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'H and 31P magnetic resonance 
spectroscopic imaging of white matter 
signal hyperintensity areas in elderly 
subjects 

Abstract White matter signal hy- 
perintensities (WMSH) are com- 
monly seen on MRI of elderly sub- 
jects. The purpose of this study was 
to characterize metabolic changes in 
the white matter of elderly subjects 
with extensive WMSH. We used 
water-suppressed proton ( 'H) mag- 
netic resonance spectroscopic imag- 
ing (MRSI) to compare six subjects 
with extensive WMSH with eight 
age-matched elderly subjects with 
minimal or absent WMSH, and 
phosphorus ("P) MRSI to compare 
nine subjects with extensive WMSH 
and seven age-matched elderly sub- 
jects without extensive WMSH. 
Relative to region-matched tissue in 
elderly controls, extensive WMSH 
were associated with increased sig- 
nal from choline-containing metab- 
olites, no significant change of signal 
from N-acetylaspartate, and a trend 
to a decreased phosphomonoester 
(PME) resonance. These findings 
suggest that WMSH may be associ- 
ated with an alteration of brain my- 
elin phospholipids in the absence of 
axonal damage. There were no dif- 
ferences in energy phosphates, con- 
sistent with lack of ongoing brain is- 

chemia. Within the group with ex- 
tensive WMSH. PME resonance 
measures were significantly lower in 
WMSH than in contralateral nor- 
mal-appearing white matter. These 
results provide information on 
pathophysiology of WMSH and a 
basis for comparison with WMSH in 
Alzheimer's disease, vascular de- 
mentia. multiple sclerosis, and other 
diseases. 

Key words White matter signal 
changes. Normal aging. 
N-Acetylaspartate . Ischemia 
Magnetic resonance spectroscopic 
imaging Magnetic resonance 
imaging 

- 
40 % of unselected subjects over the age of 60 years [l- 
51. WMSH are more prevalent in elderly individuals 
with cerebrovascular disease or dementia than in heal- 
thy elderly subjects [6]. The blood supply of white mat- 
ter is less than that of gray matter and without collateral 
circulation; experimental reduction of brain blood flow 

Introduction 

Magnetic resonance imaging (MRI) shows periventric- 
ular and deep white matter signal hyperintensities 
(WMSH), characterized by increased signal intensity on 
proton density-weighted images in the brains of 20- 
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causes greater ischemia in white than gray matter [7]. 
WMSH have therefore been suggested as a marker of 
cerebrovascular disease [8]. Neuropathology studies [3 ,  
9-18] have shown that WMSH (on MRI) or "leuko- 
araiosis" (on CT) represent complete or incomplete in- 
farcts with gliosis, demyelination, myelin pallor, vascu- 
lar hyalinization. perivascular space dilation, enlarged 
cerebrospinal fluid spaces or normal findings. 

Multiple sclerosis (MS) and other demyelinating dis- 
eases are also associated with WMSH. Neurological and 
psychiatric diseases, including Alzheimer's disease 
(AD)  [19-211, vascular dementia [22], human immuno- 
deficiency virus (HIV) infection [23,24] and depression 
in the elderly [25] are also associated with WMSH. 
There have been efforts to distinguish WMSH associ- 
ated with normal aging, MS or other neurological dis- 
eases by size. location, and MRI signal characteristics. 
However, it is often difficult to determine if WMSH 
represent normal aging or neurological disease [21, 22, 
26,271. Proton ( 'H)  and phosphorus (3'P) magnetic res- 
onance spectroscopy (MRS) detect a number of brain 
metabolites which may be differentially altered by vari- 
ous pathological processes. MRS may therefore, be use- 
ful in characterizing metabolite alterations associated 
with WMSH and differentiating the possible causes. 

'H MRS detects brain metabolites which are in- 
volved in energy, lipid, and amino acid metabolism. The 
most prominent resonance in a water-suppressed 'H 
MR spectrum of normal human brain is from the methyl 
protons of N-acetyl-containing molecules. primarily of 
the amino acid N-acetylaspartate (NAA). Since NAA is 
found only in neurons and not in mature glial cells [28, 
291. it is a putative marker of neuronal density. In the 
cortex, NAA is in neuron cell bodies. whereas in the 
white matter it is mainly in axons [30. 311. 'H  MRS also 
detects resonances from choline-containing metabolites 
(Cho) and lactate. The choline moiety is found in com- 
pounds involved in membrane metabolism and lactate is 
an index of ischemia. "P MRS can be used to measure 
the high energy phosphate metabolites [adenosine 
triphosphate (ATP) and phosphocreatine (PCr)], as 
well as the hydrolysis product of ATP, inorganic phos- 
phate (Pi). These metabolites are affected by ischemia. 
"P MRS can also be used to measure phospholipid me- 
tabolites [phosphomonoesters (PME) and phosphodi- 
esters (PDE)] which are involved in brain myelin phos- 
pholipid metabolism. 

