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Abstract
Background—Both AD and normal aging cause brain atrophy, limiting the ability of MRI to
distinguish between AD and age-related brain tissue loss. MRS imaging (MRSI) measures the
neuronal marker N-acetylaspartate (NAA), which could help assess brain change in AD and aging.

Objectives—To determine the effects of AD on concentrations of NAA, and choline- and creatine-
containing compounds in different brain regions and to assess the extent NAA in combination with
volume measurements by MRI improves discrimination between AD patients and cognitively normal
subjects.

Methods—Fifty-six patients with AD (mean age: 75.6 ± 8.0 years) and 54 cognitively normal
subjects (mean age: 74.3 ± 8.1 years) were studied using MRSI and MRI.

Results—NAA concentration was less in patients with AD compared with healthy subjects by 21%
(p < 0.0001) in the medial temporal lobe and by 13% to 18% (p < 0.003) in parietal lobe gray matter
(GM), but was not changed significantly in white matter and frontal lobe GM. In addition to lower
NAA, AD patients had 29% smaller hippocampi and 11% less cortical GM than healthy subjects.
Classification of AD and healthy subjects increased significantly from 89% accuracy using
hippocampal volume alone to 95% accuracy using hippocampal volume and NAA together.

Conclusion—In addition to brain atrophy, NAA reductions occur in regions that are predominantly
impacted by AD pathology.

Brain MRI in patients with AD shows substantial volume losses of the hippocampus1 and
cortical gray matter (cGM),2,3 presumably reflecting AD-related deterioration of neuronal
processes, neuron shrinkage, and neuron death. Cognitive normal (CN) elderly subjects also
show volume losses in these regions, although to a lesser degree than AD4,5, but this age-
related volume decline may be related to a different mechanism than AD6,7. Furthermore,
reactive gliosis after neuronal damage may attenuate volume loss. Therefore, the ability of
MRI to distinguish between AD and normal aging based on brain atrophy is limited.

In vivo proton MRS (1H MRS) measures N-acetylaspartate (NAA), which is present at high
concentration only in living neurons and is virtually undetectable in other cell types, such as
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glial cells.8 Therefore, NAA is thought to be an indicator of neuronal density and neuronal
metabolism.9,10 1H MRSI also detects creatine (Cr, which reflects high-energy phosphate
metabolism) and choline metabolites (Cho, which presumably reflect cellular membrane
integrity). Several MRS studies found NAA reductions in AD relative to other
metabolites11,12 or reduced NAA concentrations (not referenced to other metabolites and
corrected for tissue volume)13–16 compared with normal aging. However, most previous
studies used single voxel MRS localization techniques, thus information about the regional
variation of NAA changes in AD was limited. Furthermore, most (but not all15–17) MRS
studies of AD did not coanalyze metabolite data with quantitative MRI results. We described
a multislice MRS imaging (MRSI) method for sampling the proton metabolite signal
simultaneously from different regions in the brain, including surface cortex.18 Based on
coanalysis of MRSI with tissue segmented MRI data, we determined absolute metabolite signal
intensities in normally aged brains, separately for GM, white matter (WM), and white matter
lesions (WML) of the frontal and parietal lobes, and found age-related metabolite changes in
addition to regional and tissue-dependent variations.

We first sought to determine the effects of AD on concentrations of NAA, Cr, and Cho in GM,
WM, and WML in the frontal and parietal lobes of the brain by comparison with normal aging.
Because histologic studies suggest that AD pathology impacts the parietal cortex earlier than
the frontal cortex,19 we tested the hypothesis that NAA differences between AD and normal
aging are larger in parietal lobe GM than in frontal lobe GM and in WM.

In a previous MRI/MRSI study,15 we found reduced NAA concentrations in the hippocampus
of patients with AD compared with CN subjects, in addition to lower hippocampal volumes in
AD. Furthermore, we showed that MRSI and MRI changes together improved discrimination
between patients with AD and CN subjects relative to discriminations based on MRI alone.
However, a shortfall of this earlier study was that NAA concentrations from other brain regions
were not available to compare with changes in the hippocampus. In this study, MRSI data from
the hippocampus and from frontal and parietal lobes were acquired in the same scan session,
and coanalysis of MRSI with MRI data was expanded to account for variations in coverage of
hippocampal tissue by MRSI. Therefore, we compared NAA of hippocampus and cortex in
AD and CN. Because pathologic findings imply that AD initially involves the limbic structures,
including the hippocampus, and eventually extends into the neo-cortex,20 we tested the
hypothesis that the most prominent NAA reductions in AD occur in the medial temporal lobe,
including hippocampus.

