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Alterations in Brain Phosphorus Metabolite 
Concentrations Associated with Areas 
of High Signal Intensity in White Matter 
at HR Imaging' 

reas of high signal intensity in 
hite matter are identified on brain 
mgnetic resonance (MR) imaging 
udies in %%-XI% of elderly sub- 
cts. The authors used phospho- 
e31 MR spectroscopy to char- 
*&e the metabolic status of 
mispheric white matter brain vol- 
mes in 30 elderly subjects with 
hite matter areas of high signal in- 
msity at MR imaging. Compared 
ith white matter volumes with no or 
l i n i a l  areas of high intensity, 
hite matter volumes with extensive 
lpas of high intensity evidenced a 
6% decrease in the adenosine 
iphosphate (ATP)/inorganic phos- 
hate (Pi) ratio (P = .03) and a 21% 
ecrease in the ATP concentration 

hanged. A pilot P-31 spectroscopic 
naging study in a subject with a 
we, coalescing white matter area of 
igh signal intensity demonstrated 
wge reductions in metabolite con- 
entrations in the high-signal-inten- 
ity area. These results suggest that 
KkWiVe white matter areas of high 
ignal intensity indicate a ptocess 
ut affects white matter cellular en- 
rgy metabolism. 

= .05), with the Pi level un- 
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AGNETIC resonance (MR) imag- M ing of the brain reveals the 
presence of areas of high signal inten- 
sity around ventricles and in deep 
white matter in 2596-5096 of unse- 
lected patients over the age of 60 
years (1-10). Comparable phenom- 
ena, when observed with less sensi- 
tivity as areas of high attenuation at 
computed tomography (CT), have 
recently been given the name leuko- 
araiosis. These white matter findings 
are concentrated in the end and bor- 
der zones of arterial pfrfusion and 
have been hypothesized to indicate 
an underlying ischemic process- Di- 
rect evidence for an association be- 
tween such findings and decreased 
cerebral blood flow comes from two 
recent studies. In one, xenon CT was 
used to demonstrate an association 
bemeen leukoaraiosis and blood flow 
reductions in subcortical white matter 
(11). In the other, MR imaging and 
oxygen-15 positron emission tomog- 
raphy were used to demonstrate glo- 
bal gray matter reductions in both 
cerebral blood flow and the ratio of 
cerebral blood flow to cerebral blood 
volume in patients with extensive 
white matter areas of high signal in- 
tensity (12). In the positron emission 
tomographic study, however, low sig- 
nal-to-noise ratios prevented mea- 
surement of cerebral blood flow and 
the ratio of cerebral blood flow to ce- 
rebral blood volume in white matter. 

There is overwhelming evidence 
that white matter areas of high signal 
intensity are more prevalent in eld- 
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erly individuals with cerebrovascular 
disease or dementia than in n o d  
elderly persons. While there is sug- 
gestive evidence that such areas indi- 
cate a patk@ogic process that may 
lead to impaired cognition; the evi- 
dence for a clear cause-and-eff ect re- 
lationship is inconclusive. For exam- 
ple, Steingart et al(13,14) and Gupta 
et d(7) reported a relationship be- 
tween white matter areas of high sig- 
nal intensity and impaired cognition, 
while Hershey et a1 (8) failed to find 
such an association. When extensive 
white matter areas of high signal in- 
tensity are observed in demented in- 
dividuals and Alzheimer or multiin- 
farct disease is ruled out at autopsy, 
the high-signal-intensity areas are 
usually assumed to have been re- 
sponsiile for the dementia and a 
Binswanger type of dementia or sub- 
cortical arteriosclerotic encephalopa- 
thy is diagnosed. At present, how-- 
ever, there is no direct evidence that 
these areas of high signal intensity 
represent the demential process. In a 
recent article, we showed that the 
presence of extensive white matter 
areas of high signal intensity of many 
years duration is not pathognomonic 
of cognitive impairment (15). These 
areas may indicate different processes 
in different individuals (eg, infarction, 
gliosis, demyelination, ventricular 
diverticula, brain cysts, or Virchow- 
Robin spaces). It is possible that the 
nature of the underlying process in 
combination with the location and 
extent of the white matter areas of 
high signal intensity determine the 
likelihood, magnitude, and quality of 
clinical manifestations. 

