ready has been observed: A posterior-to-
anterior decrease in the NAA/(creatine +
choline) ratio along the hippocampus was
seen in patients with medial temporal
lobe epilepsy (bilaterally) and young con-
trol subjects (23). An NAA/creatine ratio
decrease in control subjects and medial
temporal lobe epilepsy (ipsilateral only)
patients was reported but not specifically
discussed by Hetherington et al (24). Be-
cause the hippocampus is increasingly the
focus of clinical studies in the young and
the elderly, our goal was to quantify, with
high-spatial-resolution three-dimensional
'"H MR spectroscopy, the anteroposterior
metabolic profile of the hippocampus in
both age groups.

Materials and Methods

Subjects

Twelve healthy control subjects (five
men, seven women; mean age, 49.8
years; range, 25-72 years) were re-
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cruited in this prospective study. Six
were in the young group (three men,
three women; mean age, 29.3 years;
range, 25-35 years) and six were in the
elderly group (two men, four women;
mean age, 70.3 years; range, 68-72
years). Healthy status in the elderly
was established on the basis of a Mini-
Mental State Examination for general
cognitive performance (25), the Global
Deterioration Scale to exclude cogni-
tion-related functional issues (26), the
Brief Cognitive Rating Scale interview
for memory performance and global
functioning (27), and a physical exami-
nation with screening MR imaging and
blood chemistry analysis for general
medical conditions. All gave negative
answers to questions about whether
they had any MR imaging contraindica-
tions or any of the 20 disqualifying neu-
rologic conditions before imaging. MR
imaging did not reveal any abnormali-
ties. All participants gave written insti-
tutional review board-approved in-
formed consent, and this study was
Health Insurance Portability and Ac-
countability Act compliant.

MR Imaging and Three-dimensional
'H MR Spectroscopy

All MR images and 'H MR spectroscopic
images were obtained with a 3-T imager
(Trio; Siemens Medical Solutions, Erlan-
gen, Germany) by using a transmit-
receive head coil (TEM3000; MR Instru-
ments, Minneapolis, Minn). The supine
subjects were placed head first in the im-
ager such that an axial plane passing just
below their eyes was the center of the coil
and of the magnet to ensure that the hip-
pocampi would be optimally placed for
best radiofrequency (constant radiofre-
quency field [B,]) and static field homo-
geneity. Contiguous axial, sagittal, and
coronal T1-weighted spin-echo MR im-
ages (repetition time msec/echo time
msec, 600/7.3; field of view, 240 X 240
mm?; matrix, 512 X 512; and section
thickness, 5 mm) were obtained.

A volume of interest (VOI) (9 X 7 X 2
cm [left-right by anteroposterior by infero-
superior directions] = 126 cm®) was posi-
tioned with image guidance to parallel the
hippocampal axis, as shown in Figure 1.
Our three-dimensional chemical shift imag-

ing- based shimming produced a consistent
mean 19 Hz = 4 (standard deviation) VOI
water resonance full width at half maxi-
mum line width (28).

The VOI was selectively excited with
point-resolved spatially localized spectros-
copy (1600/39), and the VOI was divided
into four sections with fourth-order Had-
amard encoding for optimal sensitivity (29).
These sections were subdivided with 16 X
16 two-dimensional MR spectroscopic im-
aging in the left-right by anteroposterior
planes (field of view, 16 X 16 cm?), leading
to 1.0 X 1.0 X 0.5 = 0.5 em® nominal
spatial resolution (or approximately
1.12 X 1.12 X 0.5 = 0.63 cm®, consider-
ing the full width at half maximum of the
point-spread function for the uniform
two-dimensional phase encoding [30,
31]), as shown in Figure 1. The signals
were acquired with 1024 complex points
for 512 msec, for a 2-Hz per-point reso-
lution. Two signals were acquired in 27
minutes, and the entire protocol was per-
formed in less than 1 hour.

The signal-to-noise ratio and spectral
resolution achieved in this 27-minute ac-
quisition can be appreciated in the axial
spectra matrix shown in Figure 2, top. In
Figure 2, middle, sample voxels are ex-
panded for detail over the 0-3.7-ppm
chemical shift range for better visualiza-
tion of the noise in the higher field region.
The raw spectra, the fitted spectra, and
the fitted spectra subtracted from the raw

Figure 1

a.