We then assessed the extent to which NAA measurements by MRSI in combination with brain
volume changes measured by MRI improve discrimination of patients with AD from CN
subjects. In addition, we explored whether metabolite concentrations of WML would be
different between AD and normal aging and whether Cho levels would be increased in AD.

Methods
Subjects

Fifty-six patients (mean age: 75.6 ± 8.0 years, 32 women) with a clinical diagnosis of AD
according to the National Institute of Neurological and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) criteria21 were
recruited from the Goldman Institute on Aging and the Memory and Aging Clinic of the
University of California at San Francisco (UCSF) and the Alzheimer Center of the University
of California at Davis (UCD), and 54 CN subjects (mean age: 74.3 ± 8.1 years, 27 women)
were recruited from the community and received standard neurologic examinations at the same
centers. Patients with AD had Mini-Mental State Examination22 (MMSE) scores between 16
and 26 out of 30. CN subjects had cognitive test scores within the normal, age-adjusted range
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and no clinical history of alcoholism, psychiatric illness, epilepsy, hypertension, diabetes,
major heart disease, or head trauma. Furthermore, a neuroradiologist evaluated the MRI data
of all subjects, especially for presence of vascular pathology. Subjects were enrolled in this
study if they had no lacunes and no other major vascular pathologies, except WML or atrophy.
The committees of human research at UCSF and UCD and at the San Francisco Veterans
Affairs Medical Center approved the study, and informed consent was obtained from each
subject or his/her legal guardian before participation.

MRI and 1H MRSI acquisition
MRI and 1H MRSI data were obtained in one session on a 1.5 T Siemens Vision System
(Siemens, Iselin, NJ), using a standard quadrature head coil. A vacuum-molded head holder
(Vac-Pac, Olympic Medical, Seattle, WA) was used to restrict head movements. Structural
MRI data included oblique axial double spin echo (DSE) images with repetition time/echo time
1/echo time 2 (TR/TE1/TE2) = 2500/20/80 milliseconds timing, 1.0 x 1.4 mm2 inplane
resolution, and 3-mm-thick sections with no section gap, oriented along the optic nerve as seen
from a sagittal scout MR image, and covering the entire brain from the inferior cerebellum to
the vertex. In addition to DSE, volumetric magnetization-prepared rapid gradient echo
(MPRAGE) images were acquired with TR/TE/initial time (TI) = 10/7/300 milliseconds
timing, 15° flip angle, 1.0 × 1.0 mm2 inplane resolution, and 1.4-mm-thick coronal partitions,
oriented orthogonal to the image planes of DSE. Proton density and T2-weighted images from
DSE and T1-weighted images from MPRAGE were used together for tissue segmentation, and
T1-weighted images from MPRAGE were used for manual editing of the hippocampus.

A point-resolved spectroscopy (PRESS) 1H MRSI23 sequence was used to acquire water
suppressed 1H MR spectra simultaneously from the left and right hippocampal region, as
reported previously.15 Timing was TR/TE = 1800/135 milliseconds and inplane resolution
was 8.5 × 8.5 mm2 with a 15-mm-thick section, aligned approximately along the long axis of
the hippocampus, yielding a nominal voxel size of approximately 1.1 mL. Adjustment of Bo-
field homogeneity (shimming) across the hippocampal region was performed manually.
PRESS was used for acquiring metabolite spectra in the hippocampal region, because
shimming had to be locally optimized and particularly strong lipid signals from orbital fat had
to be removed, which could not be accomplished effectively by multislice MRSI. Multislice
MRSI was used for sampling seamlessly large regions in the cortex, which is difficult to
accomplish with volume selection by PRESS. Immediately after PRESS MRSI, Bo-field
homogeneity was restored across the brain using an automated shimming routine and water-
suppressed 1H MR spectra were acquired from 2 axially oblique 15-mm-thick sections of the
frontal and parietal brain using a multislice 1H MRSI sequence with TR/TE = 1800/135
milliseconds timing. MRSI slices were parallel to the DSE image planes with the lowest slice
positioned immediately below the superior aspect of the corpus callosum and the second slice
22 mm cephalad. This configuration covered large areas of the left and right frontal and parietal
lobes with little inclusion of the occipital and temporal lobes and subcortical regions. k-Space
sampling was accomplished with 36 × 36 circularly bounded encoding steps across a 280 ×
280 mm2 field of view, yielding a nominal MRSI voxel size of approximately 0.9 mL. Lipid
signals were reduced using slice selective inversion recovery (TI = 170 milliseconds).
Together, structural MRI, PRESS MRSI, and multislice 1H MRSI, including shimming and
adjustments, required approximately 90 minutes of acquisition time.