Neuropathologic postmortem stud- 
ies (10,1649) have shown that such 

ATP = adenosine hiphos- . .  
phak, PCr = phosphocreatine, PDE = phos- 
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areas or leukoaraiosis usually mpre- 
sents either frank infarction or in- 
complete infarction with a pattern of 
gliosis and demyelination in associa- 
tion with vascular hyalinization. A 
proportion of these findings, how- 
eveF, have no detectable associated 
disease. Recently, Englund et a1 (18) 
used MR imaging and neuropatho- 
logic methods to study white matter 
in patients with presumptive senile 
dementia of the Alzheimer type. They 
found that white matter areas of high 
signal intensity in such patients have 
increased T1 and T2, with the increase 
in relaxation times proportional to the 
severity of the white matter histologic 
changes (ie, partial loss of myelin, ax- 
ons, and oligodendroglial cells; mild 
reactive astrocytic gliosis; sparsely 
distributed macrophages; and arterio- 
lar stenosis resulting from hyaline 
fibrosis). The water content of the 
white matter was only slightly in- 
creased. 

Phosphorus-31 MR spectroscopy is 
a valuable noninvasive technique for 
studying cerebral metabolism in vivo 
under both normal and pathologic 
conditions (20-23). This technique 
allows assessment of brain high-en- 
ergy phosphate metabolism by mea- 
suring phosphorus metabolite levels 
(eg, adenosine triphosphate [ATP], 
phosphocreatine [PCr], and inorganic 
phosphate [Pi]) and tissue pH. Animal 
studies have shown that ischemia 
causes a reduction in the PCr/Pi and 
ATP/Pi ratios and a fall in pH owing 
to lactic acidosis. P-31 MR spectros- 
copy can also allow monitoring of 
phospholipid metabolism by measur- 
ing concentrations of phosphomono- 
esters (PMEs) and phosphodiesters 
(PDEs). 

The purpose of this study was fo 
use P-31 MR spectroscopy to charac- 
terize cerebral oxidative and phos- 
pholipid metabolism in patients with 
white matter areas of high signal in- 
tensity at MR imaging. We used P-31 
MR spectroscopy to test both the hy- 
pothesis that these areas have an isch- 
emic basis, which would result in re- 
ductions in energy phosphate 
concentrations, and the hypothesis 
that they are associated with changes 
in white matter phospholipid metabo- 
lism, which would result in changes 
in PME and PDE concentrations. 

SUBJECTS AND METHODS 
Subjects 

The subjects were recruited from a 
larger longitudinal study of white matter 
areas of hi& sirma1 intensitv at MR imae- 
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ing in demented and nondemented eld- 
erly individuals with and without hyper- 
tension. The larger study had a sample of 
about 100 subjects, all of whom had un- 
dergone an initial complete =weighted 
spin-echo MR imaging study. Subjects 
were selected for this pilot study on the 
basis of patient demographics and our 
neuroradiologist's (W.P.D.) grading of the 

,extent of the white matter areas of high 
signal intensity on the initial MR imaging 
study. That grading was performed by 
using a fivepoint scale that we have p u b  
lished (3) and that has been used by others 
(4). On this scale, a score of 0 indicates no 
white matter areas of high signal intensity; 
1, involvement limited to the tips of the 
frontal horns of the lateral ventrick; 2, 
small white matter areas of high signal 
intensity in the subependymal or subcorti- 
cal region; 3, extensive subependymal and 
d m t e  separate white matter areas of 
high signal intensity; and 4, foci that are 
large and coalescing. 

On the initial MR imaging study, half of 
the sample had moderate or extensive 
white matter areas of high signal intensity 
(grade 2 or greater) and half had normal 
MR images with regard to the white mat- 
ter (ie, grade 0-1, indicating either no 
highsignalintensity areas or high-signal- 
intensity areas limited to the tips of the 
frontal horns of the la ted ventricles), 
with the two subsamples comparable with 
regard to the distribution of age and sex. 
S i  the initial MR imaging studies were 
performed up to 2 years before the current 
MR imaging and spectroscopic study, 
some of the s u b i i  had more extensive 