Figure 1:  (a) Sagittal and (b) paraxial T1-weighted MR images (600/7.3) in healthy elderly subject shows
position of field of view (dashed line) and VOI (solid line) centered on hippocampi (arrows).

spectra are shown; note the signal-to-
noise ratio, resolution, and quality of the
fit. Axial metabolic maps (Fig 2, bottom)
were obtained from the matrices of fitted
spectra. Excellent correspondence was
observed between the metabolic images
and the morphology of the image above,
again reflecting the overall quality of the
spectra and the localization.

The maximal chemical shift dis-
placement error in the Hadamard (in-
ferosuperior) direction between the
choline and NAA peaks, which were
150 Hz apart at 3 T, with 12 mT/m (5.1
kHz/cm) was 0.03 cm, or approximately
6% of the 0.5-cm thick MR spectro-
scopic image sections. The two 11.8-
msec point-resolved spatially localized
spectroscopic images (180° pulses) ap-
plied in the left-right and anteroposte-
rior directions with 1.06 and 1.37
mT/m had 0.3- and 0.25-cm relative
shift between the NAA and choline
VOls, respectively, in these directions.
Because this shift affects only voxels at
the edges of the VOI (well beyond both
hippocampi boundaries, as shown in
Figs 1 and 2), and the chemical shift
imaging-encoded spectra within this
matrix are not affected by such dis-
placement errors (32), these shifts did
not affect our results.

For the purpose of volumetric analy-
sis, contiguous sagittal T1-weighted spin-
echo MR images (2000/2.8; field of view,

b
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240 X 240 mm?; three-dimensional matrix,
192 X 256 X 256; and section thick-
ness, 0.9 mm) were also obtained. Hip-
pocampal volumetric sampling was per-
formed by using our in-house multi-
modal image data analysis system software.
Sagittal images were reformatted to coro-
nal images angled perpendicular to the long
hippocampal axis (sinc interpolation; sec-
tion thickness, 1.5 mm). The hippocampus
was manually traced on each image, start-
ing anteriorly from the level of the ante-
riormost amygdala and posteriorly to the
level of the posterior pulvinar (33).

Figure 2
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Figure 2:  Top: Real part of 18 x 14 (left-right by anteroposterior directions) axial matrix of "H spectra in
VOl inFigure 1b. Spectra represent 0.16-cm? voxels, and all share same 1.6-3.7-ppm and intensity scales.
Middle: Sample voxels 7and 2 from right and left hippocampi, respectively, in matrix above are expanded for
detail over 0—-3.7-ppm chemical shift range for choline (Cho), creatine (Cr), NAA, and myo-inositol (mi).
Upper spectra: Baseline-estimate—corrected raw spectra (solid curve) overlaid with metabolite-fitted function
(dashed curve). Lower spectra: Fitted spectra and spectra of baseline estimate subtracted from residual raw
spectra. Bottom: Axial metabolic maps of NAA, creatine, and choline obtained from above spectra.

Metabolite Postprocessing and
Quantification

The 'H MR spectroscopic data were
postprocessed off-line with our in-house
software by an operator with 1 year of
experience (K.G.K.) supervised by a
spectroscopist with more than 25 years
of experience (0.G.). Neither was
blinded to the nature of the data (young
group vs elderly group), and no assess-
ment of intraobserver variability was
performed. The software removed re-
sidual water signals in the time domain,
apodized with a 4-Hz Lorentzian filter,

-

zero-filled from 1024 to 2048 points and
spatially from 16 X 16 to 32 X 32 matrix
in the left-right by anteroposterior
planes, and voxel shifted to align the MR
spectroscopic imaging grid with the
NAA VOLI. It was followed by Fourier
transforms along the left-right direc-
tion, the anteroposterior direction, and
time, as well as a fourth-order Had-
amard transform along the inferosupe-
rior direction (29,31). Automatic fre-
quency and zero-order phase correc-
tions were made in each voxel in
reference to its NAA peak.

