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Subcortical Ischemic Vascular Dementia: Assessment
with Quantitative MR Imaging and 1H MR Spectroscopy
Aristides A. Capizzano, Norbert Schuff, Diane L. Amend, Jody L. Tanabe, David Norman, Andrew A. Maudsley,

William Jagust, Helena C. Chui, George Fein, Mark R. Segal, and Michael W. Weiner

BACKGROUND AND PURPOSE: Subcortical ischemic vascular dementia is associated with
cortical hypometabolism and hypoperfusion, and this reduced cortical metabolism or blood flow
can be detected with functional imaging such as positron emission tomography. The aim of this
study was to characterize, by means of MR imaging and 1H MR spectroscopy, the structural
and metabolic brain changes that occur among patients with subcortical ischemic vascular de-
mentia compared with those of elderly control volunteers and patients with Alzheimer’s disease.

METHODS: Patients with dementia and lacunes (n 5 11), cognitive impairment and lacunes
(n 5 14), and dementia without lacunes (n 5 18) and healthy age-matched control volunteers (n
5 20) underwent MR imaging and 1H MR spectroscopy. 1H MR spectroscopy data were coan-
alyzed with coregistered segmented MR images to account for atrophy and tissue composition.

RESULTS: Compared with healthy control volunteers, patients with dementia and lacunes
had 11.74% lower N-acetylaspartate/creatine ratios (NAA/Cr) (P 5 .007) and 10.25% lower
N-acetylaspartate measurements (NAA) in the cerebral cortex (P 5 .03). In white matter, pa-
tients with dementia and lacunes showed a 10.56% NAA/Cr reduction (P 5 .01) and a 12.64%
NAA reduction (P 5 .04) compared with control subjects. NAA in the frontal cortex was
negatively correlated with the volume of white matter signal hyperintensity among patients
with cognitive impairment and lacunes (P 5 .002). Patients with dementia, but not patients
with dementia and lacunes, showed a 10.33% NAA/Cr decrease (P 5 .02) in the hippocampus
compared with healthy control volunteers.

CONCLUSION: Patients with dementia and lacunes have reduced NAA and NAA/Cr in both
cortical and white matter regions. Cortical changes may result from cortical ischemia/infarc-
tion, retrograde or trans-synaptic injury (or both) secondary to subcortical neuronal loss, or
concurrent Alzheimer’s pathologic abnormalities. Cortical derangement may contribute to de-
mentia among patients with subcortical infarction.

Vascular dementia is the second most common type
of dementia in the elderly after Alzheimer’s disease
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(1–4). Vascular dementia comprises different enti-
ties that result in cognitive decline from vascular
cause (5). In addition to multi-infarct dementia,
small-vessel disease is highly prevalent (6). The
latter is associated with subcortical lesions such as
lacunes (7) and incomplete white matter types of
infarction (8–10). Considering the diversity of vas-
cular dementia, studies of this entity need to rec-
ognize its subtypes. We limited our study to sub-
cortical ischemic vascular dementia, excluding
patients with cortical infarcts. Functional neuroim-
aging techniques such as positron emission tomog-
raphy, single-photon emission CT, and stable
xenon-enhanced CT reveal reduced cortical metab-
olism or blood flow or both in cases of subcortical
ischemic vascular dementia (11–18). MR imaging
reveals atrophy and white matter signal hyperin-
tensity (19). Neuropathologic studies, however,
have shown that myelinic and axonal loss might be
undetectable with MR imaging (20). Furthermore,
MR imaging cannot show the difference between
neurons and glial cells. Because vascular dementia
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TABLE 1: Subjects’ categories and clinical diagnoses

Clinical Diagnosis D (n 5 18) D 1 Lac (n 5 11) CI 1 Lac (n 5 14) HC (n 5 20)

Possible AD
Probable AD
Probable IVD
Definite IVD
Definite mixed dementia
Mixed dementia
Cognitive impairment not demented
Stroke w/o cognitive impairment
Cognitive impairment w/o stroke
Amnesic syndrome
Healthy control subjects
Age (yrs)
Female/male
MMSE score

3
14
···
···
1

···
···
···
···
···
···

75.6 6 7
12/6

16.9 6 7.5

1
···
7
···
···
3
···
···
···
···
···

77.7 6 5
3/8

20.6 6 3.4

···
···
···
2
···
···
9
2
···
1
···

72.5 6 6.9
3/11

27.5 6 2.2

···
···
···
···
···
···
···
···
1

···
19

72.8 6 7.2
11/9

29 6 0.8

Note.—D 5 demented without lacunes, D 1 Lac 5 demented with lacunes, CI 1 Lac 5 cognitively impaired with lacunes, HC 5 healthy
control subjects, cognitive impairment 5 cognitive impairment not meeting criteria for dementia. Possible and probable AD defined according to
NINCDS-ADRDA criteria. Probable IVD, and mixed dementia defined according to the State of California ADDTC criteria. Age and MMSE scores
are reported as mean 6 SD.