white matter areas of high signal intensit) 
than on their initial MR images. Thirty 
subjects (20 men and 10 women; age. 67 6 
years 2 3.2 [mean -r- standard deviation!) 
partiapated in this study. The subjects 
had no documented evidence of c e r e b  
vascular disease; neurologic, endocrine, m 
respiratory disorders; or major psychiatric 
illness (schizophrenia, major affectil e dls- 
order, organic mental disorder, or alcohol 
or other substance abuse disorder). >even 
teen of the patients were hypertenqive. 
On the MR images obtained in coni unc- 
tion with the MR spectroscopic studv (see 
below), there was no association between 
the presence of hypertension and the ex- 
tent of white matter areas of high signal 
intensity. 
As part of the larger study, all sublech 

had undergone neurologic and neuropst- 
chologic assessments. The neurologic ex- 
amination included assessment of < r a d  
nerve function, motor tone and s t n  ngth. 
sensory systems, coordination, gait, and 
reflexes. None of the neurologic examina- 
tions revealed any significant abnonnah- 
ties. 

Neuropsychologic testing included 
measurement of general intelligence, 
memory, language, and visuospatial and 
psychomotor processes (see Table 1 for a 
list of the specilk tests). Two neurcysy- 
drologic screening tests, the Mini-hlental 
State Examination (25) and the Neurobe- 
havioral Cognitive Status Examination 
(26), were used to classify subjects as de- 
mented or nondemented. Because of OW 
desire to minimize false-positive results, 
subiects were dassif~ed as demented if an: 
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1. MR images illustrating the hemispheric VOl of a subject with exteWive white matter areas of high signal intensity (left), the hemi- 
m a i c  VO1 of the a m  and sex-matched s u m  without white matter areas of high signal intensity (center),and the bilateral superior white 

.lly if they had scores below the cutoffs of 
5 for the Mini-Mental State Examination 
and 64 tor the Neurobehavioral Cognitive 
jtatus E <adnation. Four patients were 
dassified as demented, and all of these 
patient. met the criteria in the Diagnostic 
ad Stni:stiarl Manual (33) for dementia. 
Three nf the demented subjects had white 
matter areas of high signal intensity; the 
other did not Only one of the demented 
Nbprt. was hypertensive, and none of 
them had a Hachinski Ischemic Score (34) 
of p a  ter than 4. 

Tabk 1 presents the means, standard 
dmiations, and range of neuropsychologic 
test scores for the demented and the non- 
demented subjects. The subjects in the un- 
unpaired p u p  scored within normal lim- 
~h for their age, except for nine sd@cb 
who had scores in the impaired range on 
one measure each and one subject who 
had two scores in the impaired range. All 
the impaired scores were on memory mea- 
sures, except for one impaired score on 
the Boston Naming Test. s pattern of 

mon for unimpaired elderly subjects. Ta- 
ble l shows the minimal overlap in perfor- 
mance between the unimpaired and the 
demented subjects. 

All procedures were approved by the 
Committee on Human Research of the 
University of California, and written mn- 
sent was obtained from all subjects before 
they participated in the study. Written 
consent was also obtained from family 
members of participants with cognitive 
impairments. 

performance on a battery ? o tests is com- 

MR Studies 

All MR experiments were performed 
with a Gyroscan MR imaging/MR spec- 
hDscopy 20-T system (F’hilips Medical 
Systems North America, Shelton, CONI) 
operating at 34.79 M H z  for P-31. Subjects 
were placed m a supine position with 

their head inside the P-31 spectroscopy 
head mil, which was within a hydrogen-1 
imaging head coil placed orthogonally to 
it. 