MRI volume measurements
Volumes of the left and right hippocampus were measured by manually drawing the boundaries
of this structure on the coronal T1-weighted MR images, as reported peviously.24 Tissue
segmentation of MRI data into GM, WM, and CSF was achieved automatically with software
developed in-house.2 Additional operator-assisted segmentation classified further GM into
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cortical GM and subcortical GM, WM into normal WM and WML, and CSF into sulcal and
ventricular CSF. Furthermore, the interhemispheric fissure and the central sulcus were marked
on MR images to determine the boundaries between the right and left cerebral hemispheres,
and frontal and parietal lobes for coanalysis with MRSI. Finally, the masks of the left and right
hippocampus from manual tracing also were incorporated into the segmentation data.
Segmentation results were normalized to total intracranial volume to account for variations in
head size among subjects. The raters were blinded to all clinical information and consistency
of ratings (expressed as a coefficient of variation) was approximately 1.0% for hippocampus
and better than 2% for tissue segmentation.

Spectral processing and MRI-MRSI coanalysis
PRESS 1H MRSI data were zero-padded to 32 × 32 points in the spatial domain and were
mildly filtered, resulting in an effective voxel size of about 1.6 mL. Along the spectral domain,
data was zero-padded to 1024 points and peak areas of NAA, Cr, and Cho were estimated using
fully automated spectral fitting software developed in-house.25 Quality control was
accomplished by rejecting spectra with more than 12-Hz line width or with residual sum
squares of the fits in the upper 95th percentile. Typically, fewer than 10% of the spectra were
rejected, predominantly from the prefrontal lobe because of problems with magnetic field
inhomogeneity. The amounts of GM, WM, CSF, and left and right hippocampal tissue in each
MRSI voxel were estimated using information from the segmented MRI data. This was
accomplished first by aligning the segmented MRI with the MRSI data, assuming that there
was no head movement between MRI and MRSI scans, and second by blurring the segmented
MRI data to the spatial resolution of MRSI with consideration of chemical shift displacement
effects. MRSI voxels in right and left hippocampus were automatically selected. First, the
metabolite image was searched for the MRSI voxel with maximum amount of hippocampal
tissue, followed by an evaluation of spectral quality. If spectral quality of this voxel was too
poor, the voxel with the second largest amount of hippocampal tissue was selected, and so on
until criteria for spectral quality were met. To obtain metabolite concentrations (in arbitrary
units), the metabolite intensities were corrected for amounts of CSF in the MRSI voxels and
normalized to the median ventricular CSF intensity on proton density MR images.

Spectral processing of multislice 1H MRSI data was similar to PRESS 1H MRSI. First, the
data were zero-padded to 64 × 64 points with no additional filtering in the spatial domain and
to 1024 points in the spectral domain. Reduction of spurious resonances from extracranial lipids
was accomplished by selective k-space extrapolation.26 The peak areas of NAA, Cr, and Cho
were estimated using the same spectral fitting software package, criteria for quality control,
and corrections for receiver gain and CSF intensity as described before for PRESS MRSI. The
next goal was to separate contributions from GM, WM, and WML to the metabolite signal and
to correct for CSF content in MRSI voxels for obtaining metabolite concentrations. These
separate contributions were estimated by regressing metabolite intensity variations against
variations in tissue composition across MRSI voxels, which was estimated from tissue
segmented MRI data, coregistered to MRSI, and described previously.18 The regression
coefficients represent metabolite intensities per volume GM or WM tissue, which is
synonymous with concentration (in arbitrary units) in this context and are the values reported
here. However, because T1 and T2 were not measured and intensity was not calibrated,
metabolite concentrations from the regressions cannot be compared directly with absolute
concentrations in units of mmol/L. Estimations of [NAA], [Cr], and [Cho] from regressions
were obtained separately for GM and WM of the left and right frontal and parietal lobes, and
for WML. Spurious contributions to the metabolite signal from other tissue types and regions,
such as subcortical GM or occipital lobe, were accounted for by screening out MRSI voxels
from these regions.
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Statistical analysis
Regional differences in metabolite concentrations between AD and CN subjects were tested
using multivariate analysis of variance (MANOVA) and accounting for age. Metabolite
concentrations were dependent variables and regions, diagnosis, and age were independent
variables. To reduce the probability of finding by chance significant metabolite variations in
any region, the level of significance for MANOVA was increased to α = 0.05/9 = 0.006, using
Bonferroni corrections for multiple comparisons (9 independent tests for [NAA], [Cho], and
[Cr] in GM, WM, and hippocampus; tests for WML were not considered as multiple
comparisons, because large WM lesions were found only in a small group of subjects).
Statistical tests other than MANOVA were performed with α = 0.05. ANOVA was used to test
differences between groups in WML. To compare PRESS and multislice MRSI data without
needing to account for experimental differences between the two techniques, metabolite
concentrations were transformed into z-scores, according to
z Met k

