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Alzheimer Disease: 
Quantitative H-1 MR 
Spectroscopic Imaging 
of Frontoparietal Brain' 

?lBRFOsE: To rep1 shyd nance (MR) s 
xopic imaging findings of metabolic abnormalities in patients with Alzheimer 
disease (AD), to verify that metabolic abnormalities are not an artifact of structural 
variations measured at MR imaging, to determine whether metabolic changes 
correlate with dementia severity, and to test whether MR imaging and MR 
spectroscopic imaging findings together improve ability to differentiate AD. 

MATERIALS AND METHODS: MR spectroscopic imaging and MR imaging were 
performed in 28 patients with AD and 22 healthy elderly subjects. Spectroscopic 
imaging data were coregistered with MR imaging segmentation data to obtain 
volume-cmected metabolite concentrations. 

RESULTS: Consistent with previous results, N-acetyl aspartate (NAA) levels were 
statistically significantly reduced in frontal and posterior mesial cortex of AD patients, 
presumably due to neuronal loss. NAA level reductions were independent of 
structural variations measured at MR imaging and, in parietal mesial cortex, were 
conelated mildly with dementia severity. Spectroscopic imaging findings of NAA 
level combined with MR imaging measures did not improve discrimination power for 
AD relative to that of M w g i n g  alone. 

CONCLUSION: Reduced NAA levels in frontoparietal brain are of limited use for 
diagnosis of AD. However, they are not an artifact of structural variations and thus 
may provide useful information for the understanding of the pathologic processes 
underlying AD. 

Neuroimaging is increasingly being used to aid in assessment of patients with dementia, 
including Alzheimer disease (AD). Magnetic resonance (MR) imaging of AD demonstrates 
accelerated total brain atrophy (primarily, loss of cortical gray matter; white matter volume 
remains largely unchanged) and greater enlargement of ventricular and sulcal cerebrospi- 
nal fluid (CSF) spaces, compared with signs of normal aging (1-3). Furthermore, MR 
imaging of the hippocampus in patients with AD has demonstrated marked volume loss 
(4). Positron emission tomography (PET) in patients with AD has demonstrated hypome- 
tabolism in the temporal and parietal association cortexes (5). 

These anatomic and metabolic changes are of interest because they are presumably 
associated with the loss of neurons. However, neuronal loss in patients with AD is often 
accompanied by reactive gliosis (6) that attenuates tissue atrophy and affects cerebral 
metabolism to the degree that neurons are replaced by glia. Therefore, findings from MR 
imaging and PET may underestimate the extent of neuronal loss, which may account in 
part for the inability to diagnose AD reliably on the basis of MR imaging and PET results. 

Hydrogen-1 MR spectroscopic imaging demonstrates the presence and concentration of the 
amino add N-acetyl aspartate (NAA), which is specifically located in neurons but is absent in glia 
(7). In the presence of gliosis, NAA measured at H-1 MR spectroscopic imaging may be a more 
specific marker of neuronal loss than atrophy measured at MR imaging. 

There have been numerous reports of reduced levels of NAA in various brain regions in 
patients with AD, which presumably reflects neuronal loss. In the first H-1 MR spectro- 
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scopic imaging study of AD at this labora- 
tory (8), abnormalities were noted in me- 
tabolite ratios of NAA and choline- and 
creatine-containing compounds in white 
and gray matter of the centrum semiovale. 
In the white matter of patients with AD, the 
ratios of NAA to choline and NAA to cre- 
atine were reduced relative to those in con- 
trol subjects in the absence of variations in 
the levels of choline or creatine; these results 
imply that decreased NAA was primarily 
responsible for these changes. 

Decreased levels of NAA in white mat- 
ter suggest diffuse axonal loss or damage. 
In the mesial gray matter of patients with 
AD, the NAA-to-choline ratio was lower, 
and the choline-to-creatine ratio was 
higher compared with those in control 
subjects, which implies that these changes 
could be due to decreased NAA andlor 
increased choline. Decreased NAA in gray 
matter suggests neuronal loss, whereas 
increased choline may be a result of mem- 
brane breakdown products. 

In the second study at this laboratory 
(9), in which similar H-1 MR spectro- 
scopic imaging methods were used, we 
extended the observation of metabolic 
abnormalities in the centrum semiovale 
to a larger population of patients with AD 
and control subjects; in addition, this 
second study included a group of patients 
with subcortical ischemic vascular demen- 
tia. Although the findings from the AD 
and control groups were similar to the 
findings from the first study, different me- 
tabolite changes were noted in patients with 
subcortical ischemic vascular dementia, 
which supported the possibility that H-1 
MR spectroscopic imaging may provide in- 
formation to help differentiate AD from 
subcortical ischemic vascular dementia. 

Finally, in the third study at this labora- 
tory ( lo) ,  the extent to which these meta- 
bolic differences between patients and 
control subjects were independent of 
variations in the tissue composition of 
the MR spectroscopic imaging voxels (eg, 
enclosed amounts of gray matter, white 
matter, and high-signal-intensity white 
matter) was investigated. This analysis 
was made possible by using tissue segmen- 
tation information from MR imaging 
coregistered with the MR spectroscopic 
imaging data. Although the analysis re- 
vealed substantial variations in the tissue 
composition in the regions of interest, 
these changes did not contribute statisti- 
cally significantly to the metabolite differ- 
ences, which indicated that a reduced NAA- 
to-choline ratio and an increased choline& 
creatine ratio in posterior mesial gray matter 
of patients with AD were not simply artifacts 
of these structural variations. Furthermore, 

MR spectroscopic imaging data combined 
with MR imaging segmentation data had a 
greater power to aid in correct classification 
of patients with AD and control subjects 
than either method had a!one. 

There were limitations to these studies, 
however, including relatively small num- 
bers of subjects and an early MR imaging 
technology with which relatively (com- 
pared with today’s standards) thick sec- 
tions (5 mm) and intersection gaps (0.5 
mm) were used, which compromised the 
accuracy of tissue segmentation. Further- 
more, acquisition of the MR spectro- 
scopic imaging data was performed at a 
relatively long echo time of 272 msec 
(because of technical imperfections of an 
MR imager equipped with unshielded gra- 
dient coils), which reduced sensitivity 
and increased signal dependence on T2 
effects. Finally, in these previous MR spec- 
troscopic imaging studies, we reported 
metabolite ratios, which are difficult to 
interpret, rather than concentrations. 

Therefore, the present study had sev- 
eral goals. First, we aimed to replicate 
previous findings that suggested the pres- 
ence of reduced NAA levels and increased 
choline levels by using improved H-1 MR 
spectroscopic imaging techniques in a 
new and larger. population of patients 
with AD. In the present study, data were 
acquired with a shorter echo time (135 
msec) to improve overall sensitivity and 
to reduce T2 dependency on the metabo- 
lite resonance intensities. In addition, the 
spectroscopic imaging data were expressed 
in terms of concentrations, to avoid use 
of metabolite ratios. Second, we sought to 
veri+ that these metabolic abnormalities 
are not simply artifacts of variations in 
the tissue composition of MR spectro- 
scopic imaging voxels. This was accom- 
plished by using MR imaging and semiau- 
tomated segmentation software to produce 
contiguous, 3-mm-thick sections aaoss the 
entire brain. Third, we sought to deter- 
mine if NAA level changes correlate with 
clinical measures of the severity of demen- 
tia in AD patients. Finally, we sought to 
test whether MR spectroscopic imaging 
variables together with MR imaging seg- 
mentation variables provide better dis- 
crimination between patients with AD 
and control subjects than MR imaging 
segmentation variables alone. 