MR imaging and single-wlume image-se- 
k t e d  in uiw MR spech.oscopy.-At the be- 
ginning of the MR session, all patients un- 
derwent nweighted multisection axial 
MR imaging of the brain (repetition time 
msec/echo time msec = 2,000/30,60; 
5-mm section thickness; 2 5 m m  intersec- 
tion gap) to determine the presence, loca- 
tion, and extent of white matter areas of 
high signal intensity at the time of the MR 
spectroscopic study. This MR image was 
used by the spectroscopist (DSM., R.F.D., 
G.C., B.H.) in selecting the volume of in- 
terest (VOI) for the MR spectroscopic 
study. A standard VOI (8 x 3 x 3 an) was 
placed by the spectroscopist in the hemi- 
spheric white matter adjacent to the ven- 
tricles (see Fig 1). In subjects with exten- 
sive white matter areas of high signal 
intensity apparent to the spectroscopist on 
the MR images (which indudes all sub- 
jects who were later rated by the neurora- 
diologist as having grade 3 or 4 white mat- 
ter areas and some who were rated as 
having grade 2 areas), the VOl was placed 
in the hemisphere wherein the spectmsm 
pist identified the most extensive white 
matter areas of high signal intensity (Fig 1, 
left). In subjects in whom extensive white 
matter areas of high signal intensity were 
not apparent to the spectmsmpist (which 
includes all subjects who were later rated 
by the neuroradiologist as having grade 0 
or 1 white matter areas and some who 
were rated as having grade 2 areas), the 
VOl was placed in one or the other hemi- 
sphere such that the dishibution of the 
hemisphere studied would be the same for 
subjects with extensive and with absent 
white matter areas of high signal intensity 
(see Fig 1, center, for a representative VOI 
from a subject without white matter areas 
of high signal intensity). Eight of the VOIs 

. .  

were in the left hemisphere, and 22 were 
in the right hemisphere. After the MR 
studies were complete, our neuroradiolo- 
gist read the current MR images and 
graded the extent of the white matter ar- 
eas of high signal intensity on the same 
five-point scale as was used for initial sub- 
ject selection. This grading was performed 
before the MR spectra were processed and 
was therefore blind with respect to the 
spectroscopic results. 

For the final 13 subjects studied, MR 
spectroscopy was performed on a second, 
bilateral, primarily white matter VOI 
(8 x 5 x 25 an) in addition to the hemi- 
spheric white matter VO1 described above. 
This second VOI was chosen to be in an 
area in which white matter areas of high 
signal intensity are seldom evident. None 
of these 13 subjects evidenced white mat- 
ter areas of high signal intensity in this 
VOI, so these data can be used to repre- 
sent a normal-appearing white matter 
control VOI. As displayed in Figure 1 
(right side), this VOI encompasses the cen- 
tra semiovale bilaterally, bordered inferi- 
orly by the inferior margin of the corpus 
callosum and laterally and superiorly by 
the inner margin of the cortical mantle. 
The cingulate gyri bilaterally were in- 
cluded as-contaminating gray matter 
structures, and the cerebrospinal fluid of 
the interhemispheric fissures occupied a 
small proportion of this VOI as well. 

The correspondence between the spec- 
troscopic VOI and the white matter areas 
of high signal intensity was complicated 
by the “chemical shift offset” phenome- 
non (35). Because of the magnetic field 
gradients during radio-frequency pulsing 
in MR spectroscopic volume selection, the 
actual VO1 studied diffendslightly for 
each metabolite, depending on the differ- 
ence between the resonance frequency of 
the metabolite and the carrier frequency 
used in the MR spectroscopic study. The 
spatial displacement between the PME 
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and B-ATP resonances at the outer bor- 
ders of the spectroscopy VOI was 17 mm 
in all directions The nominal VOI, which 
the spedmzopist set for the study, was 
defined for the MR spectroscopic carrier 
frequency, which was very dose to the 
mwmnce of PCr. For extensive white 
matter areas of high signal intensity (ie, 
grade M), even with this metabolite-spe- 
cific spatial displacement of the VOI, sub 
s- white matter areas of high signal 
inteiwiity remained in the hemispheric 
spectroscopic VOI for each metabolite. For 
grade 2 white matter areas of high signal 
infensity, in which category there were a 
&ble number of small lesions, this VOI 
dkphcement made it difficult if not im- 
*le to establish whether the hemi- 
sp+eric VOIs for the various metabolites 
contained any white matter areas of high 
signal intensity. 

For MR spechoxopy, the magnet was 
shimmed on the whole-head H-1 signal of 
water, with use of the H-1 imaging head 
&I, to a linewidth of less than 15 Hz. For 
P-31 spectroscopy, a 16.5un-diameter 
Helmholtz head coil (ie, closely coupled), 

separation) orthogonal to the & field, was 
tuned and a W-exatation one-pulse spec- 
truinof the calibration standard (seebe- 
low) was recorded. Finally, P-31 spectra of 
the VOI were acquired for 640 data acqui- 
sitions with a 90” exatation and a repeti- 
-time of 1.75 seconds by usinganim- 
pxwed image-guided threedimensionally 
localized pulse sequence (ie, image-se- 
lected in vivo spectroscopy in combination 
with a postacquisition saturating pulse 
136n. 
To obtain molar concentrations, we 