and Alzheimer’s disease are associated with gliosis
(4, 21), one interpreting MR results may underes-
timate neuronal loss because tissue shrinkage is at-
tenuated by gliosis. 1H MR spectroscopy reveals
the presence of the amino acid N-acetylaspartate
(NAA), which is localized exclusively in the neu-
ron (22), and is thus expected to be a more sensi-
tive indicator of neuronal loss than is tissue shrink-
age. Previous studies (23–32) found reduced NAA
in association with vascular dementia and Alzhei-
mer’s disease in different brain regions.

The present study had several goals: 1) to extend
previous studies (23–32), using a multisection MR
spectroscopic technique to measure brain metabo-
lite distribution, including the cortex; 2) to deter-
mine the spatial distribution of neuronal loss and
metabolic impairment in association with dementia,
as measured by NAA changes; 3) to determine
whether cortical NAA levels correlate with the ex-
tent of subcortical disease as measured by the num-
ber of lacunes and the volume of white matter sig-
nal hyperintensity; 4) to examine the correlation
between the degree of cognitive impairment as
measured by the Mini-Mental Status Examination
(MMSE) and the amount of structural or metabolic
changes or both; and 5) to determine which MR
measures are best correlated with the cognitive sta-
tus of patients with lacunes.

Methods

Participants

A total of 63 participants were entered in this study. Table
1 shows participant demographics and the correspondence be-
tween study categories and clinical diagnoses. Participants
were categorized according to the presence of at least one la-
cunar infarction on MR images and their Clinical Dementia
Rating (CDR) scores. In this study, separation of lacunes from
perivascular spaces was achieved according to the following
protocol. Images with CSF-like signal features in the anterior
commissure were considered perivascular spaces; features out-

side that location and larger than 3 mm were considered cav-
itated lacunes and, when smaller than 3 mm, perivascular spac-
es. T1-, T2-, and proton density–weighted images were used
by a neuroradiologist (D.N.) to assess the presence of lacunes.

Patient classification was not based on clinical diagnoses
because of the uncertainty involved (33, 34). Patients were
divided into the following groups: 1) the cognitively impaired
with lacunes (presence of lacune(s) and CDR score of 0.5 [CI
1 Lac]); 2) patients with dementia and lacunes (presence of
lacune(s) and CDR score of 1 [D 1 Lac]); 3) patients with
dementia and no lacunes (no lacunes and CDR score of 1 [D]);
4) healthy volunteers (no lacunes and CDR score of 0 [HC]).
The average number of supratentorial lacunes 6 SD was 3.8
6 3 for D 1 Lac patients and 4.3 6 5 for CI 1 Lac patients.
Exclusionary criteria for all participants were history of cor-
tical stroke or other major neurologic disorder, psychiatric dis-
orders after the age of 50 years, substance abuse, seizures, and
abnormal thyroid metabolism. All participants or their legal
guardians provided informed consent, which was approved by
the Committee of Human Research of the University of Cali-
fornia, San Francisco. Clinical diagnoses were made according
to the criteria set forth by the National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorders Associations for Alzheimer’s disease
(35) and by the State of California Alzheimer’s Disease Di-
agnostic and Treatment Center criteria for ischemic vascular
dementia proposed by Chui et al (33).

MR Imaging and MR Spectroscopy Acquisition

All MR data were acquired on a 1.5-T Magnetom VISION
system (Siemens, Erlangen, Germany) equipped with a stan-
dard circularly polarized head coil. The following image se-
quences were acquired: 1) oblique axial T1-weighted parallel
to the long axis of the hippocampus (240/14 [TR/TE]; flip
angle, 608; section thickness, 3 mm); 2) oblique axial proton
density–weighted and T2-weighted double spin-echo oriented
along the optic nerves (2550/20, 80; in-plane resolution, 1.4
3 1 mm2; section thickness, 3 mm); and 3) coronal 3D T1-
weighted gradient-echo orthogonal to the optic nerves (MPRA-
GE: 10/4; flip angle, 158; in-plane resolution, 1.0 3 1.0 mm2;
section thickness, 1.4 mm).

Multisection 1H MR spectroscopy acquisition was used to
measure the metabolite distribution in the frontal and parietal
lobes (Fig 1A), whereas a single-section 1H MR spectroscopy
sequence with point-resolved spectroscopy (PRESS) volume
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FIG 1. Various MR images are shown for
comparison.

A, Sagittal MR image shows outlines of
multisection (two upper boxes) and
PRESS (lower box) volumes of interest.