' H  and "P MRS studies using single-volume local- 
ization techniques [32, 331 reported increased Cho sig- 
nal. no change in NAA and a decrease in the ratio of 
ATP to Pi (ATP/Pi) in subjects with extensive WMSH 
compared to age-matched controls without WMSH or 
with WMSH limited to the tips of the horns of the lat- 
eral ventricles. However, this technique allowed deter- 
mination of metabolites in only a single location and 
these studies were carried out with large volumes that 

included WMSH and normal-appearing white matter 
(NAWM) without WMSH. 

In contrast to single-volume MRS techniques, mag- 
netic resonance spectroscopic imaging (MRSI) [34-.38] 
provides spectra from multiple small volume elements 
(voxels) of interest through the whole brain. MRSI t'a- 
cilitates measurement of small voxels filled primarily by 
WMSH or by NAWM. Furthermore. MRSI detects 
metabolites in multiple locations and therefore can cle- 
termine whether a pathological process is localized. bi- 
lateral, or diffuse. 

The goal of this study was to characterize WMSH in 
the brain of elderly non-demented subjects using ' H  and  
3'P MRSI. Specifically, we investigated metabolites that 
may be affected by altered phospholipid metabolism 
(PME, PDE. and Cho) by reduced neuronal and/or .IX- 
onal density (NAA), or by ischemia (PCr, ATP, Pi. Ll-. 
lactate). The study was designed to determine if met&- 
olites in a cohort of elderly individuals with no neL.ro- 
logical or cognitive dysfunction but with exten4ve 
WMSH (WMSH group) differed from those of con;pa- 
rable regions without WMSH in an age-matched gr,)up 
without extensive WMSH on MRI (control group). 

Specifically, we tested the hypothesis that phosrho- 
lipid metabolites are altered in WMSH. This hypotbi.sis 
was suggested by single-voxel findings of increased ! 'ho 
signal in WMSH of elderly subjects relative to controls 
[32]. We also tested the hypothesis that the NAA s i  mi 
is not significantly reduced in WMSH of elderly -ub- 
jects. suggested by the lack of histological evidenci. of 
neuronal or axonal loss [3] and the previous findinss of 
unchanged NAA [32] in WMSH of elderly subject-. I n  
addition we tested the hypothesis that WMSH are , s o -  
ciated with ongoing brain ischemia by measuring la~.  tate 
using ' H  MRSI and PCr, ATP, Pi and pH usini "P  
MRSI. 

- 
Subjects and methods 
All subjects (12 women and I O  men: age 60-88 years. : i im  

71 years) gave informed consent (approved by the Commit-:r OP 

Human Research at the University of California. San Frat ;icci'l 

prior to the study. Subjects from an elderly control populatioi, wrrc 
screened by clinical examination and self-report and excl;. led 1 1  
they had any evidence of cerebrovascular occlusive diseasi nru- 
rological. psychiatric, cognitive. endocrine. respiratory. o r  coho1 
or substance abuse disorders. Subjects with hypertension (.? , n  [hi. 
WMSH group) or transient ischemic attack ( 1  in the \\ H S H  
group) were not excluded. They underwent the Mini MentLt Stat< 
Examination (MMSE) [39] and Neurobehavioral Cognitive  wit^ 
Examination (NCSE) to assess neuropsychological status [;'I. 41 I 

MR data acquisition 

MRI ucquisition. All MR experiments were performed o n  ,I 2.0 T 
system operating at 34.79 MHz for "P and 85.95 MHz for H. .A 
standard 'H  imaging head coil was used for MRI and ' H  MRSi 
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For "P MRSI, the 'H coil was replaced with a "P MR birdcage coil 
[37j. which required repositioning the patient. Fiducial markings 
and a MRI laser positioning system enabled accurate 
repositioning between 'H and 3'P MRSI studies. 