used a p’pnriously published quantitative 
n\ethod (37). For calibration, a 3-mL exter- 
nal reference of hexamethylphosphorous 
hiamide ( S i p  Chemical, St Louis) was 
positioned in the center of one of the 
loops of the P-31 coil. It was used to con- 
firm coil position at MR imaging and to 
determine the 90” pulse length at the cen- 
ter of the VOI by using a computer-gener- 
ated B, field plot (35). This standard w q  
also used to take into account differences 
in coil loading between each patient and 
the phantom The P-31 MR spectra from 
the VOI and the external standard (hex- 
amethylphosphorous triamide) were com- 
pared with one P-31 spectrum of a VOI 
obtained in a large Pi phantom of known 
concentration with the same external stan- 
dard. 

The VOI, Pi phantom, and hexameth- 
ylphosphorous triamide spectra were all 
processed by using NMRl data processing 
software (New Methods Research, Syra- 
cuse, NY) on a Sun 3/60 computer (Sun 
Microsystem, Mountain View, Calif). The 
broad signal from the less mobile metabo- 
lites was first removed by convolution dif- 
ference (exponential broadening, 150 Hz; 
convolution factor, 0.9). and the resulting 
free induction decay was apodized with 
an exponential l i e  broadening factor of 7 
Hz. After Fourier transformation, a base- 
line flattening procedure was applied. In- 

cOmpOSed of two circular loops (16-cm 

J. .I -1 -r---1: _.--- 1 _-._^-- rL-- A 

tained from least-squares-mwe fitted 
spectra and were used for calculation of 
metabolite concentrations and their ratios. 

Computer simulations were used to ad- 
just for variations in VOI position relative 
to the P-31 head coil and Tl saturation 
and frequency offset effects (38). such that 
calibration with a large Pi phantom was 
not required with each experiment. Tl 
relaxation times, which we had previously 
measured in typical subjects (B), were 
used to adjust for partial Tl signal satura- 
tion (Tl[PME] = 1.7 seconds, Tl[Pi] = 1.4 
seconds, Tl[PDE] = 1 3  seconds, 
Tl[PCr] = 27 seconds, Tl[y-ATpl= 0.6 
seconds, Tl[a-ATP] = 1.0 seconds, and 
Tl[&ATPJ = 0.7 seconds). A normal white 
matter water content of 72% (40) was a s  
sumed in calculating absolute metabolite 
concentrations. Ratios of ATP to Pi and 
PCr were computed by using the B-ATP 
resonance. The &ATP resonance best rep 
resents the ATP concentration in tissue 
because, unlike the 7 and a reso~11ces, it 
is free from signal conhibution from other 
phosphate-containingmetabolites such as 
adenosine diphosphate and reduced nico- 
tinamide adenine dinucleotide phos 
phates (41). The pH was calculated from 
the chemical shift of Pi referenced to the 
chemical shift of PCr (42). 

The comparison groups for statistical 
analysis were constructed on the basis of 
the extent of white matter areas of high 
signal intensity in the spectroscopic VOL 
This was accomplished by examining the 
neuroradiologist‘s grading of the extent of 
the white matter areas of high signal in- 
tensity together with hard copies of the 
MR image on which the hemispheric spec- 
troscopic VOI was displayed. We con- 
structed three comparison groups consist- 
ing of subjects with no, minimal, or 
extensive white matter areas of high signal 
intensity in the spectroscopic VOL Twelve 
patients, all of whom had whole-brain 
grades of 0-1, clearly had no white matter 
areas of high & p a l  intensity in the spec- 
troscopic VOI. Twelve other patients, all 
of whom had wholeham . gradesof3-4, 
had extensive white matter areas of high 
signal intensity encompassing at least 20% 
of the spectroscopic VOI. The combination 
of the chemical shift offset phenomenon 
and the variability in the distribution of 
white matter areas of high signal intensity 
throughout the white matter made it im- 
possiMe to subdivide this group into finer 
gradations of the proportion of the spec- 
h.oscopic VOI containing white matter 