B, Axial T1-weighted MR image shows
defined PRESS volume (inner box), field of
view (outer box), and positions of the in-
dividual voxels extracted for data analysis
(circles).

C, Ventricular proton density–weighted
axial MR image displaying positions of se-
lected voxels for multisection data analysis
(circles).

D, Supraventricular proton density–
weighted axial MR images displaying po-
sitions of selected voxels for multisection
data analysis (circles).

FIG 2. Spectrum selected in normal-appearing white matter (left) and spectrum from a white matter signal hyperintensity (right) show
evident reduction in the NAA peak amplitude at 2.02 ppm in the latter.

preselection (typical size, 70 3 90 3 15 mm3) was applied
covering both hippocampi (Fig 1A). The multisection 1H MR
spectroscopy sequence consisted of two 15-mm-thick sections
aligned parallel to the T2-weighted images, with the lower sec-
tion immediately below the superior extent of the corpus cal-
losum and the other slightly above it (Fig 1A). Lipid contam-
ination of the metabolite spectra was reduced by using a
section-selective inversion pulse (inversion time, 170 ms) and
was reduced further with the application of k-space extrapo-
lation during data postprocessing (36) (Fig 2). The equivalent
of 36 3 36 phase-encoding steps over a circular k-space region
was sampled (37), yielding a nominal voxel size of approxi-
mately 8 3 8 3 15 mm3. The data were acquired at 1800/135,
resulting in a measurement time of 35 minutes. The PRESS
MR spectroscopy sequence used 24 3 24 phase-encoding steps
over a circular k-space region with an approximate nominal
voxel size of 8.75 3 8.75 3 15 mm3. The data were acquired
with 1800/135, with a measurement time of 13 minutes. Chem-
ical-shift selective saturation water suppression (38) was ap-
plied in both MR spectroscopy sequences. The use of a long

echo time (135 ms) for the MR spectroscopic studies was de-
cided to reduce lipid contamination. On the other hand, we
were unable to detect short T2 metabolites such as myo-ino-
sitol, which has been implicated in Alzheimer’s disease (29),
and evaluate NAA, creatine (Cr), and choline changes.

MR Imaging Segmentation and Coregistration with MR
Spectroscopy

Segmentation of the MR imaging data was performed using
a semiautomated segmentation program developed in-house
(39). This software used both T1-weighted and double spin-echo
MR image sets (proton density– and T2-weighted images) to
assign each MR imaging pixel to a category of gray matter–,
white matter–, or CSF-based on the signal-intensity profile. Sub-
sequent interactive manual editing was performed by two trained
operators (D.L.A., J.L.T.) to distinguish between sulcal and ven-
tricular CSF and cortical versus subcortical gray matter and to
delineate white matter signal hyperintensity and lacunes. Tissue
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TABLE 2: Whole brain segmentation

Tissue Type HC (n 5 20) D 1 Lac (n 5 11) D (n 5 18) CI 1 Lac (n 5 14)

Ventricular CSF
Sulcal CSF
White matter
Cortical GM
Subcortical GM
WMSH

2.52 6 1.0
18.74 6 2.9
35.22 6 2.7
42.00 6 2.4
1.28 6 0.3
0.25 6 0.4

6.14 6 1.6*
23.77 6 4.2
30.30 6 4.2‡
35.53 6 2.8*
0.86 6 0.6
3.40 6 2.7†

5.51 6 2.3†
23.18 6 2.8†
32.51 6 3.7‡
37.07 6 2.9†
0.96 6 0.3‡
0.77 6 0.6§

4 6 1.8
21.8 6 3.2

33.38 6 3.0
38.26 6 3.3
1.29 6 0.4
1.25 6 1.1

Note.—All data are given as mean 6 SD of percentage of total intracranial volume. P values from multiple linear regression analysis with
adjustment for age and sex. GM, gray matter; WMSH, white matter signal hyperintensity.

*P , .01 between patients and HC.
†P , .001 between patients and HC.
‡P , .05 between patients and HC.
§P , .01 between D 1 Lac and D (with adjustment for MMSE score).

type volumes are expressed as percentages of total intracranial
volume.

The segmented MR imaging data were then coregistered
with the MR spectroscopy data and converted to the spatial
resolution of MR spectroscopy (26). Thus, metabolic signal
intensities were coanalyzed with structural data from the same
voxel. The tissue composition of each spectroscopy voxel was
estimated, taking into account the point-spread function, chem-
ical-shift offset in the MR spectroscopy section direction (for
each metabolite), and section profile. This information was
used to compute atrophy-corrected metabolic intensities and to
test whether metabolic changes were independent of variations
of the MR spectroscopy voxel composition.