Immediately prior to the MRS studies subjects underwent a 
standard MRI examination of the brain, which included a sagittal 
TI-weighted (TRRE 450/30 ms) spin-echo (slice thickness 7 mm. 
inti rslice gap 3.5 mm) and an axial T2-weighted (TR/TE 3000/30/ 
80 ins) spin-echo (slice thickness 5.6 mm, interslice gap 0 mm). The 
axi.,l  imaging plane was approximately 10" beyond the orbitome- 
ata plane to maximize B,, homogeneity of the volume to be studied 
b! H MRSI. MR images were interpreted by a neuroradiologist 
( D  U.) blind to  each subject's diagnosis. who graded the extent of 
th< WMSH [4]: 0 represents no WMSH: 1 .  involvement limited to 
t h L  tips of the frontal horns of the lateral ventricles: 2.small 
W'. ISH in the subependymal or subcortical regions: 3. extensive 
cui <pendymal and discrete separate WMSH: and 4. large. co- 
ak.cing foci. This scale is not continuous, in that there is a great 
dit crence between grades2 and 3. Of the five grade 2 WMSH 
subtects. four demonstrated only 2-5 punctate WMSH much (at 
lea > I  5-45 times) smaller than the numerous large WMSH of sub- 
jeL.\ with extensive WMSH: the latter were at least 2.5 cm in di- 
am Iter. They were outlined on MRI hard copies by two neurora- 
di(,.ogists for MRSI voxel selection. The WMSH group consisted 
of \ix women and four men with extensive WMSH (grades 3 and 4) 
01 6 for 'H. mean age 72 years: n = 9 for "P. mean age 75 years). 
Th control group consisted of six elderly women and six elderly 
mt.1 without or with minimal WMSH (grades G 2 )  ( n  = 8 for 'H. 
mr in age 71 years: n = 7 for "I? mean age 67 years). \'entricular 
ant '  sulcal atrophy were each rated as absent (0). mild or suspicious 
( I  1 moderate or definite (2). or marked (3). 

fic 1-dimensional ' H  and 30 "P spatially resolved MRSI.  The 
vo!.me of interest (VOI) for 'H MRSI was selected from the 
axi.il images and corroborated on the sagittal image. A 17-mm- 
thik axial MRSI slice was selected corresponding to a stack of 
thr-e contiguous 5.6-mm axial MRI slices. The MRSI VOI was 
certered on the largest lesions. in the WMSH group, most 
fre luently situated just below the centrum semiovale (CSO). The 
ani xoposterior and left-right dimensions of the MRSI VOI were 
adN.isted for every subject according to brain size and were 
gei,erally about 110 mm in anteroposterior direction and 90 mm 
lef'-right. In the control group the VOI was in the CSO. 

The magnet was shimmed using the 'H signal of water to a line 
wiCth of about 15 Hz (0.17 ppm at 85.95 MHz) for non-localized 
shiwning on the entire head and to approximately 6 H z  
(0.117 ppm) for localized shimming on the VOI. For 'H MRSI. a 
t H ,  ,-dimensional version of a MRSI sequence with volume prese- 
lec ion (PRESS) was used. Prior to data acquisition. tune gradients 
anL' water suppression were optimized as described previously 
(3) I .  Phase encoding gradients with 16 increments in each direction 
we; e applied over a field of view of typically 180*180 mm' encom- 
pa.iing the entire head. This resulted in a nominal in-plane reso- 
lut:on of 1.1 cm and a nominal MRSI voxel of approximately 
2.2 ml. Repetition time was 2 s. and echo time 272 ms. Total acqui- 
sitim time for one data set was 34 min: the entire MRI and MRSI 
examination took approximately 0 min. 

For I'P MRSI the birdcage coil was tuned. matched and a high 
signal-to-noise spectrum of the calibration standard hexamethyl- 
ph! sphoroustriamide (HMPT) (in a 3-ml glass vial positioned in- 
side the 3'P head coil close to the subject's head) was recorded us- 
in$ 90° excitation, 8 averages and 20 s repetition time (more than 5 
times the spin-lattice relaxation time of brain phosphorus metab- 
olites). This calibration standard served to  correct invivo "P signal 
intensities for coil loading and to  increase the sensitivity of detect- 

ing differences in signal intensities between groups. Phosphorus 
data were acquired using a spin-echo technique (TE 3.5 ms) with a 
partial tip angle and rapid repetition time (350111s) to improve 
signal collection efficiency. Twelve phase-encoding steps were ap- 
plied in all three directions over a 270-mm' field of view and the 
second half of the 31P echo was acquired [36]. A spherical k-space 
sampling scheme roughly halved the number of k-space points 
sampled [37]. This procedure reduced total MRSI acquisition time 
to 43 min and the nominal voxel size was 11.4 ml. 