subsamples ended up having the same sex 
distributions and were closely matched in 
terms of age. In the remaining six patients 
(all of whom had grade 2 white matter 
areas of high signal intensity consisting d 
small areas of high signal intensity in the 
subependymal or subcortical region), the 
degree to which the hemispheric spectro- 
scopic VOI encompassed white matter 
areas of high signal intensity was highly 
variable- In four of these patients, there 
were a few relatively small white matter 
areas of high signal intensity in the nomi- 

areas of high signal intensity. These two 

--I -&-4r V n I  1- she nthor h n  

there were no white matter areas of high 
signal intensity in the nominal spectre 
-pic VOI, but there were white matter 
areas of high signal intensity adjacent to 
the spectroscopic VOI. As noted above, 
the chemical shift offset phenomenon 
made it likely that, in subjects with grade 
2 white matter areas of high signal inten- 
sity, there were variable numbers (iclud- 
ing zero) of white matter areas of high sig- 
nal intensity in the hemispheric VOI for 
the different metabolites. 

The statistical analysis used onewed  t 
tests to compare metabolite ratios between 
the subsamples with no white matter ar- 
eas of high signal intensity in the spectro- 
scopic VOI and the subsample with ex ten- 
sive white matter areas of high signal 
intensity in the spectroscopic VOL The 
data from the subsample with minimal 
white matter areas of high signal inten-ity 
in the spectroscopic VOI was not included 
in the analysis because it contained no iri- 
formation to allow distinctionbetween the 
null hypothesis of no difference among 
the subsamples and the experimental hy- 
pothesis of a monotonic change in metab 
olite measures with inaeasing extent of 
white matter areas of high signal intensit). 
in the specbroscopic VOI (43). 

Pilot P-31 MR spchmmpic imaging (51) 
study.-We performed a P-31 SI study on 
two of the patients from the above shdy, 
one with grade 4 and one with grade i) 
white matter areas of high signal intemity 
The SI procedures and experimental na- 
rameters are described in detail elsew here 
(44). In brief, the subjects underwent a 
P-31 SI examination immediately after 
standard H-1 MR imaging. P-31 SI with 
phase encoding in all three dimensions 6 
conceptionally a combination of P-31 MR. 
imaging and localized P-31 MR S e i +  

scopic experiments. It provides both 
coarse maps of phosphorus metabolite 
dishiiutions and spectra from localized 
volumes anywhere in the brain. Exprri- 
mental parameters included 922 phabe- 
encoding steps over a 270-mm3 field of 
view, an echo time of 35 msec, a repeti- 
tion time of 350 msec, and eight data ac- 
quisitions averaged to give an acquisition 
time of 43 minutes and a nominal vovel 
volume of 11.4 an’. 

RESULTS 
Figure 1 illustrates the MR spectro- 

sconic volumes studied. On the left, 
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a n  &a1 =weighted image displays 
the lateralized VOI studied in a sub- 
ject with extensive white matter areas 
of high signal intensity. The axial n- 
weighted image in the center displays 
the lateralized VOI studied in the 
subject without white matter areas 
high signal intensity who was age- 
and sex-matched to the subject whw 
image is displayed in Figure 1, left. 
The TI-weighted sagittal image on 
the right illustrates the biiteral s u p  
rinr white matter vnliime that was 
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studied in the final 13 subjects. Figure 
2 displays the P-31 MR spectra gath- 
ered from the three volumes in Figure 
1. The spectra in Figure 2 allow ready 
identification of the three resonances 
from ATP (y = -27 ppm, a = -7.1 
ppm, and B = -16.1 ppm). The PCr 
line is used as a chemical shift refer- 
ence at 0 ppm, and the Pi peak at 4.76 
pprn represents a pH of 6.97. Phos- 
pholipid metabolites are identified by 
two large resonan- representing 
PDE and PME compounds centered 
at 27 and 6.3 ppm, respectively. For 
one subject (a demented subject with 
grade 2 white matter areas of high 

signal intensity), the PME peak was 
very s m d  and the curve-fitting soft- 
ware could not reliably estimate the 
PME and Pi areas; therefore, concen- 
trations or ratios dependent on PME 
or Pi measurements could not be cal- 
culated for that subject. 