1H MR Spectroscopy Data Postprocessing

Spectral data processing included zero filling to 1024 data
points and 4-Hz gaussian apodization in the time domain and
Fourier transformation. The spectra were further phase- and
baseline-corrected and curve-fitted using NMR1 software (Tri-
pos Inc., St. Louis, MO). The areas under the peaks of the
NAA, Cr, and choline resonances were calculated. To account
for instrumental variability among studies, the metabolic signal
intensities were referenced to each participant’s mean CSF in-
tensity in a region of the lateral ventricles as measured in the
proton density–weighted MR images. Finally, the metabolic
intensities were atrophy-corrected according to Metcorr 5 Met/
(gm 1 wm 1 wmsh), where Metcorr is the atrophy-corrected
metabolic signal intensity, Met is the uncorrected signal inten-
sity, and gm, wm, and wmsh are the respective pixel counts of
gray matter, white matter, and white matter signal hyperin-
tensity in the voxel as estimated from the coregistered-seg-
mented MR images. The metabolic signal intensities are ex-
pressed in an arbitrary scale (institutional units). PRESS and
multisection values are not comparable with each other be-
cause of the differences in sequence design and voxel size. In
addition to the intensity values, metabolic changes are also
expressed as NAA/Cr intensity ratios.

Figure 1 (B–D) displays the regions for voxel selection. This
was performed using software developed in-house that allows
anatomic delineation of regions on coregistered MR images
(40). Twenty-seven anatomically predefined regions of interest
were selected by a radiologist blinded to the clinical diagnosis
(A.A.C.). These regions included the hippocampus, midbrain,
and temporal white matter for the PRESS data (Fig 1B), and
frontal and parietal cortical and white matter regions for mul-
tisection data (Fig 1C and D). Inclusion of white matter signal
hyperintensity regions within selected voxels was avoided, but
contamination owing to chemical-shift offset and the smaller
spatial resolution of MR spectroscopy cannot be ruled out
without consulting coregistered segmented images.

Statistical Analysis

Multiple linear regression analysis was performed to test the
effect of diagnosis on the spectroscopy and segmentation mea-
sures. The regression formula was adjusted for age and sex in
all cases and also for MMSE score when patient groups were
compared with each other. The reported P values are two-
tailed. The alpha level was set at 0.05.

To test whether differences in metabolite concentrations
across groups were from differences in voxel tissue composi-
tion, a two-step analysis was conducted as follows. First a two-
tailed Student’s t test was conducted to determine whether
there were significant tissue composition differences in terms
of gray/white matter or white matter signal hyperintensity in
the same voxels where spectroscopic differences had been
found. Second, if such differences turned out to be significant,
an analysis of covariance test was performed, with gray matter
or white matter signal hyperintensity voxel content as covar-
iants, to determine whether tissue composition made a signif-
icant contribution to the metabolic changes. Correlation anal-
ysis was performed with the Pearson moment correlation for
MR variables and with the Kendall test for MMSE scores.

Results

MR Imaging Segmentation
Table 2 summarizes the results of brain segmen-

tation. Ventricular CSF was 2.52 6 1.02% in HC
volunteers. It was significantly increased in D 1
Lac patients to 6.14 6 1.61% (P 5 .003) and in D
patients to 5.51 6 2.27% (P , .0001). Sulcal CSF
was significantly increased in D patients as com-
pared with HC volunteers (P 5 .0001), whereas in
D 1 Lac patients, there was a trend (P 5 .07) with
the regression model used. Cortical gray matter
volume in HC volunteers was 42 6 2.42% and de-
creased to 35.53 6 2.81% in D 1 Lac patients (P
5 .002) and to 37.07 6 2.89% in D patients (P ,
.0001). White matter volume was also significantly
reduced in both demented groups. White matter
signal hyperintensity volume was significantly in-
creased in D 1 Lac patients (P , .0001) compared
with HC volunteers but not in CI 1 Lac or D pa-
tients. Significant segmentation changes were not
observed in CI 1 Lac patients. When D 1 Lac and
D patient data were compared with each other,
white matter signal hyperintensity content was the
only segmentation measure that showed a signifi-
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FIG 3. Scatter plot displays the correlation between white matter
signal hyperintensity and ventricular volumes for patients with
lacunes.

FIG 4. Scatter plot displays the correlation between cortical and
ventricular volumes for patients with lacunes.

FIG 5. Scatter plot displays the correlation between frontal cor-
tical NAA and supratentorial lacune count for all patients with
lacunes.

cant difference, with the D 1 Lac patients having
77.3% more white matter signal hyperintensity (P
5 .008).

We also explored the correlation between seg-
mentation measures. Figure 3 shows the correlation
between ventricular size and white matter signal
hyperintensity volume (P 5 .001) in the patients
with lacunes (D 1 Lac plus CI 1 Lac). This cor-
relation was also significant, although less strong,
in D patients (P 5 .024). Cortical gray matter vol-
ume inversely correlated with ventricular CSF
among patients with lacunes (P 5 .002) (Fig 4) and
in D patients (P 5 .014). No significant correlation
was found between ventricular size and either
white matter or subcortical gray matter volumes.