MATERIALS AND METHODS 
Patients and Control Subjects 

Twenty-eight patients (19 women and 
nine men [mean age 2 1 standard devia- 
tion, 76.6 years +- 7.9; age range, 51-87 

years]) with AD 424 probable, four pos. 
sible) were included. In these patients, 
the diagnosis was established according 
to the criteria of the National Institute 01 
Neurological and Communicative Disor. 
ders and the Alzheimer’s Disease and 
Related Disorders Association (1 1). The 
patients had moderate to mild dementla, 
with a Folstein Mini-Mental State Exanii. 
nation (MMSE) (12) mean score (4 1 stan. 
dard deviation) of 19.1 2 6.9 (ranged 
8-30). The diagnosis of possible AD in 
four patients was based on the obselta. 
tion that, at the time of evaluation, three 
had thyroid problems and the fourth had 
suspected complications with lifelong al- 
cohol abuse. 

The patient data were compared with 
results in 22 subjects with normal cogni- 
tion; these subjects were on average 8.7 
years younger (mean age, 67.9 years -+ 
7.3; age range, 52-85 years). For the pur- 
poses of analysis, the data from a subset 
of 17 AD patients and 17 control subjects 
of comparable age were first tested to 
determine the contribution of age to the 
MR spectroscopic imaging measures. 

Initially, seven more patients and three 
more control subjects were enrolled in 
this study, but their data were not used 
for analysis because either the imaging 
acquisitions had to be terminated prerna- 
turely because of the subject’s request to 
be taken out of the magnet or data quality 
was severely degraded due to head move- 
ments during the acquisition. 

All patients were recruited from the 
University of California at San Francisco 
Alzheimer Center; were examined by a 
neurologist; and underwent the standard 
battery of geriatric medical, neuropsycho- 
logic, psychiatric, and laboratory tests at 
the center. The 22 control subjects were 
recruited by posting flyers in community 
and retirement centers. They underwent 
an evaluation similar to that of the AD ‘ 
patients and were judged to have normal 
cognition. None of the patients or con- 
trol subjects had evidence of stroke, corti- 
cal or subcortical infarctions, or other 
major abnormalities on MR images, which 
were read by a neuroradiologist (D.N.). 

The study protocol was approved bv 
the committee on human research at the 
University of California at San Francisco, 
and all subjects or their legal guardians 
gave written informed consent before par- 
ticipation in the study. 

MR Imaging and MR Spectroscopic 
Imaging 

system wagnetom Vision; Siemens M ~ I -  

, 

li All studies were performed with a 1.5-1 ! i 
1 .  

a. 

c. 
Figure 1. (a) 
gradient-echo 
point-resolved 
brain. The re@ 
anaiysis and th 
the sensitive ar 
are superimpos 
fields of view u! 
shown from pt 
choline, Cr = CI 

cal Systems, I 
standard quad 
bined MR ima 
imaging exal: 
mately 45 min 
all patients an( 
in this study. 
the participant 
head holder (l 
Seattle, Wash) 
movements. S; 
izer MR image 
echo time msec 
double s p i n a l  
80; 1.0 X 1.4-11 
along the plem 
on the localizer 



t, four pos- 
se patients, 
i according 
Institute of 
ptive Disor- 
Ysease and 
1 (11). The 
1 dementia, 
tate Exami- 
:e ( 2  1 stan- 
6.9 (range, 
ible AD in 
le observa- 
ttion, three 
fourth had 
lifelong al- 

pared with 
mal cogni- 
iverage 8.7 
.9 years 2 
Dr the pur- 
m a subset 
.ol subjects 

tested to 
age to the 
sures. 
i and three 
nrolled in 
f not used 
e imaging 
:ed prema- 
request to 
ata quality 
ead move- 

from the 
Francisco 

ined by a 
2 standard 
ropsycho- 
ry tests at 
jects were 
immunity 
nderwent 
>f the AD 
/e normal 
ts or con 
Dke, corti- 
or other 
;es, which 
(D.N.). 
roved by 
rch at the 
Zrancisco, 
guardians 
efore par- 

scopic 

th a 1.5-7 
Zns Medi- 

chuff et al 

a. b. 

I I I I I 
U 3.0 25< * I  U p ~ a  

C. d. 
Figure 1. (a) Sagittal fast low-angle shot (240/6) and (b) axial magnetization-prepared rapid 
grad>cnt-echo (9.7/4) MR images in a 74-year-old control subject show the outlines of the 
point -resolved spectroscopic volume and a typical position in the frontoparietal region of the 
brain The regions from which MR spectroscopic imaging voxels were selected for the spectral 
anal! u s  and their approximate size are indicated in a. (c) MR metabolite image of NAA, limited to 
the sriisitive area of the point-resolved spectroscopic volume. Outlines of the anatomic MR image 
are shperimposed on the MR metabolite image for better anatomic reference. Note the different 
field\ of view used for the anatomic and metabolite images. (d) Representative H-1 MR spectra are 
5!iowri from posterior centrum semiovale (top) and posterior mesial cortex (bottom). Cho = 
choli!ie, Cr = creatine. 

cal Svstems, lselin, NJ) equipped with a 
standdrd quadrature head coil. The com- 
bined MR imaging and MR spectroscopic 
imaging examination lasted approxi- 
mately 45 minutes and was completed by 
all p'itients and control subjects included 
In this study. To minimize motion of 
the participant's head, a vacuum-molded 
head holder (Vac-Pac; Olympic Medical, 
Seattle, Wash) was used to restrict head 
mowments. Sagittal T1-weighted local- 
1zer ZIR images (repetition time msec/ 
e h o  time msec, 240/6) and oblique axial 
double spin-echo MR images (3,000/20, 
80. 1 0  X 1.4-mm resolution) angulated 
along the plenum sphenoidale (as seen 
on the localizer image) were acquired. To 
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cover the entire brain from the inferior 
cerebellum to the vertex, 48-52 contigu- 
ous 3-mm-thick sections were acquired. 

H-1 MR spectroscopic imaging data sets 
were acquired by using a spin-echo two- 
dimensional MR spectroscopic imaging 
sequence (1,800/135) with preselection 
of a region of interest (point-resolved 
spectroscopic volume), which necessi- 
tated a total acquisition time of approxi- 
mately 13 minutes. The point-resolved 
spectroscopic volume was angulated par- 
allel to the double spin-echo imaging 
plane and was positioned immediately 
superior to the lateral ventricles as seen 
on the localizer image. Because of the 
different shape of the lateral ventricles in 

the participants, the point-resolved spec- 
troscopic volume included a small frac- 
tion of the ventricles, in some cases. The 
anteroposterior (length) and right-left 
(width) dimensions of the point-resolved 
spectroscopic volume (mean length, 105.3 
mm; mean width, 71.1 mm) were ad- 
justed on axial MR images in every partici- 
pant, according to the brain size. Section 
thickness was constant at 15 mm. mica1  
angulation and position of a point-re- 
solved spectroscopic volume are depicted 
in Figure 1. The MR spectroscopic imag- 
ing field of view was 210 x 210 mm and 
was sampled by using a reduced k-space 
sampling scheme over a circularly re- 
stricted region equivalent to a maximum 
of 24 x 24 phaseamding steps (13), which 
resulted in a nominal MR spectroscopic im- 
aging spatial resolution of 0.8 x 0.8 mm. 
The spectral sweep width was 1,OOO Hz. 

MR Image Segmentation 
Semiautomated, interactive computer 

segmentation of the MR images into spe- 
cific tissue and anatomic compartments 
was performed by using software devel- 
oped at our institution by one of the 
authors (G.F.). All brains were segmented 
on images into areas of ventricular CSF, 
sulcal CSF, cortical and subcortical gray 
matter, white matter, and hyperintense 
white matter. 