Imagdected in Vivo 
SJeCtmmpc Stl?dieSof 

ermsphenc Wte Matter 
Table 2 presents metabolite ratios 

and concentratioqs from hemispheric 
white matter VOIS that were free of 
white matter areas of high signal in- 

tensity, contained minimal white mat- 
ter areas of high signal intensity (ie, a 
small number of discrete white matter 
areas of high signal intensity), or con- 
tained extensive, coalescing white 
matter areas of high signal intensity. 
The ratio measures were used to test 
the a priori hypotheses of decreased 
metabolism as set forth in the intro- 
duction. The primary finding was a 
26% decrease in the AW/R ratio and 
an associated 21% decrease in the - 
ATP concentration in subjects whose 
spectroscopic VOIs contained exten- 
sive white matter areas of high signal 
intensity compared with subjects 
whose spectroscopic VOIS were free 
of white matter areas of high signal 
intensity (P = .03 and .OS, respec- 
tively). As shown in Figure 3, the dis- 
tributions of the ATPIPi ratios dif- 
fered depending on the extent of 
white matter areas of high signal in- 
tensity in the Spectroscopic VOI. The 
median ATPIPi ratio for the no white 
matter areas of high signal intensity 
group is in the upper quartile of the 
distribution of ATPIPi for the exten- 
sive white matter areas of high signal 
intensity group, and the median 
ATPIR ratio for the extensive wh;te 
matter areas of high signal intensity 
group is in the lower quartile of the 
distribution of AW/R for the no 
white matter areas of high signal in- 
tensity group. Associated with the 
presence of extensive white matter 
areas of high signal intensity were 
statistical trends toward an increase in 
the pcr/ATp ratio (33% increase, 
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Figure 3. Dot plot illustrating the distribu- 
tion of the ATP/R ratios measured from the 
hemispheric white matter VOI (eg, Fig 1, left 
and center) for patients with extensive 
(n = 12). small and discrete (n = S), and no 
(n = 12) white matter areas of high signal 
intensity (WSMHs). The category of patients 
with no white matter areas of high signal 
intensity includes patients with white matter 
areas of high signal intensity limited tu the 
tips of the frontal horns of the lateral ventri- 
cles; this is thought to be a nonpathologic 
phenomenon in the n o d  aging brain. 

P = -07) and a decrease from 7.08 to 
7.00 in intracellular pH (P = .On. 

Image-selected in Vivo 
Spectrmco ic Studies of Bilateral . 

Table 3 presents metabolite concen- 
Superior rf;l ite Matter 

trations and ratios and pH from the 
bilateral superior white matter VOIs, 
in which no white matter areas of 
high signal intensity were evident for 
any subject. Although the number of 
subjects studied was small (n = 6 for 
grades 0-1, n = 3 for grade 2, and 
n = 4 for grades 3 4 )  and none of the 
comparisons met the P < -05 criterion 
for statistical significance, there were 
trends in the MR spectroscopic data 
that were consistent with the data 
from the hemispheric VOIs. For this 
VOI, subjects with a 3 4  grade at MR 
imaging evidenced (a) a 24% lower 
ATP/Pi ratio (P = .15), (b) a 14% lower 
ATP concentration (P = -24). and (c) a 
decrease from 7.19 to 7.08 in intracel- 
lular pH (P = .07) when compared 
with subjects with a grade of 0-1. 

P-31 SI Pilot Studies 
Figures 4 and 5 display the results 

from the subject with grade 4 white 
matter areas of high signal intensity. 
A T2-weighted axial H-1 MR image 
obtained through the large left hemi- 
spheric white matter area of high sig- 
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of Figure 4. The right side of Figure 4 
displays the P-31 spectroscopic image 
from the axial 2 . m - t h i c k  plane 
centered around the MR imaging sec- 
tion. The spectroscopic image, which 
was interpolated from 12 x 12 x 12 to 
64 x 64 x 64 resolution, displays the 
integrated signal intensities of all 
phosphorus metabolites. The spatial 
correlation of the H-1 and P-31 im- 
ages is facilitated by the superimposi- 
tion of the edge-detected H-1 h4R im- 
age on the P-31 spectroscopic image. 
On the P-31 spectroscopic image, red 
represents the highest P-31 signal in- 
tensity while blue represents the low- 
est intensity, with green as an inter- 