1H Spectroscopy
Table 3 displays regional NAA/Cr ratios for each

group. Table 4 shows the corresponding NAA, Cr,
and choline values in institutional units. Cortical
NAA/Cr (frontal and parietal cortex NAA aver-

aged) in HC volunteers was 2.06 6 0.22, and NAA
was 3.75 6 0.66. A major finding of this study is
that in D 1 Lac patients, cortical NAA/Cr was re-
duced to 1.82 6 0.15 (211.74%, P 5 .007) and
cortical NAA was reduced to 3.37 6 0.34
(210.25%, P 5 .03). Significant changes of NAA/
Cr or NAA in cortical regions were not observed
in D patients. In HC volunteers, white matter NAA/
Cr was 2.35 6 0.31 and NAA was 3.52 6 0.60.
These values were significantly decreased in D 1
Lac patients to 2.10 6 0.25 (210.56%, P 5 .01)
and 3.07 6 0.55 (212.64%, P 5 .04), respectively.
There were no significant changes in white matter
in D patients compared with HC volunteers. In HC
volunteers, hippocampal NAA/Cr was 1.52 6 0.14
and NAA was 10.60 6 0.70. NAA/Cr was signif-
icantly reduced in D patients to 1.36 6 0.16
(210.33%, P 5 .02). The D 1 Lac group had no
significant changes in the hippocampus compared
with the HC group. When D and D 1 Lac patient
data were compared with each other, D patients had
lower hippocampal NAA/Cr (P 5 .01). On the oth-
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TABLE 3: NAA/Cr ratio

Region HC (n 5 22) D 1 Lac (n 5 11) D (n 5 19) CI 1 Lac (n 5 14)

White matter
Frontal cortex
Parietal cortex
Hippocampus

2.35 6 0.3
2.09 6 0.3
2.04 6 0.2
1.52 6 0.1

2.10 6 0.2*
1.80 6 0.2‡
1.85 6 0.2*
1.54 6 0.3

2.35 6 0.2†
1.95 6 0.2§
2.03 6 0.2§
1.36 6 0.2*§

2.28 6 0.3
2.02 6 0.2\

2.00 6 0.2
1.43 6 0.2

Note.—P values from multiple linear regression with adjustment for age and sex.
*P , .05 between patients and HC.
†P , .01 between D 1 Lac and D–with adjustment for MMSE score.
‡P , .01 between patients and HC.
§P , .05 between D 1 Lac and D–with adjustment for MMSE score.
\P , .05 betwwen D 1 Lac and CI 1 Lac–with adjustment for MMSE score.

er hand, D 1 Lac patients had lower white matter
NAA/Cr (P 5 .008) and NAA (P 5 .004) and also
lower cortical NAA/Cr (P 5 .03) and NAA (P 5
.03) than did D patients. D 1 Lac patients had re-
duced frontal cortical NAA/Cr compared with CI
1 Lac patients (P 5 .04). The rest of the spectro-
scopic changes in the CI 1 Lac group were not
significant. No significant differences were found
for Cr and choline when comparing patient groups
with the control group. This implies that changes
of ratios are primarily from NAA differences and
not from variations of Cr or choline.

Results of the 1H MR spectroscopy voxel–tissue
composition analysis performed using the coregis-
tered segmented MR images were as follows. No
significant differences in white matter signal hy-
perintensity content in cortical voxels selected for
1H MR spectroscopy analysis were detected be-
tween the D 1 Lac and HC groups. D 1 Lac pa-
tients had less gray matter compared with HC vol-
unteers in cortical 1H MR spectroscopy-selected
voxels (P 5 .018 for overall cortex, and P 5 .049
for frontal cortex). Analysis of covariance proved
cortical NAA differences to be independent of gray
matter content differences. This suggests that the
observed metabolite differences in cortical voxels
were not simply an artifact of tissue content dif-
ferences. On the other hand, in the white matter 1H
MR spectroscopy-selected voxels, D 1 Lac pa-
tients had significantly more white matter signal
hyperintensity volume compared with control vol-
unteers (P 5 .001). Analysis of covariance showed
that white matter NAA differences between the D
1 Lac and control groups were not independent of
white matter signal hyperintensity differences (P 5
.02).