Data analysis 

Dam processing. MRI and MRSI data were transferred to a micro 
VAX station for further analysis using home-written 
spectroscopic image and display software (421. Both MRSI data 
sets were interpolated to 32 points in both spatial dimensions for 
each acquisition plane (one for 'H and 16 for "P). Mild Gaussian 
smoothing in the spatial domains and an exponential line 
broadening of 10 Hz for 31P and 1 Hz for 'H in the time domain 
were used. After multidimensional Fourier transform. spectra 
were displayed in magnitude mode for 'H and in phase-sensitive 
mode for "I? Metabolite images were displayed by integration 
over selected spectral regions. The 'H metabolite images were 
automatically spatially co-registered with the corresponding three 
axial T2-weighted IH MRI slices. and a high-pass filtered summed 
MR image was superimposed on the spectroscopic images. 

Voxel selection. For spatial selection of the voxels to be analyzed. 
the summed MRI exclusively was used. The effective voxel size 
(after zero filling of missing k-space points and after Gaussian 
smoothing) was approximately 3 ml for 'H MRSI and 27 ml for 
"P MRSI. Voxels were selected by a neuroradiologist (J.M.C.) 
for extraction of 'H and 31P spectra in the followinp~way. For the 
patients with WMSH (grades 3 or 4). MRSI vox& were selected 
to include as much of a WMSH as possible. On average. "P 
MRSI voxels were estimated to be 80% filled b) WMSH while 
'H MRSI voxels were estimated to be entirely filled by WMSH. 
The largest lesions were most frequently from a left parieto- 
occipital (LPO) region in the CSO. immediately above the corpus 
callosum. or in the periventricular region. In these patients we 
selected also MRSl voxels contralaterally to the WMSH in a 
location with no WMSH. designated as NAWM. The selection 
was verified by another neuroradiologist (D. N.). Only 
phosphorus spectra with a signal-to-noise ratio > 5 .  as determined 
from the most intense peak. which was always PCr. were used for 
further analysis. For the control samples 'H  and "P spectra were 
extracted from regions without WMSH, comparable to those 
analyzed in patients with WMSH. In patients who underwent 
both 'H and "P MRSI, the spectra were extracted from voxels 
centered at the same location. 

To determine if there were regional differences for metabolites 
in brains of elderly controls, we analyzed spectra obtained from 
voxels in right parietal (RP) and left and right parieto-occipital 
(LPO. RPO) regions of the VOI. These regions were selected be- 
cause they corresponded to those in which the largest WMSH were 
most frequently found in this elderly population. 

Spectral analysis. For spectral analysis the extracted spectra and 
the HMPT spectrum were transferred to a SUN 3/60 workstation 
equipped with NMRl software. They were then fitted by random 
drawing and operator blinding for the region. position and 
severity of pathology. 

For 'H MR spectra. following manual setting of the baseline 
midway through the noise. Gaussian peaks were fitted to the three 
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major resonances in the spectra (Cho, Cr. and NAA). Convergence 
was usually achieved after less than 15 iterations. 

For j'P MR spectra the broad underlying signal from the less 
mobile lipid components was first removed by convolution differ- 
ence using a line-broadening factor of 300 Hz and 0.7 as subtrac- 
tion coefficient. After exponential multiplication with 5 Hz. zero- 
filling. Fourier transformation, and manual phasing, a standardized 
baseline deconvolution procedure provided by NMRl software 
was applied (using constant numbers for points defining the base- 
line. filter size. and flat factor). The phosphorus spectra were 
curve-fitted with Gaussian line shapes, except for the PCr reso- 
nance line. which was fitted with a Lorentzian line shape. These 
line shapes were experimentally found to yield the least residuals 
upon subtracting the fitted from the experimental spectrum. For 
both ' H  MR and ? 'P MR spectra individual resonance integrals 
were used to calculate metabolite percents (defined as signal inte- 
gral of an individual resonance divided by the sum of all signal in- 
tegrals). metabolite signal ratios, and metaboliteiHMPTratios (Le. 
metabolite signal integral divided by HMPT signal integral used to 
correct in vivo 3 'P signal intensities for coil loading). For calcula- 
tion of the total phosphorus signal and ratios involving ATP. the B- 
ATP resonance was used. 