Relative NAA, creatine, and choline
levels were estimated from their peak
areas by using the parametric spectral
model and least-squares optimization of
Soher et al (34), and NAA, choline, cre-
atine, glutamate, glutamine, taurine,
and myo-inositol were included in the
model, as shown in Figure 2. This model
also accounts for different metabolite
line widths among voxels that may arise
from magnetic field inhomogeneities
caused by regional susceptibility gradi-
ents around the hippocampus. Previous
analysis of this baseline model showed
that, for spectra with a 5-Hz line width,
the mean errors of the fit are 3.4%,
2.3%, and 2.8% for NAA, creatine, and
choline, respectively (35).

For acquiring relative peak areas,
voxels were assigned to the hippocampus
on the axial projection, as shown in Fig-
ure 2, and were assigned only when their
grid position was entirely within that
structure. The voxels were assigned on a
voxel-by-voxel basis. The relative peak
area of a given signal in each voxel in vivo,
A,;,, was scaled into an absolute concen-
tration, Q.;,, by using phantom replace-
ment, with a concentration in the phan-
tom of Q,;, by repeating the same exper-
iment on a 2-L sphere of Q, = 12.5
mmol/L. NAA, 10.0 mmol/L creatine hy-
drate, and 3.0 mmol/L choline chloride in
lightly doped water. This is seen in Figure
3, which shows an axial image from the
2-L. phantom used as quantification refer-
ence overlaid with the MR spectroscopic
imaging grid from one of the four sections
and its corresponding measured and fit-
ted spectra, together with the NAA, cre-
atine, and choline metabolic maps de-
rived from them. From Figure 3, top left
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and top right, relative “flatness” of both
the MR image and the metabolic maps is
observed, indicating good B, homogene-
ity over the phantom and especially the
VOI. On Figure 3, bottom, the signal-to-
noise ratio and spectral resolution, as well
as the quality of the results of fitting the
spectra with the spectral modeling soft-
ware (SITools-FITT; Andrew A. Mauds-
ley, PhD, University of Miami, Miami,
Fla, and Brian J. Soher, PhD, Duke Uni-
versity, Durham, NC) and expected sim-
ilar spectra in every voxel in the VOI of
this homogeneous phantom, were ob-
served.

Accounting for the different radio-
frequency voltages needed for an effec-
tive 180° flip angle with the same rect-
angular pulse for a subject and the
phantom, V;, and V;, respectively, the
absolute concentl ation (36) can be cal-
culated with Equation (1) thus:

_ Q\il Vviv
Qvi\' - Avivc A\'if ‘ V\vir! (1)

where A, is the peak area of a metabo-
lite in the phantom and A ;. is that peak
area in a subject corrected for differ-
ences in T1 and T2 relaxation times for
invivo (T1,;, and T2;,) versus phantom
(T1,, and T2,), respectively (36),
which can be calculated with Equation
(2) as follows:

—TE/T2,
A= A, SPCTET2:)
v Y exp(=TE/T2,,)

1 — exp(TR/T1,)
"1 — exp(TR/T1,)’ (2)

where TE is echo time and TR is repeti-
tion time.

Values for T1,,, are 1.4, 1.2, and 1.3
seconds and for T2, are 258, 152, and
203 msec for NAA, creatine, and cho-
line, respectively, and are the in vivo
values at 3 T from the literature (37—
39). Values for T1,;, are 940, 460, and
240 msec and for T2 ;, are 483, 288, and
200 msec for NAA, creatine, and cho-
line, respectively, and are the values
measured in our phantom by using the
recent two-point method optimized for
precision-per-unit time of Fleysher et al
(40,41). It is noted that our calculated

Figure 3
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Figure 3:  Top left: Axial MR image of phantom used for absolute quantification, superimposed with field of
view (gray lines) and VOI (yellow box). Top right: NAA, creatine (Cr), and choline (Cho)metabolic maps from
VOlI, derived from spectra in bottom. Bottom: Real part of 8 X 7 (left-right by anteroposterior directions) axial
"H spectra matrix measured (left) and fitted by using spectral modeling software (right) from VOI. Spectra
represent 0.63-cm?® voxels and all share same parts-per-million and intensity scales.
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value for T1 in vitro for choline is much
shorter than the reported in vivo value.
This shorter T1 value possibly may be
caused by certain attributes of the phan-
tom: Perhaps the disparate T1 value we
report may be caused by light gadolin-
ium doping, and another possibility for
the disparate T1 value is that the entire
choline peak in the phantom is made up
of its chloride salt.