Two trained operators (D.L.A., J.L.T.), 
both blinded to the participants' identity, 
processed the MR images. Editing of sub- 
cortical gray matter and hyperintense 
white matter regions was performed by 
one operator (I.L.T.). All values were nor- 
malized to the total number of pixels, 
expressed as a percentage of the intracra- 
nial volume. Reliability of image segmen- 
tation was evaluated by one of the au- 
thors (G.F.), who used a total of 20 
segmentation images in 10 control sub- 
jects. The control subjects underwent im- 
aging twice, and images 1 and 2 in each 
subject were segmented by a different 
operator. The coefficient of variation was 
1.9% of the mean value for gray matter 
and 2.3% of that for white matter, which 
indicated that the accuracy of the segmen- 
tation measurement was far better than 
the intersubject variance, which typically 
was approximately 11% for gray matter 
and 8% for white matter. The interclass 
correlation coefficient was .961 for gray 
matter and .937 for white matter, which 
demonstrated that gray and white matter 
segmentation is practically independent 
of interoperator variations. Additional de- 
tails about the segmentation procedure 
are available in reference 3. 
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MR Spectroscopic Image Analysis 

After acquisition, the MR spectroscopic 
imaging data were zero filled to a rectan- 
gular matrix of 32 x 32 X 1,024 points, 
were Fourier transformed, and were phase- 
and baseline-corrected by using software 
developed at our institution (14). Four- 
hertz Gaussian line broadening was used 
in the spectral direction, and mild Gauss- 
ian filtering was applied along the spatial 
directions to reduce Gibbs ringing effects, 
which resulted in an effective MR spectro- 
scopic image resolution of approximately 
1.1 x 1.1 mm. Spectra were extracted 
from nine regions of interest (voxels) 
within the point-resolved spectroscopic 
region by following guidelines described 
in detail by Meyerhoff et a1 (8). 

The size and typical location of the 
selected voxels are shown in Figure lb. 
Six lateral voxels were selected: two each 
in the frontal, middle, and posterior re- 
gions of the centrum semiovale (predomi- 
nantly white matter). The remaining three 
voxels were selected from the midline of 
the brain: one each from a region of 
frontal, middle, and posterior mesial cor- 
tex (predominantly gray matter). 

The MR resonances from NAA, cre- 
atine, and choline were curve fitted by 
using N M R ~  software (New Research Meth- 
ods, Syracuse, NY). Voxel selection and 
spectral fitting were performed by one 
trained operator (D.J.M.), who was blinded 
to the diagnosis in the participants. To 
estimate concentrations in milligrams per 
liter, the integral values of the metabolite 
resonances were referenced to values ob- 
tained from a head-sized phantom and 
included corrections for coil loading, re- 
ceiver gain, and metabolite T1 and T2 by 
using previously reported (15) MR spectro- 
scopic T1 and T2 values in healthy elderly 
subjects. It was assumed that the metabo- 
lite relaxation rates were the same for AD 
patients and control subjects and for gray 
and white matter. 

To verify that metabolic changes were 
not an artifact of variations in the tissue 
composition of MR spectroscopic imag- 
ing voxels, tissue enclosed in each voxel 
was analyzed for amounts of gray matter, 
white matter, hyperintense white matter, 
and CSF by using software developed at 
our institution. This computation used 
the tissue-segmented MR images coregis- 
tered with MR spectroscopic imaging data 
and was performed with consideration of 
the MR spectroscopic imaging point- 
spread function, chemical shift displace- 
ments, and the signal sensitivity profile 
of the point-resolved spectroscopic vol- 
ume, which was determined experimen- 
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TABLE 1 
Clinical Characteristics of Patients with AD and Control Subjects 

Characteristic AD Patients Control Subjects P Value 

No. of individuals 
Study population 28 22 N A  
Aqe-matched subset 17 17 N A  

Mein age (y) 

Age range (y) 

Study population* 
Age-matched subset* 

Study population 
Age-matched subset 

76.6 2 7.9 
73.0 rf: 8.0 

51-87 
51-83 

67.9 2 7.3 
69.5 2 7.6 

52-85 
52-85 

,002 
.2 

NA 
NA 

No. of womenlmen 
Study population 19f9 10112 N A  
Age-matched subset 1314 1017 NA 

Amount of education (y) 

Duration of symptoms (y) 

Mean MMSE score 

Study population* 14.1 2 3.9 16.4 2 1.4 .1 
Age-matched subset' 14.3 2 2.9 16.1 _f 2.2 .1 

Study population' 4.3 2 2.3 NA NA 
Age-matched subset* 3.5 2 2.3 NA N A  

Study population* 19.1 2 6.9 29.3 2 1.0 .001 
.001 

Study population 8-30 27-30 N A  
Age-matched subset 8-30 28-30 N A  

Data are means 2 1 standard deviation. 

Age-matched subset* 20.6 2 6.3 29.5 2 0.9 
MMSE score range 

Note.-NA = not applicable. 

- 

tally by using a head-sized phantom. The 
tissue content p, in each voxel was esti- 
mated with the following equation: p = 
gm + wm + wmsh, where gm, wm, and 
wmsh represent the enclosed amounts (ie, 
the number of pixels from the segmented 
MR images) of gray matter, white matter, 
and hyperintense white matter, respectively. 

With the assumption that metabolite 
resonances are not detected in CSF, vol- 
ume-corrected metabolite integrals were 
then computed by using metab = 
metab,/p, where metab and metab, are 
the corrected amount and uncorrected 
amount, respectively, of the metabolite. 
All MR spectroscopic metabolite values 
presented in this study are volume-cor- 
rected. Furthermore, the tissue composi- 
tion in each voxel was characterized by 
computing tissue fraction factors for gray 
matter (XGM = gm/p), white matter (Xm = 
wm/p), and hyperintense white matter 
(XmsH = wmsh/p). For example, XGM is 
1.0 for a voxel with pure gray matter and 
0.0 for a voxel with white matter and 
hyperintense white matter but without 
gray matter. These factors were used as 
covariates for the statistical analysis to 
determine the extent to which the tissue 
composition contributed to metabolic dif- 
ferences. 

Statistical Analysis 

Because the AD patients in this study 
were on average statistically significantly 

older than the control subjects, metalx 
lite differences between the groups wer 
first tested in a subset of patients an 
subjects of comparable age to minim12 
age effects. The Student t test was used t 
test for differences in the age distributic 
between groups. 

Tests of metabolite differences betwet 
patients and control subjects were pe 
formed separately for the voxels from t1 
mesial cortex and lateral centrum semi 
vale in frontal, middle, and poster11 
brain, which resulted in a total of 5 

comparisons. Metabolite differences b 
tween groups by tissue and region we 
tested with repeated-measures analysis 1 

variance with the Bonferroni correctic 
for multiple comparisons. Analysis of vai 
ance was used to test whether metaboli 
changes were statistically significantly di 
ferent between male and female partic 
pants within each group. Finally, analys 
of covariance was used to test whethl 
the metabolite differences would remai 
statistically significant after adjustmei 
for differences in the tissue compositia 
of the MR spectroscopic imaging voxels 

Once the statistically significant m 
tabolite differences between patients an 
control subjects were identified in tf 
subset, the analysis was extended to ii 
clude data from the rest of the smc 
population, and between-group diffe 
ences were tested in a post-hoc mannc 
Initially, the relationship between m 
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P Value 