Statistical analysis 

A Mann-Whitney non-parametric test (not corrected for multiple 
comparisons) was used to compare groups. The metabolite vari- 
ables were peak integrals. and metabolite signal percentages of 
Cho. PDE. PME. NAA, ATP, PCr and Pi, and ATP/Pi. NAAiCho. 
and NAAiCr signal ratios. and metabolite peak integrals of all 
phosphorus metabolites relative to HMPT. In patients with severe 
WMSH, paired r-tests and Wilcoxon tests were used to compare 
metabolite signals from the contralateral NAWM side to those of 
the WMSH side. 

All values are expressed as mean f one standard error (SE) and 
a UohsrWPd > U,.lh,e (corresponding to P = or < 0.05) was considered 
statistically significant. 

A xz test with Yates' correction was used to compare the ven- 
tricular dilatation and sulcal widening MRI grades between 
groups. Standard correlations and linear regression were carried 
out to study the relationship between metabolite values (Cho. 
NAA. and NAAiCho), morphological grades (ventricular dilata- 
tion. sulcal widening. and WMSH grades). and neuropsychological 
tests (MMSE and NCSE scores). 

Results 
Table 1 shows the MRI findings. The MRI grade of 
ventricular dilatation was significantly higher in the 
WMSH group than in elderly controls. There was no 
marked (grade 3) sulcal widening in controls, but there 
was no significant difference in sulcal widening between 
controls and patients. None of the subjects was de- 
mented: none had an MMSE score below 27 or an 
NCSE score above 1 (Table 2). 

Typical ' H  and 31P MRSI examinations of the 
WMSH group and controls are shown in Fig. 1-4. Tables 
3 and 4 present mean values of the 'H and 31P % me- 
tabolite and metabolite ratios and metabolite integrals 
relative to HMPT integral in subjects with extensive 

Table 1 MRI grades for white matter signal hyperintensiti<s 
(WMSH), ventricular dilatation and sulcal widening in individuals 
with WMSH and controls 

MRI grade, WMSH 
Controls ( 'H MRSI) 
Controls (3'P MRSI) 
Individuals with WMSH ('H MRSI) 
Individuals with WMSH ("P MRSI) 

Controls 
Individuals with WMSH 

MRI grade. sulcal widening 
Controls 
Individuals with WMSH 

MRI grade, ventricular dilatation 

0 1 2 3 4  
3 2 3 0 0  
2 0 5 0 0  
0 0 0 3 3  
0 0 0 7 2  
0 1 2 3  
9 3 0 0  
3 2 1 4  
0 1 2 3  
3 4 5 0  
1 4 3 2  

Table 2 Neuropsychological test results (MMSE and NCSE) I i r  
controls and individuals with WMSH 

MMSE score Not tested 27 28 29 3 I 
Controls 1 0 2 6 ;  
Individuals with WMSH 4 2 0 2 1  

NCSE score Not tested 0 1 
Controls 1 10 1 
Individuals with WMSH 4 5 1  

- 

WMSH and contralateral NAWM, and in controls. C;io 
from WMSH was significantly increased by 20 O/O corn- 
pared to controls. There were trends for increased Ckoi 
Cr (34%), and for decreased %PME (20%). P M 3  
PDE (28%) (Figs.3, 4), and PMElHMPT (13%) in 
subjects with WMSH, relative to controls. 

Table 3 shows a weak trend for YO NAA to be 1 2 -  

duced in WMSH relative to controls. This trend and t!ie 
significantly increased YO Cho were responsible for a 
statistically significant decrease (22 YO) in the NAA/C io 
ratio in subjects with WMSH (Figs. 1.2). 

Metabolic changes consistent with ongoing ischen ia 
were not detected: YO ATP, % PCr, Yo Pi in WMSH (-a- 
ble 3), and their intensity ratios with HMPT (Table 4 )  
were not significantly different from the controls. and io 
lactate was detected in any of the 'H spectra. 

Tables 3 and 4 also show results from the NAWM in 
the WMSH group. The YO Cho and CholCr were signtfi- 
cantly higher and NAA/Cho was significantly lower in 
NAWM than in elderly controls. In contrast, no sign fi -  
cant changes in energy or phospholipid metabolites in 
NAWM were detected by j l P  MRSI compared to ccm 
trols. Within the WHSH group YO PME, PME/PDE, :ind 
PME/HMPT were significantly lower in the lesions than 
in the contralateral NAWM. Corresponding measurcs 
for ./,@-ATP and /?-ATP/PCr in WHSM relative to 
contralateral NAWM lost significance when correc:rd 
for coil loading (Table 4). 