Statistical Analysis

Mixed-model regression was used to ex-
amine differences across regions and
between age groups with respect to cho-
line, creatine, and NAA. A separate
analysis was conducted for each metab-
olite, with the metabolite levels ob-

served for all subjects in all regions of
the hippocampus used as the dependent
variable. The full regression model in-
cluded the region, side of the measure-
ment, sex of the subject, and age group
as classification factors, along with
terms representing interactions among
these factors. The covariance structure
was modeled by assuming observations
to be correlated only when derived for
the same subject and by allowing the
error variance to differ across regions
and age groups. When we examined
whether the regional differences were
different for young subjects than they
were for elderly subjects, a significant
region-by-age group interaction was
found. This led to a separate analysis of
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the young and elderly groups with re-
spect to the differences in metabolite
levels between regions. The regions
were equally spaced along the antero-
posterior axis of the hippocampus, so
polynomial regression models could be
used to assess whether the metabolites
exhibited linear or quadratic changes as
they progressed along this axis. All re-
ported P values are two-sided and have
type 3 significance level (ie, P values to
assess the effect of one factor adjusted

Region:
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Figure 4:  Top: Schematic of medial temporal
lobes superimposed with anteroposterior 'H MR
spectroscopic localization grid regional partitions
(0.5 cmapart). Bottom: Plots of means (M) and
standard errors of the means (bars) of NAA, creat-
ine (Cr), and choline (Cho)concentrations versus
hippocampal region, corresponding to schematic
intopinyoung (n= 6) (M) andelderly (n = 6)
(C7). Solid (young) and dashed (elderly) lines are
linear regressions of absolute metabolite concen-
trations versus hippocampus regions. mM =
millimoles per liter.

for the effects of all other factors in-
cluded in the same model), with multi-
ple comparison correction. A difference
with a P value of less than .05 was signif-
icant. All statistical computations were
performed by using software (SAS, ver-
sion 9.0; SAS Institute, Cary, NC).

The mean NAA, creatine, and choline
concentrations for the young (n = 6)
and elderly (n = 6) groups and the stan-
dard error of the mean in each hip-
pocampus region along the anteroposte-
rior axis at 0.5-cm steps are shown in
Figure 4. For the metabolites, there was
no significant interaction (P > .2) be-
tween the side of the measurement (left
vs right) and either age group or hip-
pocampus region. This suggests that dif-
ferences between age groups or among
regions do not depend on which side of
the hippocampus the metabolite mea-
were performed. Conse-
quently, metabolite concentrations are
reported as averages of the concentra-
tions for both sides.

There was a significant interaction
(P < .046) between region and age
group in terms of their effect on each
metabolite, but there was no significant
interaction (P > .3) between age group
and sex. These interactions imply that
regional differences are not the same
among young subjects as they are
among elderly subjects and that differ-
ences between age groups vary across
regions of the hippocampus but do not
depend on sex. Consequently, analyses
to assess regional variation were strati-
fied according to age group, and com-
parisons between age groups were
stratified according to region but not
according to sex.

The mean NAA, creatine, and cho-
line concentrations in the young group
were higher in the posterior hippocam-
pus (12.9 mmol/L = 2.0, 7.8 mmol/L =
1.2, and 2.3 mmol/l. = 0.4, respec-
tively) than in the anterior hippocampus
(8.0 mmol/L = 1.1, 6.0 mmol/L. £ 1.4,
and 1.5 mmol/L. = 0.2, respectively),
with P = .005, .02, and .0002, respec-
tively. In the elderly group, respective
mean metabolite concentrations were