j = ( Met k
j − mean Met k

CN )/ stdev Met k
CN . Here, z Met k

j  represents a z-score of
a metabolite in brain region k (= hippocampus, frontal or parietal left or right GM or WM) of
patient j, Met k

j  is the concentration of the corresponding metabolite, and mean Met k
j  and

stdev Met k
j  are the metabolite mean and SD in region k in the CN group. Pearson product

moment coefficients were used to evaluate correlations between measures. Logistic regression
was performed to determine the contributions from MRI and MRSI to the classification of AD
and CN subjects. Furthermore, receiver operator characteristics (ROC) analysis was performed
to provide a means of comparing MRI and MRSI classifiers in terms of sensitivity and
specificity. Unless noted otherwise, all data are listed as mean ± SD.

Results
Table 1 lists demographic data of the subjects, separately for those who completed only PRESS
MRSI and those who also completed multislice MRSI. AD and CN were comparable in age
(p > 0.4 by Student’s t-test) without a difference between PRESS or multislice MRSI groups
(p > 0.5). Men and women were comparably represented in the AD and CN group (p = 0.5 for
PRESS and p = 0.6 for multislice MRSI, both by χ2 test). As expected, patients with AD had
lower MMSE scores than CN subjects (p < 0.0001 by Student’s t-test).

Figure 1 shows representative metabolite images of the medial temporal lobe (obtained with
PRESS MRSI) and the frontal and parietal lobes (obtained with multislice MRSI) from a 58-
year-old man with AD and a 59-year-old cognitively normal man. Also shown in figure 1 are
representative 1H MR spectra from selected regions of hippocampus and frontal and parietal
lobe GM in the patient with and CN subject. 1H MR spectra from the patient with AD depict
lower intensities for NAA relative to Cho and Cr compared with 1H MR spectra from the
healthy subject.

Table 2 lists [NAA] concentrations in the medial temporal lobe of AD and CN. Also listed is
the amount of hippocampal tissue enclosed in MRSI voxels from this region, expressed as
percent of total brain tissue within voxels. [NAA] was less in AD by 21% in both the left [F =
27.1, df = 1,106, p < 0.0001] and the right [F = 24.3, df = 1,106, p < 0.0001] sides compared
with CN, even after accounting for variations in the amount of hippocampal tissue in MRSI
voxels. Effects of hemisphere or hemisphere-by-group interactions on [NAA] changes were
not significant. Differences of both [Cho] and [Cr] (not listed) between AD and CN were not
significant in the hippocampal region at the adjusted α level. MRSI voxels contained on average
18% to 19% hippocampal tissue in patients with AD and 21% to 26% in CN subjects without
difference between the groups (p > 0.2, by Student’s t-test). Sex had no effect on metabolite
differences in this region (p > 0.2, by Student’s t-test).
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Table 2 also lists [NAA] of GM and WM in the frontal and parietal lobes of AD and CN. The
most prominent differences between AD and CN were 18% lower [NAA] in left parietal GM
[F = 10.5, df = 1,78, p = 0.001] and 13% lower [NAA] in right parietal GM [F = 9.6, df = 1,78,
p = 0.003] of AD without left/right differences. In contrast to the parietal lobe, there were no
[NAA] differences of frontal lobe GM between AD and CN at the adjusted α level (left [F =
1.5, df = 1,78, p = 0.17], right [F = 4.0, df = 1,78, p = 0.04]). [NAA] differences between AD
and CN in both frontal and parietal lobe WM also were not significant. [Cho] and [Cr]
differences (not listed) between AD and CN in both GM and WM were not significant.