There was a significant negative correlation betwcen 
WMSH grade on MRI and NAA/Cho ( r  = - 0.59) and a 
significant positive correlation between WMSH gr'tde 
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Fip 1 Summed MRI (upper lefr), N A A  MR spectroscopic image 
( q n e r  right), and 'H spectrum from a control subject. The proton 
del sity-weighted summed MRI is from the same volume as the 
N2.A image. The blue rectangle represents the preselected PRESS 
vo: Jme used for 'H MRSI. The black circle identifies the 'H MRSI 
vo el from which the spectrum was obtained. The 'H image re- 
coi.structed from the NAA resonance is shown after zero-filling to 
64 3oints along the two axes. The red high-pass filtered MRI serves 
io :orrelate images spatially. The bright signal on the N A A  image 
oncinates from subcutaneous fat and fat in bone marrow. This sig- 
na does not interfere with the N A A  signal from the brain. 
,V, A N-acetyl-containing-metabolites, primarily N-acetylaspar- 
tat :: Cho choline-containing. and Cr creatine-containing metabo- 
l i t1 5 

and Cho percent ( r  = 0.62). In addition, the WMSH 
gr ide was significantly positively correlated with extent 
of ventricular dilatation ( r  = 0.60). 

In controls, no regional differences for 'H MRSI or 
fo- 'lP MRSI spectral components were found between 
th: three brain regions of the VOI which most fre- 
quently had the largest WMSH in patients (RP, LPO, 
RPO). Changes observed in ' H  MRSI and 31P MRSI 
spectra of subjects with extensive WMSHs were thus 
nclt due to underlying regional metabolite differences. 

Discussion 
The major results of this study were thus that MRSI 
showed significantly higher signal intensity of Cho in 
elderly individuals with extensive WMSH than in el- 
derly controls or in their contralateral NAWM side, 
with no apparent decrease in the NAA signal. This re- 
sulted in a significant decrease of NAA/Cho in both the 

i i  Cho , I /  
I i ;  

1 1  
3 

Fig.2 As Fig.1. from a subject with extensive white matter signal 
hyperintensity (WMSH). The spectrum reveals higher ChomAA 
than the control spectrum in Fig. 1 

WMSH and NAWM of these individuals compared to 
elderly controls. This bilateral increase in %Cho  and 
the trend to lower 9'0 PME in WMSH suggest alterations 
of phospholipid metabolites in the white matter of sub- 
jects with extensive WMSH. The lack of change in NAA 
suggests no significant loss of neuronal or axonal density 
and/or viability, while the lack of changes in lactate, 
ATP, PCr, or Pi suggests absence of ongoing brain is- 
chemia. PME signal was also decreased in the white 
matter of subjects with extensive WMSH compared to 
the contralateral NAWM side, suggesting reduced 
monoesters such as phosphocholine (PC) or phospho- 
ethanolamine in regions of WMSH. That MRSI was ca- 
pable of detecting increased Cho, Cho/Cr and decreased 
NAA/Cho in the white matter of subjects with WMSH 
which appeared normal on MRI suggests that the 
pathological process underlying WMSH is bilateral and 
more diffuse than revealed by MRI. 

The increase in %Cho  and the trend to decreased 
% PME in WMSH suggest phospholipid alterations in 
WMSH. Increased %Cho signal could be due to in- 
creased concentration of Cho or changed mobility of 
these metabolites, causing changes in T1 and/or T2 re- 
laxation times. Spectroscopic measurement of T1 relax- 
ation times with the currently used sequences is not 
practical in this elderly population because of the pro- 
hibitively long examination times for such measure- 
ments. Because of the previously reported shorter T2 
relaxation time of Cho in WMSH (195 k 39 ms versus 
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30 0 -30 P P ~  
Fig.3 Summed MRI (upper left), spectroscopic image recon- 
structed from the entire 31P spectrum (upper rzghr), and 3'P spec- 
trum from an elderly control. The proton density-weighted sum- 
med MRI is from the same volume as the 3'P MRSI. The circle 
identifies the 31P MRSI voxel from which the spectrum was ex- 
tracted. The 3'P spectroscopic image is shown after zero-filling to 
64 points along the two axes. The pseudocolor scale ranges from 
white (highest) to blue (lowest signal intensity). The red high-pass 
filtered MRI serves to correlate both images spatially 