surements

also higher in the posterior hippocam-
pus (8.6 mmol/L = 0.9, 5.6 mmol/L =
0.6, and 1.5 mmol/L. £ 0.2, respec-
tively) than in the anterior hippocampus
(7.2 mmol/L. = 1.0, 2.4 mmol/L = 0.3,
and 1.0 mmol/LL = 0.2, respectively),
with P = .006, .0001, and .04, respec-
tively. Mean NAA, creatine, and choline
concentrations were also significantly
higher in the young (13.2 mmol/L = 1.0,
7.4 mmol/L = 0.8, and 2.1 mmol/L *=
0.3, respectively) than in the elderly
(9.0 mmol/L = 1.0, 5.8 mmol/L. = 0.8,
and 1.8 mmol/L. = 0.3, respectively),
with P = .0001, .01, and .03, respec-
tively. As shown in Figure 4, the elderly
subjects have lower concentrations of
all three metabolites in all the regions.
After correcting for multiple compari-
sons, NAA remained significantly differ-
ent in regions 1-3 and 6, creatine was
significantly different in regions 3-8,
and choline was significantly different in
regions 5-7.

For all metabolites and both age
groups, linear regressions show a pos-
terior-to-anterior decline in concentra-
tion along the hippocampus (Fig 4).
These gradients differed between age
groups (P < .05): In the young, they
were —1.0 mmol/L-cm™!, —0.16
mmol/L - em™ !, and —0.008 mmol/
L-em™ ! for NAA, creatine, and cho-
line, respectively, whereas in the elderly
they were —0.7 mmol/L - em ', —0.8
mmol/L - em™', and —0.058 mmol/
L cm™', respectively. The NAA decline
was steeper in the young versus the el-
derly, but the reverse was true for cre-
atine and choline, with the decline
steeper in the elderly than in the young.

Polynomial regressions were also
tested to see whether nonlinear fits bet-
ter represented the data (ie, whether a
higher concentration of any metabolite
occurred away from the edges). Among
the elderly, there was a significant qua-
dratic component (P < .05) for the cho-
line concentration across the hippocam-
pus. For creatine, there was a trend
toward quadratic behavior for both the
young (P < .1) and the elderly (P < .1).
No age group had significant quadratic
behavior in the NAA component.

The uniformity of the MR images
and MR spectroscopic images, evi-
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denced by the homogeneity of the phan-
tom spectra and metabolic maps, re-
flects the relatively minor radiofre-
quency field inhomogeneity across the
VOI. Specifically, although the concen-
tration of each metabolite should be the
same in every voxel of this phantom, the
mean concentrations were estimated to
be 12.5 mmol/LL = 1.8, 10.0 mmol/L *
1.5, and 3.0 mmol/L * 0.4 for NAA,
creatine, and choline, respectively. These
nonzero standard deviations comprise
all components of the variances, includ-
ing those from B, inhomogeneities,
which are, therefore, responsible for
less than 15%. The mean voxel line
widths of the spectra in Figure 3 are
estimated to be 4.0 Hz = 0.2, or no
more than * 5%, leading to projected
mean metabolite level estimate errors
of 3.4%, 2.3%, and 2.8% for NAA, cre-
atine, and choline, respectively (35).
For volumetry, hippocampi were
sampled on reformatted coronal pro-
jections and volumes are given as the
percentage of total intracranial vol-
ume (33). The mean volume of the
right hippocampus in the elderly group
was 0.25% = 0.03, whereas in the
young group it was 0.25% = 0.01,
with a mean difference of 0% (t =
0.45, df = 9, P = .88). The mean
volume of the left hippocampus in the
elderly group was 0.22% = 0.04,
whereas in the young group it was
0.24% = 0.01, with a mean difference
of 9% (t = —1.23,df =9, P = .25).

We demonstrated that there is a heter-
ogeneous distribution of metabolites
within the hippocampus and that, in
general, there is a higher concentration
of metabolites posteriorly than anteri-
orly. In addition, we found that concen-
trations are higher for the young than
for the elderly everywhere along the
hippocampus. These findings are con-
sistent with data in previous reports
about this structure (42) and other
brain regions (43-45). Specifically, the
levels of NAA, creatine, and choline are
higher at the posterior hippocampus,
findings that are consistent with those in
the study by Vermathen et al (23) who

reported a decreasing NAA/(creatine +
choline) ratio along that axis. We also
note, however, that there is some
weaker evidence that the level of some
metabolites may follow a more complex
distribution along the hippocampus (ie,
with the highest concentration neither
anterior nor posterior but somewhere
between the two). For choline in the
elderly, this evidence was significant
(P < .05), but for creatine in both age
groups there was only a trend toward
such a distribution (P < .1).