Correlation between MR Imaging and 1H MR
Spectroscopy Data

Considering all patients with lacunes together
(CI 1 Lac plus D 1 Lac), frontal cortex NAA was
inversely correlated with the number of lacunes (r
5 20.46, P 5 .02) (Fig 5). Furthermore, frontal
cortex NAA inversely correlated with white matter
signal hyperintensity volume in all patients with
lacunes and in all control volunteers (r 5 20.33,

P 5 .02). A similar correlation was found between
white matter NAA and white matter signal hyper-
intensity volume (r 5 20.35, P 5 .01). When D
1 Lac and CI 1 Lac patients were analyzed sep-
arately, CI 1 Lac had a significant correlation be-
tween extent of white matter signal hyperintensity
and either frontal cortical NAA (r 5 20.74, P 5
.004) or white matter NAA (r 5 20.64, P 5 .01).
No significant correlations were found for the D 1
Lac or D groups. There were no significant corre-
lations between MMSE scores and either structural
or metabolic changes for any of the groups.

Discussion
The present study showed cortical metabolic ab-

normalities in subcortical ischemic vascular de-
mentia. The clinical importance of metabolic
changes in vascular dementia was stressed by Miel-
ke et al (18), who found that the severity of de-
mentia was related more to the extent of cortical
hypometabolism than to the amount of tissue de-
struction. 1H MR spectroscopy noninvasively pro-
vides biochemical information, which is correlated
to metabolic activity (41) and can thus complement
structural MR imaging data. Furthermore, cases of
Alzheimer’s disease and vascular dementia showed
different metabolic profiles as revealed by 1H MR
spectroscopy, so that differential diagnosis between
these two highly prevalent conditions could be
improved.

The major findings of this study were as follows.
Decreased NAA was found in the cerebral cortex
in D 1 Lac patients independent of atrophy and
tissue composition. Furthermore, frontal cortex
NAA was inversely correlated with the number of
lacunes and volume of white matter signal hyper-
intensity in all patients with lacunes. Decreased
NAA was found in the white matter in D 1 Lac
patients. These NAA changes, however, were not
independent of white matter signal hyperintensity
voxel content. Decreased hippocampal NAA/Cr
was found in D patients but not in D 1 Lac pa-
tients. Increased CSF and decreased cortical gray
matter and white matter volumes were found in D
patients and D 1 Lac patients, and increased white
matter signal hyperintensity was found in D 1 Lac
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TABLE 4: Atrophy corrected [NAA], [Cr] and choline [Cho]

Region/
metabolite HC (n 5 20) D 1 Lac (n 5 11) D (n 5 18) CI 1 Lac (n 5 14)

White matter

NAA
Cr
Cho

3.52 6 0.6
1.54 6 0.3
1.48 6 0.2

3.07 6 0.5*
1.57 6 0.3
1.41 6 0.26

3.64 6 0.5†
1.66 6 0.2
1.53 6 0.2

3.22 6 0.5
1.48 6 0.2
1.43 6 0.2

Frontal cortex

NAA
Cr
Cho

3.72 6 0.6
1.84 6 0.3
1.51 6 0.2

3.35 6 0.31*
1.92 6 0.2
1.59 6 0.3

3.76 6 0.4‡
1.98 6 0.2
1.51 6 0.3

3.45 6 0.3
1.76 6 0.3
1.49 6 0.3

Parietal cortex

NAA
Cr
Cho

3.80 6 0.8
1.90 6 0.3
1.39 6 0.3

3.40 6 0.5*
1.93 6 0.4
1.46 6 0.4

3.96 6 0.6‡
2.02 6 0.3
1.55 6 0.3

3.57 6 0.4
1.84 6 0.2
1.41 6 0.3

Hippocampus

NAA
Cr
Cho

10.60 6 0.7
7.16 6 0.7
7.13 6 1.0

10.37 6 1.8
7.09 6 1.0
7.30 6 0.9

9.89 6 0.9
7.47 6 1.1
6.72 6 1.0

10.0 6 0.8
7.33 6 0.8
7.04 6 0.6

Note.—All data are presented as institutional units. Data from multislice and PRESS sequences are not comparable owing to technical differences.
P values derived from multiple linear regression with adjustment for age and sex.

*P , .05 between patients and HC.
†P , .01 between D 1 Lac and D–with adjustment for MMSE score.
‡P , .05 between D 1 Lac and D–with adjustment for MMSE score.

patients. There was no significant correlation be-
tween MMSE scores and MR imaging volumes or
1H MR spectroscopy values. Taken together, the re-
sults show decreased NAA in the cerebral cortex
and white matter but not in the hippocampus of
patients with subcortical ischemic vascular demen-
tia, suggesting neuronal loss or metabolic impair-
ment in these regions. D patients showed decreased
NAA/Cr in the hippocampus. These findings pro-
vide further evidence for cortical involvement in
dementia associated with subcortical vascular
disease.