30 0 -30 ppm 
Fig.4 As Fig.3, from a subject with extensive WMSH. The 'P 
spectroscopic image shows a lower total phosphorus intensit! on 
the side of the largest WMSH, although there was no signific.int 
group difference in overall signal between the WMSH and con rol 
groups. The spectrum appears to reflect decreased phosp io- 
monoesters and increased phosphodiesters; the group me..ns. 
however, were not significantly different 

278 f 33 ms in controls [32]), we would expect a de- 
crease in Cho signal if the concentration was unchanged. 
Therefore, the observation of increased Cho signal in- 
tensity despite possibly shorter T2 suggests that this in- 
creased Cho intensity is probably due to increased con- 
centrations of Cho rather than changes in their mobility 
and, furthermore, that this increase in concentration 
may be underestimated. 

The Cho signal in in vivo 'H MRSI spectra has con- 
tributions from several metabolites. The two most prev- 
alent contributions in spectra taken at a long TE 
(272 ms) are from the lipid metabolites glycerophos- 
phocholine (GPC) and PC; very small amounts of ace- 
tylcholine and free choline also contribute [43]. GPC is 
probably the main contributor to the observed increase 
in concentration of Cho, because the PME resonance in 
"P spectra, due primarily to PC, was decreased. The in- 
ferred increase in GPC may reflect membrane degra- 
dation effects due to increased phospholipid turnover 
[44, 451 and/or decreased GPC degradation [46], as 
found in postmortem brain extract studies of AD. 

Increased Yo Cho relative to elderly controls is con- 
sistent with our previous study of WMSH [32] using the 
ISIS single-volume localization technique [47]. In- 
creased YO Cho in WMSH compared to elderly controls 

was not found with a short TE [49] (10 ms for a stiniu- 
lated echo and 26 ms for a spin-echo): furthermore. he 
T2 of Cho in WMSH was lower than in controls [32]. \ I -  
ternatively, the apparent discrepancy between long C nd 
short TE results may suggest that the signal differenm 
observed in the current study are due to an increased T2 
of Cho in WMSH and not to an absolute increase in he 
molar concentration of choline-containing compounc's. 

Using 31P MRSI we found that subjects with ext-n- 
sive WMSH demonstrated a trend to reduced PME ,ind 
PME/PDE (20% and 28%. respectively) in large 
WMSH compared to controls. The absence of a de- 
crease in PDE could be party explained by an incredse 
in GPC, inferred from increased %Cho. These ptos- 
pholipid results differ from those in other diseases, 5 ich 

as MS [50] and stroke [48], in which PME and PDE .ire 
both significantly decreased. 

The %NAA was not significantly decreased in  
WMSH compared to controls, consistent with our pre- 
vious ISIS study [32]. This suggests no significant lo>, of 
axonal density and/or viability in WMSH. This contr ists 
with the view that WMSH in normal elderly subjccts 
could result from axonal degeneration due to cortical 
neuronal loss [49, 501. These results are different from 
metabolic changes in stroke [48, 511, lesions m d  
NAWM in MS [50], and NAWM in HIV [52] where 
NAA is significantly decreased. 
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Table 3 Metabolite percentages and ratios (mean? SE) for 'H 
and "P MRSI in controls. and contralateral normal-appearing 
white matter (NA W M )  and WMSH in patients (uncorrected for 
coil loading) 

Controls NAWM WMSH" 

8 

0.64 f 0.03 
2 4 i l  
5 7 k 1  
1 9 2 0  

2.46 i 0.1 6 
2.99 f 0.OY 
1.24 i 0.06 

7 

0.36 5 0.05 
1 5 + 1  
44 i 2 

0.35 _+ 0.05 
1 4 + 1  
20 _+ 1 
7 + 1  

2.82 + 057 
4.21 f 1.06 

6 

0.64 k 0.04 
28k 1* 
54k  1 
1 8 2 1  
2 i0 .11*  

3.03 f 0.17 
1.71 +0.16* 

9 

0.45 ? 0.05 
1 6 f l  
42 i 2 

0.39 i 0.04 
1 0 i 1  
242  I 
8 2 2  

1.70 2 0.30 
3.96 f 0.60 

ii \TP/PCr 0.75 0.07 0.43 f 0.05 

6 

0.69 ? 0.07 
29+_1* 
54+ 1 
18f 1 

1.91 i 0.13* 
3.1 f 0.32 

1.66f0.18 

Y 

0.40 f 0.04 
12 f 1** 
4 6 f  1 

0.26 k 0.02** 
16 i 2** 
2 0 i  1 
6 k 0  

2.76 i 0.33 
3.54 f 0.23 
0.81 f 0.10** - 

' 