It is likely that differences in the
function and connectivity of the anterior
versus the posterior of the hippocampus
underlie the observed metabolic hetero-
geneity along this axis. Indeed, electro-
physiologic studies seem to indicate a
difference in function between the two
regions, with the posterior hippocam-
pus involved in encoding of visuospatial
memory to a much greater degree
than the anterior hippocampus. In-
deed, in vivo electrophysiologic studies
with microelectrodes in monkeys (46)
and humans (47) showed greater activa-
tion (in response to a spatial task or a
visual stimulus, respectively) in the pos-
terior hippocampus than in the anterior
hippocampus. Electrophysiologic stud-
ies have also borne out that there is a
higher density of “place” cells in the pos-
terior portion than in the anterior por-
tion; these cells are thought to map out
spatial correlates within the hippocam-
pus (48).

Besides the functional distinction
between the two parts of the hippocam-
pus, there is a difference in their con-
nectivity, which is probably related to
that distinction, with the rest of the
brain. Specifically, the anterior portion
has strong efferent connections with the
rostral hypothalamus and amygdala,
connections not seen with the posterior
portion (49). The posterior portion has
projections to the mammillary complex,
but most of its connections are afferents
coming from the visual, auditory, and
somatosensory cortices (50). The two
parts also project to different sections of
the lateral septal nuclei (51).

It is reasonable to link the differ-
ences in function and connectivity dis-
cussed previously with the metabolic

level heterogeneity observed. The dif-
ferences in function and connectivity
could be related to the known histologic
differences in cell types between the an-
terior hippocampus and posterior hip-
pocampus. These, in turn, could reflect
subtle but significant differences be-
tween the two regions in neuronal den-
sity (NAA), cell energetics (creatine),
and membrane density (choline). Fi-
nally, possible methodological reasons
for apparent lower concentrations in
the anterior hippocampus cannot be ig-
nored (eg, field inhomogeneity broaden-
ing that biases quantification).

Besides the anteroposterior meta-
bolic heterogeneity, the concentra-
tions of NAA, creatine, and choline
were significantly higher in the young
than in the elderly in many regions of
the hippocampus. Although this find-
ing could be ascribed to age-related
atrophy, both groups comprised
healthy individuals and, therefore,
substantial atrophy is unlikely. The
lack of significant differences in hip-
pocampal volumes also argues against
this possibility. Although some reports
substantiate age-related reduction in
NAA, creatine, and choline levels in
various brain regions (43-45), others
indicate stable metabolite levels (52—
54). The results concerning the hip-
pocampus are also not consistent.
Some argue that the decrease in NAA
is a disease-related but not age-related
phenomenon, which was corrobo-
rated by a significant frontal but not
hippocampal NAA decline (55). How-
ever, in line with our results, findings
in a number of studies indicate age-
related metabolite reductions in this
structure (42,56,57), which could pos-
sibly reflect age-related reduction in
neuronal activity.

Admittedly, our study was suscepti-
ble to several technical limitations that
could also lead to an appearance of het-
erogeneity. For example, since the ante-
rior hippocampus is thicker and has
more folds than the posterior hip-
pocampus, progressive partial volume
may develop along its length (Fig 1b).
Furthermore, since the anterior hip-
pocampus is closer to the skull base,
field inhomogeneity caused by nearby
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bone-air-tissue interfaces, chiasmal fat,
or clival marrow is more likely to distort
spectra (48,58,59). Given the small
voxel size in this study, however, ran-
dom variation in their cerebrospinal
fluid partial volume is an unlikely cause
of these linear metabolic gradients. If it
were, then the slopes of all the metabo-
lites within any individual should have
been the same, given that cerebrospinal
fluid partial volume reduces all meta-
bolic content in a voxel, equally.