NA 
NA 

,002 
.2 

NA 
NA 

NA 
NA 

.1 

.1 

NA 
NA 

,001 
.001 
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TABLE 2 
Volume-corrected Concentrations of NAA, Choline, and Creatine in the 
Age-matched Subset of the Study Population 

~~~~~~~~~~~~~~~~~~~~ 

Brain Region 
Brain Structure and 

Individual Frontal Middle Posterior 

NAA (mmol/L) 

Mesial cortex 
Patients 
Control subjects 
Difference (96) 

Centrum semiovale 
Patients 
Control subjects 
Difference (%) 

8.6 2 0.4 9.3 -c 0.3 9.4 t 0.3 
10.0 5 0.4 9.7 It 0.4 10.5 t 0.4 
- 14.0* -4.1 - 10.4' 

8.3 2 0.3 
9.2 2 0.2 

-9.8f 

9.7 f 0.3 
9.6 f 0.2 

1 .o 
8.9 2 0.2 
9.5 t 0.3 

-6.3 

Mesial cortex 
Patients 
Control subjects 
Difference (%) 

Centrum semiovale 
Patients 
Control subjects 
Difference (96) 

Creatine (rnmol/L) 

8.5 2 0.3 
8.7 2 0.3 

8.1 f 0.2 
7.3 f 0.3 

-2.3 10.9 

8.1 t 0.3 
8.1 t 0.3 

0.0 

6.4 It 0.2 
6.5 It 0.3 

-1.5 

6.7 t 0.2 
6.7 t 0.2 

6.2 It 0.2 
6.1 t 0.2 

1.6 0.0 

Choline (mmol/L) 

Mesial cortex 
Patients 1.8 2 0.3 1.5 t 0.2 1.3 t 0.2 
Control subjects 1.8 2 0.2 1.6 -+ 0.2 1.4 2 0.2 
Difference (%) 0.0 r, -6.2 -7.1 

Patients 1.6 '. 0.2 1.5 t 0.1 1.3 t 0.1 
Control subjects 1.7 '. 0.2 1.6 2 0.2 1.3 +- 0.1 

Centrum serniovale 

Difference (96) -5.8 -6.2 0.0 

Note.-Data are means 2 1 standard error of the mean, unless otherwise indicated. 
* Difference between patients and control subjects was statistically significant (P < .03). 
+ Difference between patients and control subjects was statistically significant (P < .003). 

tabolite changes and age was determined 
separately for patients and control sub- 
)ects by using an analysis of covariance. If 
age did not contribute significantly to 
metabolite changes, we continued the 
analysis of covariance to test whether 
metabolite differences between groups 
would remain significant after adjust- 
ment for variations in the tissue composi- 
tion of the voxels. If age contributed 
fignificantly to the metabolite differ- 
ences, the data were not further consid- 
ered for analysis because it would not 
have been possible to distinguish changes 
related to AD from those associated with 
age. 

Linear relationships between MR spec- 
mcopic imaging or MR imaging segmen- 
tation variables and MMSE scores in AD 
Were tested with the Pearson product- 
moment correlation. Linear discriminant- 
function analysis was used to determine 
which MR imaging and MR spectroscopic 
imaging variables or combination of vari- 
&s discriminated best between AD pa- 
tients and control subjects. Results are 

expressed as means 2 the standard error 
of the mean, unless otherwise indicated. 

RESULTS 
Demographic Data 

Table 1 lists the demographic data of 
the study population, together with the 
data of the selected subset of 17 AD 
patients and control subjects of compa- 
rable age. In the total study population, 
the mean age ( 2  1 standard deviation) of 
the AD patients was 76.6 years t 7.9, and 
that of the control subjects was 67.9 years 2 
7.3; this age difference was statistically 
significant (P = .002). In the subset, the 
mean age of the AD patients was 73.0 
years 2 8.0, and that of the control sub- 
jects was 69.5 years t 7.6; this difference 
was not significantly different (P = 2). In 
the total study population, the AD pa- 
tients and control subjects were 51-87 
years of age and had a similar number of 
years of education. Nineteen (68%) of the 
28 AD patients and 10 (45%) of the 22 

control subjects were women. The pa- 
tients reported an average duration (51 
standard deviation) of their symptoms 
related to AD of 4.3 years 2 2.3. The mean 
M M S E  score ( 5 1  standard deviation) in 
AD patients was 19.1 5 6.9 (score range, 
8-30), which was significantly lower (P < 
.001) than that in the control subjects 
(mean, 29.5 2 0.9). 

In comparison with the total group of 
AD patients in this study, the 17 AD 
patients in the subset were an average 3.6 
years younger. The percentage of women 
in the AD subgroup further increased 
from 68% to 76% (13 of 17), while other 
demographic data did not change sub- 
stantially. In comparison with the entire 
control group, the 17 control subjects 
in the subset were on average 1.6 years 
older and included a larger percentage 
of women (59% [lo of 17]), while other 
demographic data were virtually un- 
changed. 

MR Spectroscopic Imaging Results 
Table 2 lists the mean concentrations 

of volume-corrected NAA, creatine, and 
choline from the mesial cortex and the 
centrum semiovale in frontal, middle, 
and posterior brain of the subset of AD 
patients and control subjects. The most 
prominent differences between AD pa- 
tients and control subjects were lower 
levels in AD patients of NAA in the fron- 
tal mesial cortex and centrum semiovale 
and in the posterior mesial cortex. In the 
frontal brain in AD patients, NAA was 
reduced (relative to that in control sub- 
jects) by 14.0% in the mesial cortex (P < 
.03) and by 9.8% in the centrum semio- 
vale (P < .003). In the posterior brain in 
AD patients, NAA was reduced (relative to 
that in control subjects) by 10.4% in the 
mesial cortex (P < .03), whereas in the 
centrum semiovale the difference was not 
statistically significant. In the middle 
brain of AD patients, NAA levels in both 
the cortex and the centrum semiovale 
were similar to those in control subjects. 

The NAA levels were not significantly 
different between women and men in 
either the patient group or the control 
group. In contrast to the changes in NAA 
level, neither choline nor creatine levels 
were significantly different in any brain 
region in AD patients compared with the 
levels in control subjects. 

MR imaging segmentation results from 
the age-matched cohort have been re- 
ported elsewhere (3). In that previous 
study, AD patients had a 10% decrease in 
cortical gray matter volume relative to 
the volume in control subjects (P < .OOOl) 
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and an 88Oh increase in hyperintense 
white matter volume (P < .005); white 
matter volume did not change signifi- 
cantly. 

One would expect that these structural 
changes are also reflected in the tissue 
composition of the selected MR spectro- 
scopic imaging voxels, which could mimic 
metabolic differences if no adjustments 
are made. Table 3 lists the tissue composi- 
tion of the MR spectroscopic imaging 
voxels corresponding to the regions listed 
in Table 2. Overall, voxels in the frontal 
and posterior mesial cortex in AD pa- 
tients enclosed significantly (P < .005) 
less gray matter (up to 13%) and, conse- 
quently, more whire matter than voxels 
from the corresponding region in control 
subjects, presumably because of larger 
gray matter loss in patients with AD. 
Furthermore, voxels from centrum semio- 
vale white matter in AD patients con- 
tained more hyperintense white matter 
than those in controls, especially in fron- 
tal white matter, where the difference 
between the groups reached 120% (P < 
.OOol). 

To test whether the NAA differences 
were independent of differences in voxel 
tissue composition, analysis of covari- 
ance was performed by using the tissue 
fraction factors for gray matter (XGM) and 
hyperintense white matter (XwsH) of each 
voxel as covariates. In the frontal and 
posterior mesial cortex, NAA differences 
between the groups remained significant 
(P  < .03) and variations of the tissue 
fraction factor for gray matter did not 
contribute significantly (P > .2) to the 
difference, which suggests that NAA re- 
ductions in these regions in AD patients 
are not simply an artifact of variations in 
the tissue composition of the voxels. Simi- 
larly, NAA differences between AD pa- 
tients and control subjects in anterior 
centrum semiovale white matter re- 
mained significant (P < .003), and contri- 
butions from the tissue fraction factor for 
hyperintense white matter differences 
were not significant (P > .09), which 
suggests that increased hyperintense 
white matter in AD patients was not 
primarily responsible for the NAA differ- 