The first major finding was decreased cortical
NAA in D 1 Lac patients independent of tissue
atrophy and composition. Therefore, NAA reduc-
tion cannot be explained only by structural changes
as detected on MR images. There are several pos-
sible explanations for cortical changes occurring
with subcortical ischemic vascular dementia. First,
the same process of ischemia and infarction that
causes lacunes and white matter signal hyperin-
tensity also results in damage to cortical neurons.
Partial neuronal loss and laminar necrosis of the
cortex have been described in areas remote from
the infarction site in cases of hypoxic-hypoperfu-
sion dementia (11). These changes may go unde-
tected on MR images and even by macroscopic
pathologic examination (15). An argument against
this possibility is that there was no evidence of cor-
tical stroke on the MR images of our D 1 Lac
patients (such patients were excluded from the
study).

The second possible explanation for the cortical
changes in cases of subcortical ischemic vascular
dementia is that primary subcortical injury leads to

secondary changes in the cortex. White matter in-
farction interrupting axons of projection cortical
neurons may result in cortical neuronal loss by ret-
rograde degeneration and apoptosis. Additionally,
neuronal metabolic impairment results from deffer-
entation (subcortical-cortical diaschisis) secondary
to lacunes located particularly in the internal cap-
sule and thalamus (42). To date, there have been
few reports on diaschisis with 1H spectroscopy. A
clinical case report on crossed cerebellar diaschisis
described reduced NAA in the affected cerebellar
hemisphere (43). Also, an animal model of trans-
synaptic injury showed that stretch injury to the
optic nerve caused reduced NAA in the lateral ge-
niculate nucleus (44).

The third explanation for cortical changes in the
D 1 L patients is that these patients have concur-
rent Alzheimer’s disease (mixed dementia). It is ac-
cepted that the hippocampus is an early and major
site for Alzheimer’s pathologic abnormalities (21,
45). Hippocampal atrophy detected by MR imaging
is characteristic of Alzheimer’s disease (46). Our
finding that D patients in this study had reduced
hippocampal NAA/Cr whereas D 1 Lac patients
did not suggests that the D 1 Lac patients may not
have had Alzheimer’s disease. Thus, we tentatively
conclude that ischemia or infarction or both in a
cortical or subcortical location (with secondary
changes in the cortex) caused cortical NAA reduc-
tions in the D 1 Lac patients. Postmortem patho-
logic study of brains will be required to eliminate
the possibility of Alzheimer’s disease in these pa-
tients definitively.

The significant correlation between frontal cor-
tical NAA with number of lacunes and white matter
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signal hyperintensity volume supports the rele-
vance of subcortical damage to frontal cortical im-
pairment. Patients with lacunar dementia present
with clinical and neuropsychological evidence of
frontal lobe dysfunction (16, 47). This may reflect
disruption of frontal subcortical circuits (48) by la-
cunes located in the thalami and basal ganglia.
Pathologic evidence also supports the frontal lobe
predilection of lacunes (49). Positron emission to-
mographic studies (14, 50) of patients with sub-
cortical infarctions depicted reduced cerebral blood
flow and metabolic rate more pronounced in the
frontal lobes and also found that the severity of
dementia was more related to the extent of cortical
hypometabolism than to the amount of tissue de-
struction (18). Finally, previous studies showed that
location of subcortical lesions determined the pat-
tern of cortical metabolic abnormalities (14, 42,
51). We, however, did not find an association be-
tween lacune location and degree of frontal NAA
reduction.

The second major finding was decreased NAA
in the white matter of the D 1 Lac patients as
compared with HC volunteers and D patients. This
replicates previous findings (25, 26, 31) and is con-
sistent with the deep white matter greater vulnera-
bility to ischemia as it is supplied by long, pene-
trating, terminal arterioles. The NAA reduction,
however, was not independent from white matter
signal hyperintensity voxel content. This may in-
dicate that the reduced NAA in white matter is sim-
ply a reflection of the extent of white matter signal
hyperintensity load. This finding underlines the im-
portance of considering voxel tissue composition
when analyzing MR spectroscopy data.

The third major finding was reduced NAA/Cr in
the hippocampus of D patients compared with HC
volunteers. In contrast, significant hippocampal
NAA reduction was not shown in D 1 Lac pa-
tients. The D patients entered in this study had the
clinical diagnosis of either probable or possible
Alzheimer’s disease (Table 1). Reduced NAA in the
hippocampal region replicates previous findings
(27) and is consistent with neuropathologic studies
that showed extensive neuronal loss in the hippo-
campus in Alzheimer’s disease (21, 45). Further-
more, when compared with D 1 Lac patients, D
patients had significantly lower NAA/Cr in the hip-
pocampus. This reduction raises the possibility that
decreased hippocampal NAA may be specific to
Alzheimer’s disease and may be a distinguishing
feature from dementia with lacunes. Previous stud-
ies (23–26, 28–31) have reported diminished NAA
and reduced NAA/Cr in neocortical regions of pa-
tients with Alzheimer’s disease. These findings,
however, could not be replicated in the present
study. One possible explanation for this discrep-
ancy is that our multisection acquisition protocol
used a steep orientation that did not allow for col-
lecting data from the temporal neocortex and also
placed a higher priority on the frontal over the pa-
rietal lobe. Consequently, the neocortical areas

most vulnerable to Alzheimer’s neuropathologic
abnormalities were undersampled.