In addition, voxels in the posterior
region might have also included para-
hippocampal white matter and possibly
thalamus. Once again, we believe that
small voxel size prevented substantial
bias in voxel composition. Indeed, since
the observed gradients are significantly
different among the three metabolites,
as shown in Figure 4, the gradients are
unlikely to reflect partial volume. For
the same reason, these gradients are
also unlikely to reflect B; inhomogeneity
in the VOI, minor as it may be. Finally,
the anterior hippocampus is
thicker than the posterior hippocampus
(Fig 1), less partial volume is expected
there, suggesting that if that is the un-
derlying cause of the differences in the
gradients, they would be in the opposite
direction from what was observed.

Furthermore, the standard errors of
the means in Figure 4 (ie, 12.5%, 18%,
and 20% for NAA, creatine, and cho-
line, respectively) translate, when cor-
rected for sample size (n = 6)" per age
group, to 25%), 36%, and 40%, respec-
tively, in any voxel. The corrected val-
ues are not much different from the
predicted intraindividual reproducible
values for cerebrospinal fluid-free vox-
els of this size (60). These two observa-
tions combine to support the notion
that metabolic heterogeneity is unlikely
to be an artifact of either the measure-
ment technique or postprocessing.

In conclusion, this study affirms
that, even in healthy young adults, the
hippocampus exhibits regional meta-
bolic heterogeneity detectable with the
sensitivity of 'H MR spectroscopy at 3
T. Anteroposterior axis metabolic gra-
dients are clearly seen, and this obser-
vation may reflect the division of func-
tion within this structure. Consequently,

since

with the use of 'H MR spectroscopy in
the hippocampus, clinicians should
strive for consistent voxel placement to
ensure that the same region is com-
pared for either absolute quantification
or for metabolite ratios from different
studies or at different times. Results of
this study indicate that not all regions in
the hippocampus can be treated as met-
abolically equivalent.

In sum, our major findings are that
there is a heterogeneous distribution of
metabolites within the hippocampus
and that, in general, there is a higher
concentration of metabolites posteriorly
than anteriorly; also, we found that con-
centrations are higher in the young than
in the elderly everywhere along the hip-
pocampus.
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25-28 $1,290 | $1,321 | $2,333 | $3,437 | $4,556 | $5,661

29-32 $1,316 | $1,452 | $1,936 | $2,355 | $2,784 | $3,209

29-32 $1,455 | $1,482 | $2,652 | $3,924 | $5,193 | $6,462

Covers $156 $176 | $335 | $525 $716 $905

Covers $156 $176 | $335 | $525 $716 $905

Minimum order is 50 copies. For orderslarger than 500 copies,
please consult Cadmus Reprints at 800-407-9190.

Reprint Cover
Cover prices are listed above. The cover will include the
publication title, articletitle, and author name in black.

Shipping

Shipping costs are included in the reprint prices. Domestic
orders are shipped via UPS Ground service. Foreign orders are
shipped via a proof of delivery air service.

Multiple Shipments
Orders can be shipped to more than one location. Please be
aware that it will cost $32 for each additiona location.

Delivery
Y our order will be shipped within 2 weeks of the journal print
date. Allow extratime for delivery.

Tax Due

Residents of Virginia, Maryland, Pennsylvania, and the District
of Columbia are required to add the appropriate sales tax to each
reprint order. For orders shipped to Canada, please add 7%
Canadian GST unless exemption is claimed.

Ordering

Reprint order forms and purchase order or prepayment is
required to process your order. Please reference journal name
and reprint number or manuscript number on any
correspondence. Y ou may use the reverse side of thisform asa
proformainvoice. Please return your order form and

prepayment to:
Cadmus Reprints

P.O. Box 751903
Charlotte, NC 28275-1903

Note: Do not send express packages to this location, PO Box.
FEIN #:541274108

Reprint Order Forms
and purchase or der

Rose A. Baynard or prepayments must
800-407-9190 (toll free number) |pereceived 72 hours

410-819-3966 (dl rect number) after recal pt of form.
410-820-9765 (FAX number)
baynardr@cadmus.com (e-mail)

Please direct all inquiriesto:
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