Table 3 lists [NAA], [Cho], and [Cr] of WML and WM in 17 patients with AD and 11 CN
subjects, who had lesions that were large relative to the resolution of MRSI. [NAA] differences
of WML between the groups were not significant. However, [NAA] of WML was less than
[NAA] of WM by approximately 15% [F = 9.2, df = 1,27, p = 0.005] in both groups. Both
[Cho] and [Cr] of WML were not different between patients with AD and CN subjects, and
[Cho] and [Cr] did not differ significantly between WML and WM.

To test whether [NAA] changes in the medial temporal lobe were different from changes in
the frontal and parietal lobes, we transformed the NAA data into z-scores. [NAA] z-scores of
patients with AD in different brain regions are shown in figure 2. Overall, regional variations
of [NAA] z-scores in AD were significant [F = 9.1, df = 3,155, p < 0.0001, by ANOVA]. Post
hoc Scheffe tests showed that [NAA] reductions in the medial temporal lobe of AD were greater
than changes in both frontal lobe GM [F = 6.2, df = 1,84, p = 0.01] and WM [F = 30.4, df =
1,84, p < 0.0001], but were similar to changes in parietal lobe GM [F = 0.1, df = 1,84, p > 0.7].
[NAA] changes of parietal GM in AD also were larger than changes of frontal lobe GM [F =
3.1, df = 1,70, p = 0.05] and WM [F = 14.5, df = 1,70, p < 0.0005]. We also explored whether
[NAA] reductions in the medial temporal lobe and parietal lobe GM were correlated in patients
with AD, but found no correlation (r = 0.22, p > 0.1). Furthermore, we found a trend for
correlations between MMSE scores of the patients and [NAA] reductions in the medial
temporal lobe (r = 0.25, p = 0.06) and parietal GM (r = 0.23, p = 0.08).

Table 4 lists results from tissue-segmented MRI data of patients with AD and CN subjects.
This shows that patients with AD compared with CN subjects had smaller volumes of
hippocampus (p < 0.0001, by Student’s t-test), GM (p < 0.001), and WM (p < 00001), and
larger volumes of ventricular CSF (p < 0.0001) and WML (p < 0.01). However, these volume
changes did not correlate with MMSE scores (all p > 0.3).

Finally, we tested the extent to which [NAA] measurements by MRSI combined with volume
measurements by MRI improve discrimination between AD and CN. Table 5 lists sensitivity,
specificity, and overall correct classification of AD and CN for those combinations of MRSI
and MRI measures that made significant contributions to the classification. Also listed are the
areas under the curve from a ROC analysis. Prediction of group membership by hippocampal
volume alone was significant (p > 0.0001), yielding a ROC area under the curve of 0.89. Adding
[NAA] of medial temporal lobe improved (p = 0.004) classification and increased significantly
the area under the curve to 0.93. Cortical GM volume from MRI made another contribution to
classification (p = 0.0001) and also significantly increased the area under the curve to 0.95.
Additional contributions from [NAA] and volume measures were not significant.

Discussion
The major findings of this study were: first, [NAA] reductions in AD occurred primarily in
medial temporal lobe, including hippocampus and parietal lobe GM (not WM), and these
reductions were of similar magnitude. Second, [NAA] reductions in the frontal lobe of AD
were significantly less than in medial temporal and parietal lobe. Third, [NAA] and volume
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changes together provided better discrimination between patients and control subjects than
volume changes alone, similar to the results from our previous study,15 which focused on a
different group of patients with AD and CN subjects. Taken together, these results emphasize
the additional diagnostic information obtained by 1H MRSI.