ence. 

Next, we extended the analysis of MR 
spectroscopic imaging data to the remain- 
ing 11 AD patients and five control sub- 
jects (but now restricted to the regions of 
frontal and posterior mesial cortical gray 
matter and frontal centrum semiovale 
white matter). 

Because the AD patients were statisti- 
cally significantly older than the control 
subjects, we first tested whether NAA 

I 
TABLE 3 
Tissue Composition of MR Spectroscopic Imaging Voxels in the Age-matched 
Subset of the Study Population 

Frontal Brain Middle Brain Posterior Brain 

Control Control Control 
Brain Structure AD Patients Subjects AD Patients Subjects AD Patients Subjects 

NAA 

Mesial cortex 
Gray matter 
White matter 
Hyperintense 

Centrum semio- 

Gray matter 
White matter 
Hyperintense 

white matter 

vale 

white matter 

73.1 t 2.8" 84.0 t 2.9' 64.4 t 1.8 64.3 2 2.4 68.4 t 2.4. 77.5 2 2.2' 
26.9 t 2.8' 15.9 t 2.8. 35.1 2 1.8 35.7 t 2.4 30.9 r 2.4. 22.4 t 2.2. 

0.0 t 0.3 0.1 t 0.3 0.5 2 O . l f  0.0 t 0.2t 0.7 2 0.4 0.1 t 0.1 

16.1 t 1.9 16.4 t 2.0 10.4? 1.7t 6.9 t 0.7t 27.7 t 1.8 28.5 2 1.8 
67.8 t 1.9 76.3 t 2.0 65.9 5 1.7t 70.1 t 0.7t 66.3 t 1.8 68.1 2 1.8 

16.1 t 2 . S  7.3 t 1.3* 23.7 ? 2.0 23.0 .c 2.7 6.0 t 1.6t 3.4 t 1.5: 

Creatine 

Mesial cortex 
Gray matter 72.8 t 2.6' 83.6 t 2.3' 65.2 2 1.5 64.5 t 2.3 67.4 t 1.8' 75.0 t 2 2  
Whitematter 27.2 t 2.6' 16.4 t 2.3' 34.4 f 1.5 35.5 -t 2.3 32.2 t 1.8' 24.7 t 2.2' 
Hyerintense 

white matter 0.0 t 0.2 0.0 t 0.1 0.4 2 O.2t 0.0 2 0.27 0.4 2 0.3 0.3 2 0.2 
Centrum sernio- 

vale 
Graymatter 16.1 t 1.6 14.2 2 1.6 11.6 t 2.lt 6.2 t 0.7t 29.2 2 1.7 27.4 2 1 .5  
Whitematter 63.7 t 1.6 76.3 -+ 1.6 60.2 2 2.lt 68.1 2 0.77 61.8 t 1.7 68.9 2 1.5 
Hyperintense 

white matter 20.2 t 3.2* 9.5 t 1.4* 28.2 t 3.4 25.7 t 2.6 9.0 t 2.2+ 3.7 -t 1.3' 
6 c Choline 

Graymatter 74.1 -t 2.3' 83.4 t 2.4' 65.5 2 1.5 6 4 . 4 t  2.3 65.9 t 1.9. 75.0 t 2.2' 
White matter 25.9 t 2.3' 16.6 t 2.4' 34.0 t 1.5 35.6 t 2.3 33.6 2 1.9' 24.8 t 2.2' 
Hyperintense 

white matter 0.0 t 0.2 0.0 t 0.2 0.5 t 0.3t 0.0 2 0.2t 0.5 t 0.3 0.2 t 0.1 
Centrum semio- 

vale 
Gray matter 17.1 t 2.0 14.0 2 1.6 11.5 t 2.07 6.1 t 0.7t 28.0 2 1.6 27.4 -r 1 .5  
White matter 63.2 2 2.0 76.4 2 1.6 60.1 t 2.0t 67.9 2 0.7t 62.2 t 1.6 68.9 f 1.5 
Hyperintense 

whitematter 19.7 2 3.2* 9.6 2 1.4* 28.4 t 3.5 26.0 t 2.7 9.8 2 2.3t 3.7 f 1.2' 

Mesial cortex 

Note.-Data are expressed as the percentage 2 standard error of the mean of total tissue content 
enclosed in an MR spectroscopic imaging voxel. 

Difference between patients and control subjects was statistically significant ( P  < .005). 
+ Difference between patients and control subjects was statistically significant ( P  < .OS). 
t Difference between patients and control subjects was statistically significant ( P  < .Owl). 

changes in these regions were correlated 
with age. Over the age range studied, the 
NAA changes in AD patients were not 
statistically significantly (P  > .1) related 
to age (r = -.17 for the frontal mesial 
cortex; r = -.11 for the posterior mesial 
cortex; r = -.W for the frontal centrum 
semiovale). Similar non-statistically sig- 
nificant (P > .l) results were obtained in 
control subjects (r = .15 for the frontal 
mesial cortex; r = -.lo for the posterior 
mesial cortex; r = -.13 for the frontal 
centrum semiovale). Furthermore, analy- 
sis of covariance results showed that age 
did not contribute significantly to NAA 
level differences between the groups at 

the different brain regions (P > .3 for all 
regions), which indicates that NAA levd 
variations cannot simply be explained iri 
terms of age effects. 

Table 4 lists the mean NAA concentra. 
tions in frontal, middle, and posterior 
brain regions from the entire study popu- 
lation of AD patients and control sub 
jects. Table 5 lists the tissue compositiorb 
of the voxels corresponding to the brain 
regions listed in Table 4. NAA level in the 
mesial cortex remained reduced in 
patients compared with that in contrd 
subjects; this reduction was 11.1% (P< 
.02) for the frontal region and 9.8% (P 
.02) for the posterior region. Further 
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Age-matched 

Posterior Brain 

Control 
Patients Subjects 

$ 2 2.4" 77.5 t 2.2' 
2 t 2.4' 22.4 t 2.2' 

' 2 0.4 0.1 t 0.1 

-C 1 .8 28.5 5 1.8 
-C 1.8 68.1 2 1.8 

4 1.6+ 3.4 1.5: 

2 1.8' 75.0 2 2.2. 
t i .a* 24.7 t 2.2. 

+- 0.3 0.3 t 0.2 

t 1.7 27.4 2 1.5 
k 1.7 68.9 t 1.5 

I 2.2' 3.7 2 1.3' 

1.9' 75.0 2 2.2' 
1.9* 24.8 2 2.2' 

0.3 0.2 -t 0.1 

1.6 27.4 2 1.5 
1.6 68.9 t 1.5 

2.3+ 3.7 2 1.2' 

ita1 tissue content 

c .005). 
'< .OS). 
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TABLE 4 
Volume-corrected Concentration of NAA in Brain Regions of 28 AD Patients and 
22 Control Subjects 

Brain Structure and Individual 

Mesial cortex 
Patients' 
Subjects* 
Difference (96) 

Centrum semiovale 
Patients* 
Subjects' 
Dierence (%) 

~ 

Brain Region 

Frontal Middle Posterior 

9.2 2 0.2 
10.2 t 0.3 

8.8 -t 0.3 
9.9 2 0.3 

9.3 -c 0.2 
9.6 5 0.4 

-11.17 -3.1 -9.8t 

8.7 5 0.2 8.2 2 0.2 9.5 5 0.3 
9.1 -r- 0.2 9.5 2 0.2 9.3 t 0.3 

-9.9 0.0 -6.4 

Data are concentration in millimoles per liter (2  standard error of the mean) of NAA, 
Dierence between patients and subjects was statistically significant ( P  < .02). 

more, these NAA level differences be- 
ween the groups remained significant 
after adjustment for variations in the 
tissue fraction factor for gray matter in 
these regions. 

In contrast to mesial cortex, NAA differ- 
ences in the frontal centrum semiovale 
between AD patients and control subjects 
were not independent of differences in 
the hyperintense white matter composi- 
tion of the MR spectroscopic imaging 
voxels. In this case, between-group differ- 
ences in hyperintense white matter 
amounts enclosed in the MR spectro- 
scopic imaging voxels contributed signifi- 
cantly (P  < .01) to the NAA level differ- 
ences, which suggests that reduced NAA 
level in frontal centrum semiovale white 
matter of AD patients is primarily an 
artifact of increased hyperintense white 
matter, 

This finding led us to investigate fur- 
ther the relationship between metabolite 
var!ations and tissue types. Figure 2a, 2b, 
and 2c display the variations of NAA, 
cre*ttine, and choline levels, respectively, 
in ID patients and control subjects as a 
function of the amount of gray matter 
enclosed in the selected voxels. 

I n  control subjects, NAA levels in- 
cre,ised modestly but significantly with 
incieased amount of gray matter (r = .35; 
P c .02), which indicates the presence of 
higner concentrations of NAA in gray 
ma:ter than in white matter. In contrast 
to the findings in control subjects, NAA 
levels in AD patients were not signifi- 
caiitly correlated with the amount of gray 
rn'itter ( r  = .17; P > .l), which suggests 
t h t  there are similar levels of NAA in 
white and gray matter, presumably be- 
cauce NAA reductions in cases of AD 
X\ ur primarily in gray matter and less so 
in white matter. 

Changes in creatine levels were p s i -  
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tively correlated with the amount of gray 
matter in both AD patients (r = .59; P < 
.01) and control subjects (r = .63; P < 
.Ol ) ,  which indicates that there are higher 
levels of creatine in gray matter than in 
white matter. No significant correlation 
was found between choline and the amount 
of gray matter, which suggests that there 
are similar levels of choline in gray and 
white matter. 

Finally, Figure 2d depicts the relation- 
ship of NAA level changes in AD patients 
and control subjects with the amount of 
hyperintense white matter enclosed in 
the MR spectroscopic- imaging voxels. In 
AD patients, NAA levels decreased signifi- 
cantly with increases in the amount of 
hyperintense white matter (r = .49; P < 
.Ol), which indicates that NAA level is 
reduced in hyperintense white matter 
compared with the level in normal white 
matter. This correlation seemed to be less 
prominent in control subjects; however, 