The fourth major finding of this study concerned
changes in brain segmentation volumes. D 1 Lac
patients had reduced cortical gray matter volume in
the same range as did D patients, as reported pre-
viously (26). The marked reduction in cortical vol-
ume among patients with exclusive subcortical in-
farcts on MR images conveys further evidence for
the role of cortical changes in cases of subcortical
ischemic vascular dementia. Ventricular CSF in D
1 Lac patients correlated positively with white
matter signal hyperintensity volume and inversely
with the volumes of cortical gray matter. This sug-
gests that ventricular dilation occurs at the expense
of both white matter and cortical volume loss. Ven-
tricular volumes in D patients were also signifi-
cantly increased compared with HC volunteers, and
the difference in ventricular volumes between D
patients and D 1 Lac patients was not significant.
The same correlations of ventricular size with
white matter signal hyperintensity and cortical vol-
umes applied in D patients, although the signifi-
cance was less strong. The only segmentation mea-
sure that was significantly different between the D
1 Lac and D groups, however, was volume of
white matter signal hyperintensity.

Finally, MMSE scores did not correlate with
structural or metabolic measures. The reports in the
literature on this topic are controversial; some in-
vestigators found that the area of white matter sig-
nal hyperintensity correlated to neuropsychological
measures (52, 53), whereas others did not (54). Pa-
tients with lacunar dementia often present with
clinical and neuropsychological evidence of frontal
lobe dysfunction (11, 16), but we did not specifi-
cally evaluate frontal lobe functioning in the study
participants. The D 1 Lac patients, however, had
lower frontal cortical NAA/Cr compared with the
CI 1 Lac patients, and this was the only signifi-
cantly different MR measure between both groups
of patients with lacunes. Of particular note is that
neither the number of lacunes nor the volume of
white matter signal hyperintensity was statistically
different between the D 1 Lac and CI 1 Lac
groups. We may finally postulate that cortical me-
tabolism is the more relevant factor to cognitive
status of patients with lacunes.

There are several limitations in the present study.
First, the patient classification was based on the
presence of lacunar infarction(s) and dementia, but
concurrent degenerative and vascular changes
(mixed dementia) cannot be ruled out until histo-
pathologic brain examination is performed. Second,
we did not attempt to measure metabolite relaxa-
tion times T1 and T2 because of the prohibitively
long duration of the data acquisition and assumed
that the relaxation properties are not different be-
tween the groups. It is possible, however, that T1
and T2 differ with regions or disease or both. To
our knowledge, there is no evidence of abnormal
T1 values in Alzheimer’s disease. Christiansen et al
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(55), using single-voxel MR spectroscopy, reported
prolonged T2 times for NAA in frontal white matter
of patients with Alzheimer’s disease compared with
control volunteers. If T2 for NAA were also pro-
longed in the hippocampus and cortical gray matter,
use of the current measurements would have re-
sulted in overestimated NAA measures in Alzhei-
mer’s disease and, thus, underestimated differences
with the control group. Furthermore, hippocampal
volumes were not available at the time of this writ-
ing. Metabolite data (including hippocampal vox-
els), however, were atrophy-corrected using core-
gistered, segmented MR images. Finally, we
selected a small number of MR spectroscopy vox-
els from different brain regions, which usually in-
clude varying amounts of gray matter and white
matter because of partial volume effects. Others
(56–58) have used automated spectral fitting pro-
cedures that allow for the analysis of a large num-
ber of voxels from different brain regions. With
data from many voxels available, the metabolic
changes can be regressed against the voxel tissue
composition and estimates of metabolic intensities
can be obtained for ‘‘pure’’ gray matter and white
matter. Current work using a program that auto-
matically fits all spectra will overcome this limi-
tation (59).

Conclusion
This 1H MR spectroscopic study showed a re-

duction in cortical NAA among patients with de-
mentia with lacunes independent of atrophy and tis-
sue composition. We hypothesize that these
changes represent neuronal loss or metabolic im-
pairment or both caused by subcortical injury.
Nonetheless, concurrent Alzheimer’s-like degener-
ation cannot be definitively excluded. Patients with
Alzheimer’s disease showed reduced NAA/Cr in
the hippocampus, which is consistent with neuro-
pathologic findings of prominent limbic involve-
ment. Further studies with a larger sample size and
postmortem follow-up are needed to substantiate
these preliminary findings.
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