The finding of substantial [NAA] reductions in GM of patients with AD compared with control
subjects and virtually no differences in WM is consistent with another MRSI study16 that used
a similar method for separation of GM and WM contributions to metabolite changes in AD,
but did not measure separately in the frontal and parietal lobes. [NAA] reductions in GM with
little or no change in WM also are consistent with a MRS study27 of postmortem AD brains
and with histopathologic findings that AD is predominantly a disease of the cerebral cortex.
28 In addition to GM and WM differences, we also found larger [NAA] reductions in parietal
than frontal lobe GM, agreeing with PET studies of AD that revealed severe deficits in cerebral
blood flow and glucose metabolism, especially in parietal and temporal lobe region.29 In
contrast to this study, another multislice MRSI30 reported reduced NAA ratios (not absolute
NAA concentrations and not corrected for partial volume effects) in the frontal cortex of AD
in addition to changes in parietal and temporal lobes. One single voxel MRS study also reported
reduced NAA ratios in frontal brain regions of AD.14 A possible explanation for the divergent
findings is that this study excluded patients with AD with subcortical lacunar infarcts, which
can be partly responsible for [NAA] reductions in cortical regions,31 whereas other studies
did not screen for subcortical infarctions. We also found [NAA] reductions in medial temporal
lobe in AD, agreeing with several earlier MRS studies.15,32,33 Reduced [NAA] may indicate
disproportionately greater loss of neurons than glia or it could indicate impaired neuronal
metabolism without neuron loss.

In contrast to our first MRSI report of AD11 and quantitative MRSI studies by others,16,34,
35 we found no increase of [Cho] in AD. Other MRS studies36,37 also found no [Cho] changes
in AD and one study reported decreased Cho ratios.30 Limited accuracy in measuring [Cho]
could explain some of the divergent findings of Cho changes in AD, especially in cortical
regions with low signal intensities. Furthermore, some MRSI studies found marked [Cho]
changes predominantly in subcortical GM of AD,30 which were screened out for this analysis.

We found no significant metabolite differences between patients with AD and CN subjects in
WML. Compared with normal WM, however, [NAA] of WML was significantly reduced in
both AD and CN, consistent with an earlier report from this laboratory.38 Inconsistent with
previous findings, however, we found no increase of [Cho] in WML.38

Another result was that the combination of MRI and MRSI measures provided an improved
classification between AD and control subjects compared with either measure alone. However,
an overlap between the groups remained when [NAA] and volume were used individually or
together. Therefore, this will not lead to a diagnosis of the individual patient unless more
information is incorporated, such as MRS measurements of myo-inositol.35 Furthermore,
clinically more important than separating AD from normal aging is a differentiation of AD
from other types of dementias.

This study has several limitations. First, measurements for obtaining relaxation values of
metabolites could not be performed because of prohibitively long acquisition times, although
T1 and T2 for AD have been previously determined for two brain locations.39 Therefore,
corrections for T2 and T1 relaxations (especially important because of use of slice-selective
inversion recovery) were not applied, and absolute metabolite concentrations in units of mole
per tissue volume were not determined. Second, because we applied a medium spin-echo time
acquisition (TE = 135 milliseconds), metabolites with shorter T2 relaxation times, such as
myo-inositol, could not be observed. It has been reported previously that myo-inositol is
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increased in AD and that the combined use of myo-inositol and NAA increases diagnostic
sensitivity.40 Third, frontal and parietal GM was not differentiated further into GM of the
sensory and the motor cortex. Provided that primary sensory and motor cortex are among the
last cortical regions to be affected in the AD process,19 [NAA] change in AD therefore could
be biased for varying contributions from these regions. Finally, spatial resolution of tissue-
segmented MRI data was compromised, because the segmentation algorithm was based on
both T1-weighted MR images of relative high resolution and T2-weighted MR images of lower
resolution than the T1-weighted images. It is possible that different results would be obtained
if segmentation were performed with the better resolution of T1-weighted MR data. However,
T1-weighted MRI is insensitive to the effects of vascular disease, such as WML, which is an
important confound in studies of aging and dementia.
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Figure 1.
Proton MR (1H MR) spectra and N-acetylaspartate (NAA) images from a 58-year-old patient
with AD and a 59-year-old cognitively normal control subject. The 1H MR spectra (from left
to right) were selected from the hippocampus, frontal lobe, and parietal lobe (arrows point to
regions of interest indicated by squares). The spectra differ between the two subjects in vertical
scale and therefore cannot be compared directly. Also shown are the corresponding structural
MRI data for anatomic reference of the low-resolution NAA images.
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Figure 2.
Reduction of N-acetylaspartate (NAA) concentration in different brain regions in patients with
AD. Values are in Z-scores, relative to a mean NAA concentration for cognitively normal
subjects of zero. cGM = cortical gray matter; WM = white matter.
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Table 1
Demographics