only a few voxels with large amounts of 
hyperintense white matter were available 
in the control subjects, and the determi- 
nation of the correlation was therefore 
less accurate. 

Neither creatine nor choline level 
showed a significant correlation with the 
amount of hyperintense white matter. 
Overall, these results demonstrate the 
importance of accounting for variations 
in voxel tissue composition when one is 
analyzing H-1 MR spectroscopic imaging 
data. 

We further tested whether reductions 
in NAA level in frontal or posterior mesial 
cortex of AD patients were related to the 
severity of dementia. Figure 3 depicts the 
changes in NAA level in the frontal and 
posterior mesial cortex of 26 AD patients 
as a function of dementia severity (MMSE 
score). (Two AD patients did not undergo 
the MMSE because they were not English 

speakers.) A weak but significant correla- 
tion was found between changes in NAA 
level in the posterior mesial cortex and 
severity of dementia (r = .42; P = .03), 
which suggests that the NAA level in this 
region may reflect some forms of cogni- 
tive impairment. N o  significant correla- 
tion between NAA level and dementia 
severity was found for the frontal mesial 
cortex (r = .19, P > .3). 

We also tested whether MR imaging 
segmentation variables were correlated 
with dementia severity. The percentage of 
sulcal CSF correlated significantly with 
severity of dementia in the AD group ( r  = 
-.46; P < .03), but correlation between 
other segmentation variables and demen- 
tia severity were not significant (percent- 
age cortical gray matter, r = .38, P > .l; 
percentage of ventricular CSF, r = - . I &  
P >  .1). 

Finally, we tested the discrimination 
power of variables from MR imaging seg- 
mentation, from MR spectroscopic imag- 
ing, and from the combination of both to 
correctly classify AD patients and control 
subjects by using linear discriminant- 
function analysis. The percentage of corti- 
cal gray matter was chosen as the MR 
imaging variable for the discrimination 
model because our previous MR imaging 
results (3) showed that total cortical gray 
matter loss provided the best perfor- 
mance in aid of the diagnosis of AD in 
comparison with other measures of mor- 
phologic changes (eg, ventricular and sul- 
cal CSF enlargement). Mean NAA level in 
frontal and parietal gray matter was cho- 
sen as the MR spectroscopic imaging vari- 
able because NAA levels in these regions 
were significantly reduced in AD pa- 
tients. The analysis was performed with 
results in 26 AD patients and 17  control 
subjects in whom complete sets of M R  
spectroscopic imaging and MR imaging 
data were acquired. 

Figure 4 depicts the distributions of the 
percentage of gray matter (Fig 4a), N A A  
concentration (Fig 4b), and the product 
of both variables (Fig 4c) in AD patients 
and control subjects. The 95% confi- 
dence intervals for each of the variables 
in the control group demonstrate that 
neither variable alone nor their combina- 
tion is sufficient to help completely distin- 
guish AD patients from control subjects. 
The percentage of cortical gray matter 
and NAA level can also be graphically 
compared in Figure 2a, which indicates a 
substantial overlap between both groups. 

Linear discriminant-function analysis 
revealed that the percentage of cortical 
gray matter enabled correct classification 
of 20 (77Yo) of the 26 AD patients and 15 
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TABLE 5 
Tissue Composition of MR Spectroscopic Imaging Voxels in 28 AD Patients and 22 Control Subjects 

Frontal Brain Middle Brain Posterior Brain 

Brain Structure AD Patients Control Subjects AD Patients Control Subjects AD Patients Control Subjecb 

Mesial cortex 
Gray matter 73.2 2 2.6' 84.1 t 2.9, 65.1 t 1.7 65.6 t 2.2 66.7 2 1.8, 74.7 t 2.1' 
White matter 26.8 -t 2.6' 15.9 t 2.8' 34.4 2 1.7 34.4 .C 2.2 32.8 -+ 1.8. 25.0 2 2.19 
Hyperintense white matter 0.0 2 0.2 0.1 .C 0.3 0.5 2 0.3 0.0 t 0.2 0.5 2 0.4 0.3 2 0.2 

Gray matter 17.1 t 1.7 15.2.C 1.6 11.4 rt 1.9, 6.7 t 0.7' 29.6 2 1.5 27.6 t 1.4 
White matter 64.1 2 1.7 76.3 2 1.6 61.4 t 1.7, 68.9 2 0.7' 62.3 2 1.5 69.0 t 1.4 

Centrum semiovale 

Hyperintense white matter 18.8 2 3.0t 8.5 t 1.3t 27.2 t 3.3 24.4 .C 2.6 8.1 t 2.1* 3.3 t 1.2- 

Note.-Results in this table are from voxels in regions that correspond to Table 4. Data are expressed as the percentage 2 standard error of the mean of 
total tissue content enclosed in an MR spectroscopic imaging voxel. 

Difference between patients and control subjects was statistically significant (P < .005). 
+ Difference between patients and control subjects was statistically significant ( P  < .0001). * Difference between patients and control subjects was statistically significant (P < .OS). 

(88%) of the 17 control subjects, for a 
combined correct classification percent- 
age of 81% (35 of 43 participants). NAA 
level in the mesial cortex enabled correct 
classification of 21 (81%) AD patients but 
of only 11 (65%) control subjects, for a 
combined correct classification percent- 
age of 74% (32 participants). When the 
product of percentage cortical GM and 
NAA level was used, correct classification 
was achieved for 21 (81%) AD patients 
and 13 (76%) control subjects, for a com- 
bined correct classification percentage of 
79% (34 participants), which was similar 
to the classification percentage achieved 
with MR imaging variables alone. 

DISCUSSION 

There were five major findings in this 
study. First, NAA levels were decreased in 
frontal and posterior mesial cortex and in 
frontal centrum semiovale in AD patients 
compared with NAA levels in control 
subjects, but the levels of choline- and 
creatine-containing metabolites were not 
statistically significantly different. Sec- 
ond, reductions in NAA levels in AD 
patients cannot be explained in terms of 
structural variations as measured at MR 
imaging, because NAA measures were vol- 
ume corrected, and variations of the voxel 
tissue composition did not statistically 
significantly contribute to changes in NAA 
levels. Third, NAA levels in control sub- 
jects increased with increases in amount 
of gray matter enclosed in the MR spectro- 
scopic imaging voxels, which suggests 
the presence of higher NAA levels in gray 
matter than in white matter. This correla- 
tion was not observed in AD patients, 
presumably because reductions in NAA 
levels in AD patients occurred predomi- 
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nantly in gray matter and less so in white 
matter. Furthermore, NAA level was in- 
versely correlated with the amount of 
hyperintense white matter, which sug- 
gests the presence of decreased NAA lev- 
els in white matter lesions. Fourth, NAA 
level in the parietal mesial cortex of AD 
patients was correlated with dementia 
severity (MMSE score). Fifth, NAA level 
measured with MR spectroscopic imaging 
did not result in improved classification 
power compared with percentage of corti- 
cal gray matter loss measured with MR 
imaging. 

Our first major finding of reduced NAA 
levels in frontal and parietal gray and 
white matter confirms results of several 
previous studies from this (8-10) and 
other laboratories (15,16). Contrary to 
results from most previous studies, in 
which metabolite ratios were used, our 
results demonstrate that NAA concentra- 
tions are reduced, which is in agreement 
with the quantitative results from a single- 
voxel H-1 MR spectroscopy study of Moats 
et a1 (15). If it is assumed that NAA is 
present only in neuronal bodies and axons 
(17), reduction of NAA concentration 
strongly suggests reduction of the vol- 
ume ratio of neuronal to nonneuronal 
cells. Because neuronal loss (necrosis) or 
volume reduction (eg, loss of dendritic 
connections) in AD is often accompanied 
by reactive gliosis (6), this is the likely 
explanation for decreased NAA levels in 
AD patients. 

It has been previously shown (18) that 
acute insults such as ischemia or inflam- 
mation can lead to reversible decreases in 