M YSI 

,. 

oxels were 100 TO filled by WMSH on 'H MRSI and 80 YO on 7'P 

' < 0.05 relative to controls (Mann-Whitney) 
P < 0.05 relative to NAWM (Wilcoxon) 

The 'H and "P MRSI studies showed no changes in 
A TP, PCr, Pi. pH, or lactate signals, which is inconsis- 
te iit with ongoing ischemia. Previous investigators us- 
in; a variety of neuroimaging and pathological tech- 
niques have found evidence suggesting the presence or 
absence of ischemia [54]. Our failure to detect meta- 
bolic changes of ischemia could be due to a lack of 
stnsitivity. If WMSH are associated with ischemia, the 
ischemic process may be intermittent or may have 
rtached a stable equilibrium, making it difficult to de- 
te:t metabolic alterations. While Cho measures were 
sicnificantly higher in both WMSH and NAWM of the 
R M S H  group than in controls, PME measures were 
rcduced only in regions of WMSH compared to con- 
trdateral NAWM. This may suggest that the process 
leading to Cho changes is bilateral, while that associ- 
ated with PME changes is linked specifically to WMSH. 
It also shows that the observed increases of Cho signal 
iri WMSH patients may be driven by increases of GPC 
rather than PC, a phosphomonoester, as discussed 
above. 

There are several limitations of the interpretation of 
these findings, particularly for 31P MRSI. The most im- 
portant is the low sensitivity of 31P MRSI, necessitating 
large voxel sizes with a mixture of different tissue and 

Table 4 31P MRSI metabolite integrals (mean f SE) in controls 
and in contralateral NAWM and WMSH of individuals with 
WMSH (relative to the HMPT integral, Le. corrected for coil 
loading) 

Controls NAWM WMSH" 

7 9 9 
Signal-to-noise 8.1 ? 0.7 7.0 f 0.2 6.5 i 0.3 
Total "P signal 
(arbitrary units) 0.36 f 0.05 0.45 k 0.05 0.40 f 0.04 
Total 3'P signal 
(compared with 
HMPT) 181 f 15 212 f 21 1 8 8 i  19 

PME 27 f 7 34 _+ 5 23 f 3** 
PDE 81 f 9  905  11 87 f 9 
B-ATP 2 6 5 3  2 3 + 3  28 i 3 
PCr 3 6 f 3  5 0 k 5  39 f 5 
Pi 1 2 f 2  1 6 + 2  1 1 f 1  

a 80 O/O filled by WMSH 
** P c 0.05 compared to NAWM (Wilcoxon) 

cell types. Further, because MRSI has an inherent 
problem of voxel bleeding due to the point-spread 
function, signal from neighboring gray matter also con- 
tributes to the signal of a white matter SI voxel. Also, 
even though the HMPT external standard permits tak- 
ing coil loading into account, absolute quantitation of 
metabolites was not performed because of the lack of 
suitable relaxation time data. Thus, a longer T1 or 
shorter T2 of the metabolites in WMSH may have con- 
tributed to a decrease in signal-to-noise ratio in 3'P MR 
spectral data (Table 4). 

We found no significant decrease in ATP and ATP/Pi 
in WMSH compared with elderly controls, suggesting 
absence of ongoing ischemia. This difference from our 
previously published data using ISIS [33] may be ex- 
plained by the following: First, the patient population 
was different; there were more demented patients with 
WMSH in the ISIS study. Second, the previous report 
concerned control subjects with grade 0-1 WMSH 
whereas, the present study used controls with grades 0-2 
WMSH (5  of 7 in the 31P MRSI control group had 
grade 2). The relatively greater presence of WMSH in 
the controls of the present study might contribute to the 
lack of group differences detected by 31P MRSI. Third, 
the MRSI voxel is less precisely defined (because of the 
MRSI point-spread function) than with ISIS, and MRSI 
spectra generally have a lower signal-to-noise ratio, so 
that possible alterations are more difficult to detect. 
However, the advantages of MRSI compared to ISIS 
are that spatial localization is not degraded by chemical- 
shift offset effects [55] and that multiple regions 
throughout the whole brain can be analyzed conve- 
niently. Finally, the voxel in this SI study was smaller 
than in the ISIS study, giving rise to better tissue selec- 
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