PRESS PRESS and multislice

Parameters AD Control AD Control

Subjects, n 56 54 41 40
Female/male 32/24 27/27 25/16 22/18
Mean age, y 75.6 ± 8.0 74.3 ± 8.1 74.6 ± 7.1 74.2 ± 8.4
Age range, y 56–87 48–88 58–87 48–88
MMSE22 19.0 ± 6.7 29.1 ± 0.8 19.0 ± 6.8 29.1 ± 0.8

Subjects listed under PRESS and multislice MRSI belong to the 56 patients with AD and 54 control subjects under PRESS.

PRESS = point-resolved spectroscopy; MMSE = Mini-Mental State Examination.
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Table 2
NAA concentration in medial temporal lobe, including hippocampus and in frontal and parietal lobe gray matter
and white matter

Brain region Side Tissue AD Control AD-control*

Medial temporal† Left Gray + white 1.81 ± 0.44 2.29 ± 0.50 −21‖
Right Gray + white 1.80 ± 0.47 2.29 ± 0.51 −21‖

Frontal‡ Left Gray 0.95 ± 0.21 1.02 ± 0.16 −7
Right Gray 0.92 ± 0.20 1.03 ± 0.19 −11
Left White 1.12 ± 0.25 1.13 ± 0.20 −1

Right White 1.11 ± 0.21 1.11 ± 0.20 0
Parietal‡ Left Gray 0.83 ± 0.26 1.01 ± 0.19 −18¶

Right Gray 0.90 ± 0.20 1.03 ± 0.21 −13¶
Left White 1.21 ± 0.22 1.19 ± 0.19 −2

Right White 1.17 ± 0.22 1.15 ± 0.17 −2
HP tissue [%]§ Left 18.1 ± 7.7 21.6 ± 8.0 −18

Right 19.3 ± 6.6 26.5 ± 8.4 −26

N-acetylaspartate (NAA) concentration in arbitrary units.

*
Percent change in patients with AD compared with cognitively normal subjects.

†
From 56 patients with AD and 54 control subjects.

‡
From 41 patients with AD and 40 control subjects.

§
Percent hippocampal (HP) tissue of total tissue content in MRS imaging voxels from medial temporal lobe.

‖
p < 0.001.

¶
p < 0.003.
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Table 3
Metabolite concentrations in white matter lesions and normal white matter

Metabolite* Tissue AD Control AD-control†

[NAA] WML 1.01 ± 0.54 0.99 ± 0.43 +2
WM 1.16 ± 0.22 1.19 ± 0.24 −3

[Cho] WML 0.55 ± 0.32 0.51 ± 0.38 +8
WM 0.42 ± 0.11 0.44 ± 0.07 −4

[Cr] WML 0.48 ± 0.19 0.45 ± 0.29 +7
WM 0.45 ± 0.10 0.47 ± 0.09 −4

*
Concentration in arbitrary units.

†
Percent change in 41 patients with AD compared with 40 cognitively normal subjects.

WML = white matter lesion; WM = white matter (normal).
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Table 4
Brain volume changes

Volumes* AD Control AD-control† p Value

Hippocampus, mm3 1886 ± 484 2669 ± 364 −29 <0.0001
Cortical gray matter, cm3 453 ± 37 508 ± 32 −11 <0.0001
White matter, cm3 437 ± 37 465 ± 32 −6 0.0003
Ventricular space, cm2 72 ± 29 44 ± 14 62 <0.0001
White matter lesions, cm2 13 ± 14 7 ± 9 86 >0.01

*
All volumes normalized to total intracranial volume.

†
Percent change in 56 patients with AD compared with 54 cognitively normal subjects.
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Table 5
Classification of patients with AD and cognitively normal subjects

Measures Sensitivity* Specificity* Overall* ROC† p Value‡

Hippocampal volume 0.82 0.81 0.81 0.89 <0.0001
+ [NAA]§ 0.84 0.83 0.83 0.93 0.004
+ Gray matter volume 0.91 0.86 0.88 0.95 0.0001

*
Using logistic regression analysis in 41 patients with AD and 40 control subjects.

†
Receiver operator characteristic (ROC) area under the curve.

‡
Analysis by logistic regression.

§
In medial temporal lobe.
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