NAA levels, which appear to be due to 
transient neuronal metabolic distur- 
bances. It is possible, therefore, that reduc- 
tions in NAA levels in AD patients do not 

necessarily indicate neuronal loss but rf 
flea potentially reversible metabolic at 
normalities. AD is, however, a slowly prc 
gressive degenerative disease, and it is nc 
characterized by acute inflammation c 
ischemia. Hence, this possible explana 
tion for NAA level reductions in AD aF 
pears to be less likely. 

Finally, it is possible that T1 or T 
changes were responsible for NAA signa 
intensity decreases. However, Chris 
tiansen et a1 (16) reported increased T 
values for NAA in the frontal lobe of AI 
patients. Increased T2 would tend to in 
crease signal intensity, especially at rela 
tively long echo times, This raises th 
possibility that increased T2 may hav 
offset the NAA signal intensity decrease! 
and the extent of neuronal loss ma 
therefore be underestimated by change 
in NAA level. Because of the cwsiderabl 
amount of additional time needed for th 
subjects to remain in the magnet, it wa 
not possible to perform relaxation tim 
measurements in the current study. 

The current results showed no statisti 
cally significant changes in levels of cha 
line- or creatine-containing metabolite! 
The absence of changes in choline mea 
surements in AD patients differs fron 
findings suggestive of increased cholinl 
levels in AD patients in our previou 
studies (8,9), in which metabolite ratio 
were used, and in others' studies (191 
Similar to us, however, authors of othe 
quantitative studies (15,20) found no evi 
dence of increased choline levels in AI 
patients. 

There are several possible explanation 
for these contradictory results, includini 
differences in relaxation times, regiona 
variations, and heterogeneity of the pa 
tient population. A first possibility is tha 
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figure 3. Linear regression plots of volume-corrected NAA levels in (a) frontal mesial cortex and 
lb) posterior mesial cortex of AD patients as a function of MMSE scores. mM = mmol/L. 

changes in choline levels in AD patients 
are due primarily to variations in T1 and 
T2. MR spectroscopic imaging in this 
study was performed at a shorter echo 
time (135 msec) than that used (272 
msec) in our earlier studies (8,9). If the 
choline level increase observed previ- 
ously in AD patients was due to a T2 
prolongation of the choline resonance, 
then it is possible that this increase would 
remain undetected at examination with 
the shorter echo time used in this study. 
However, Huang et a1 (21) reported in- 
creased choline level in AD patients exam- 
ined with an echo time as short as 30 
msec. Furthermore, preliminary measure- 
ments of T1 and T2 revealed similar val- 
ues in T2 for choline in AD patients and 
elderly individuals with normal cogni- 
tion (15). Therefore, relaxation time differ- 
ences do not appear to account totally for 
the discrepant findings of choline level 
changes in AD patients. 

A second possibility is that regional 
variations in choline concentrations may 
account for the discrepancy. For example, 
Huang et a1 (21) found increased levels of 
choline only in the primary visual cortex 
of AD patients but not in the left and 
right parietal cortexes. 

Finally, heterogeneity of the patient 
population is another possibility that may 
account for the discrepancy. People with 
AD have different genotypes for apolipo- 
protein E, which pose different degrees of 
risk for development of AD. In addition, 
some isoform-specific interactions be- 
tween apolipoprotein E and pathologic 
lesions have been demonstrated in pa- 
tients with AD (22). This raises the possi- 
bility that, in cases of AD, differences in 
apolipoprotein E may account for differ- 
ences in the metabolism of membrane 
phospholipids (23) that regulate the struc- 
ture and stability of membranes. Such 
differences might thus be reflected as 
differences in concentrations of choline- 
containing membrane molecules, which 
are detected as an increase in choline 
level at H-1 MR spectroscopic imaging. 
Apolipoprotein E data were not available 
in the patients included in this study; 
therefore, such a subtype analysis could 
not be performed. 

Our second major finding was that 
NAA reductions in frontal and posterior 
gray matter of AD patients cannot be 
explained in terms of structural varia- 
tions measured at MR imaging. This anal- 
ysis was made possible by using infor- 
mation from coregistered MR imaging 
segmentation data, which were reported 
earlier by Tanabe et a1 (3). Our analysis 
also replicated previous MR spectroscopic 
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imaging results from this laboratory by 
MacKay et a1 (10). However, the accuracy 
of image segmentation data was compro- 
mised in the study by MacKay et al, because 
MR images were not obtained from con- 
tiguous sections and did not cover the 
entire brain. 

This result is important because it docu- 
ments that changes in NAA levels in AD 
patients are not simply a reflection of 
differences in the tissue composition of 
M R  spectroscopic imaging voxels. This 
result also suggests that changes in NAA 
levels provide information in addition to 
that acquired at MR imaging, which may 
be used to improve diagnostic classifica- 
tion. Furthermore, these results empha- 
size the value of MR imaging segmenta- 
tion data for analysis and interpretation 
of H-1 MR spectroscopic imaging data, 
and we suggest that this approach may be 
used to improve analysis of data from 
other MR spectroscopic studies. For ex- 
ample, our analysis revealed that reduc- 
tions in NAA levels in frontal white mat- 
ter of AD patients were simply an artifact 
of increased hyperintense white matter in 
this region, which provided no informa- 
tion in addition to that already available 
from MR imaging. 

The third finding was that changes in 
NAA levels in control subjects correlated 
with the amount of gray matter enclosed 
in the MR spectroscopic imaging voxels, 
which suggested the presence of higher 
NAA levels in gray matter than in white 
matter. This result is consistent with those 
of previous studies by Hetherington et a1 
(24) in nonelderly control subjects and by 
Lim et a1 (25) of normal aging, both of 
whom used regression analysis to predict 
NAA concentrations in pure gray and pure 
white matter, with higher levels seen in 
gray matter than in white matter. Unlike 
in the control subjects in our study, we 
found no correlation between NAA levels 
and the amount of gray matter in AD pa- 
tients, which indicated the presence of simi- 
lar NAA levels in both gray and white mat- 
ter, presumably because of reduced NAA 
levels in the gray matter of AD patients. 

It is possible that the prominent reduc- 
tions of NAA levels in AD patients' gray 
matter but not in white matter reflect the 
fact that cortical neurons are directly 
involved in the pathologic process of AD. 
The correlation of NAA level changes 
with voxel tissue composition also 
showed that NAA levels are decreased in 
regions with hyperintense white matter, 
which is consistent with previous reports 
(26)  from this laboratory. As completely 
automated spectral fitting programs be- 
come more widely available, it will be 
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possible to correlate the metabolite con- 
centration with the measured tissue com- 
position for each voxel on images of the 
brain. This approach would be expected 
to provide additional information and 
possibly to increase discriminative power 
for differentiation of various diseases. 

The fourth major finding was that NAA 
levels in parietal mesial cortex in AD 
patients showed a weak but statistically 
significant correlation with MMSE score. 
No correlation was found between MMSE 
score and NAA levels in frontal gray mat- 
ter. This result is consistent with the 
concept that neuronal loss in the parietal 
lobe is chiefly responsible for the impair- 
ment of some cognitive functions in pa- 
tients with AD. Others (20,21) have also 
reported a correlation of NAA levels with 
dementia severity. This result is encourag- 
ing because it supports the suggestion 
that NAA level reductions are associated 
with diminished brain function, presum- 
ably precipitated by means of neuronal 
loss or volume reduction (eg, loss of den- 
dritic connections). In addition, this re- 
sult emphasizes the possibility that se- 
quential measurements of NAA levels may 
be a useful and objective means to docu- 
ment the progression of AD and the re- 
sults of treatment. 
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Figure 4. Distribution in control subjects Jnl 
AD patients of (a) percentage of cortical q a '  
matter, (b) volume-corrected NAA levr! I I  

mesial cortex, and (c) the product of percent 
age of cortical gray matter (GM) and volume 
corrected NAA level in mesial cortex. [>ai 
points with an error bar indicate group mems 
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(control and AD) data points on the left ~ n d  
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Of the image segmentation variable 
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neity of AD-may explain the discrep- 
ancy between findings from this study 
and those from the earlier one. 

There are several limitations to the 
present study. A first limitation is that 
H-1 MR spectroscopic imaging was per- 
formed in a frontoparietal region of the 
brain, which is not necessarily the region 
known to be most affected by AD. The 
greatest changes in AD are expected in 
the hippocampus and temporal lobe, as 
well as in regions of the surface cortex of 
the frontal and parietal lobes. These brain 
regions were not accessible with MR spec- 
troscopic imaging at the time this study 
began. Subsequently, techniques have 
been developed to perform H-1 MR spec- 
troscopic imaging of the hippocampus 
and mesial temporal lobe regions, in 
which striking NAA level reductions have 
been found in the hippocampal region of 
patients with epilepsy (27). Other results 
(28) from this laboratory have shown 
reduced NAA levels in the hippocampal 
region of AD patients. In addition, we 
documented that these NAA level reduc- 
tions were to a large extent independent 
of hippocampal volume loss measured at 
MR imaging and contributed substan- 
tially to the discrimination of AD patients 
from control subjects, in contrast to the 
finding in the present study. 

Furthermore, we (29) and others (30) 
have developed new multisection H-1 
MI: spectroscopic imaging techniques that 
facilitate study of metabolic changes in 
large sections of the brain, including sur- 
face cortex. These techniques make use of 
outer-volume suppression pulses (30), 
lipid nulling (31), or data processing tech- 
niques (29) to reduce interference of the 
cortical metabolite signals with strong 
resonances from subcutaneous lipids. Re- 
cell tly, Tedeschi et al (32) performed mul- 
tisvction H-l MR spectroscopic imaging 
in patients with AD and found marked 
chmges in NAA metabolite ratios in the 
associative cortexes, similar to the pat- 
tern of metabolic decrements reported in 
a number of PET studies (5). 

A second limitation of this study was 
that the echo time we used was still too 
1011,q for the measurement of myo-inosi- 
tol. which has been shown to be elevated 
in cases of AD (33) and other conditions, 
inc!uding Creutzfeldt-Jakob disease (34) 
and frontotemporal dementia (20). Shonk 
et a1 (35) have further reported that the 
ratio of myo-inositol to NAA can be used 
to clearly discriminate patients with AD 
from healthy elderly individuals. Further- 
more, Ernst et a1 (20) examined patients 
Wit11 AD and those with frontotemporal 
dementia and found. elevated myo-inosi- 
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to1 levels in the temporoparietal cortex of 
AD patients, whereas these levels were 
elevated in the frontal cortex in patients 
with frontotemporal dementia; this re- 
sult suggested the possibility that find- 
ings of myo-inositol level may be useful 
for differentiation of these two condi- 
tions. 

Multisection H-1 MR spectroscopic im- 
aging with an echo time of 20-30 msec, 
with which detection of regional changes 
of myo-inositol levels is possible, has been 
performed (36), but at the expense of 
greater lipid contamination of the me- 
tabolite resonances. In the future, tech- 
niques should be developed that use mul- 
tisection or three-dimensional acquisition 
to depict regional changes in levels of 
NAA and other metabolites (including 
myo-inositol) in multiple brain regions. It 
is expected that the ability to sample 
many areas of the brain and observe a 
number of different metabolites, which 
change in dementia, wiU lead to improved 
discriminative power to identify AD. 

Recently, other groups (25,31) have 
developed automated spectral analysis 
software to evaluate MR spectra from a 
large number of voxels, which eliminates 
the highly subjective approach of voxel 
selection from discrete regions. Although 
an automated spectral analysis program 
is under development at this laboratory, 
it was not available at the time of this 
study. 

A potential source of bias in this study 
could be the difference in the distribution 
of sex and age between the groups. De- 
spite an imbalance in the number of women 
and men in the groups, analysis of covari- 
ance demonstrated no group effect attribut- 
able to sex. The effect of sex on changes in 
NAA levels and amount of cortical gray 
matter loss can be inferred from the scat- 
ter plots in Figure 4. 

As far as age effects are concerned, Lim 
and Spielman (25) recently reported a 
trend of reduced NAA levels in the gray 
matter of healthy elderly when compared 
with the levels in nonelderly control sub- 
jects, which raises the possibility that 
NAA levels in gray matter may be reduced 
during normal aging. Therefore, age- 
related changes in NAA levels may skew 
results between groups if the groups are 
not carefully matched in terms of age. In 
this study, there were no such age-related 
changes in either AD patients or control 
subjects. In addition, we tested whether 
differences in NAA !evels between the 
groups remained statistically significant 
after adjustment for the age difference 
and found no contribution from age. 
Taken together, these results imply that 

the abnormal NAA levels in AD patients 
cannot be explained simply in terms of 
the different age. distribution of AD pa- 
tients and control subjects in this study. 

Finally, the contrast between gray and 
white matter is typically superior on 
heavily T1-weighted MR images com- 
pared with that on T2-weighted images, 
such as were acquired in this study. Mis- 
classification of gray and white matter 
may have affected the calculation of per- 
centage of gray matter and the tissue 
composition of the imaging voxels. How- 
ever, at the time of this study, the segmen- 
tation software was limited to the process- 
ing of T2-weighted images only. Since 
then, we have developed software to pro- 
cess both Ti- and T2-weighted images 
(37) and have found no statistically sig- 
nificant differences between the two 
methods as regards the gray and white 
matter calculations. 

Notwithstanding the limitations dis- 
cussed above, our present results agree 
with previous observations of reduced 
levels of NAA in patients with AD, verify 
that these metabolite changes are inde- 
pendent of variations in the composition 
of MR spectroscopic imaging voxels, and 
show that changes in NAA levels correlate 
with severity of dementia. However, NAA 
measurements in the frontoparietal brain 
are of limited use for premorbid diagnosis 
of AD because of the overlap with such 
values in healthy elderly persons. Never- 
theless, the additional information ob- 
tained with H-1 MR spectroscopic imag- 
ing may improve our understanding of 
the pathologic processes that underlie 
Alzheimer disease. 
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