matter area of high signal intensity is 
characterized by a metabolite deficit 
relative to the contralateral side. This 
is also evident in the image profile 
plotted at the bottom of Figure 4. This 
profile displays the total P-31 m e t a b  
lite signal integral along the straight 
line perpendicular to the midline, 
through the middle of the white mat- 
ter area of high signal intensity. This 
degree of bilateral asymmetry was 
absent in the subject with grade 0 
white matter areas of high signal in- 
tensity and in normal (though 
younger) subjects studied in this l a b  
ratory. Figure 5 shows two localized 
P-31 MR spectra obtained from the 
same SI data set as used in Figure 4. 
Both spectra were obtained from tis- 
sue volumes of about 27 m3, one cen- 
tered on the white matter area of high 
signal intensity and the other from 
the corresponding area on the con- 
tralateral side. While both spectra 
show the characteristic resonances for 
cerebral phosphorus metabolites, the 

. mediate-intensity level. The white 

the white matter area of high s i p 1  
intensity (bottom) has less signal 
strength than the spectrum obtained 
from the contralateral region. There 
was a 30% decrease in ATP signal in- 
tensity in the white matter area of 
high signal intensity relative to the 
contralateral region. This is consisten 
with the finding of a somewhat 
smaller reduction in ATP concentra- 
tion (directly p r o p o r t i ~ ~ l  to inten- 
sity) when larger, more heteroge- 
neous tissue volumes are sampled, a: 
in the image-selected in vivo sprctro- 
scopic experiments described above. 

DISCUSSION 
In vivo P-31 MR spectroscop~ re- 

vealed a reduced white matter 
ATP/Pi metabolite ratio associated 
with extensive white matter areas ot 
high signal intensity in the elderly in 
this study. A 26% reduction in the 
ATP/R ratio and a 21% reduction in 
the ATP concentration were found ir 
h4R spectroscopic volumes that con- 
tained substantial white matter area- 
of high signal intensity compared 
with comparable volumes from sub 
jects with minimal or no white mattc 
areas of high signal intensity at MR 
imaging. These results suggest the 
possibility of altered energy phos- 
phate metabolism associated with e\- 
tensive white matter areas of high 
signal intensity. To our knowledge, 
these results are the first to demon- 
strate in vivo brain metabolic alter- 
ations in individuals with white mat- 
ter areas of high signal intensity. We 
did not find any statistically si@ 
cant daerences or trends for the Con 
centrations of the phospholipid me 
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F w  4. Display of data from the P-31 SI study of a patient with a large, coalescing white 
matter areas of high signal intensity. Left, H-1 MR image obtained at the level of a large left 
hemispheric white matter area of high signal intensity. Right, P-31 spectroscopic image ob- 
tained from the axial 225cm-thick plane centered around the MR imaging section depicted at 
the left The spatial melation of the H-1 and P-31 images is facilitated by the superimposition 
of thc rdgedetected H-1 MR image on the P-31 spectroscopic image. The spectroscopic image 
displs 1 s the integrated signal intensities of all phosphorus metabolites, with red representing 
the highest intensities while blue represents the lowest intensities. Bottom, image profile dis- 
phyinc the total P-31 metabolite signal integral along the straight line perpendicular to the 
mid1ir.e. through the middle of the white matter area of high signal intensity. 

to be associated with extent of white 
matter areas of high signal intensity. 
Also, the concentrations of PCr from 
the spectroscopic VOI were un- 
changed in patients with extensive 
white matter areas of high signal in- 
tensity compared with patients with 
none 

Numerous studies in animal brain 
have shown that acute ischemia 
causes a fall in PCr and ATP levels, a 
rise in the level of the ATP hydrolysis 
product Pi, and a fall in pH (a,&), 
probably due to lactic acidosis. The 
mechanism by which changes in tis- 
sue metabolism might decrease 
ATPlPi and ATP level without a sig- 
nificant change in PCr level is not 
clear. One possibility is heterogeneity 
of metabolic change in different cells 
within the large volume of tissue sam- 
pled with MR specmscopy. For ex- 
ample, it is possible that there are two 
populations of cells (eg, neurons and 
glia), one with high levels of PCr and 
ATP and another with low levels of 

PCr and high levels of ATP. Selective 
loss of the second population of cells 
would tend to cause a fall in the ATP 
level without a change in the PCr 
level. A second possibility is that 
chronic ischemia produces a different 
type of metabolic change than acute 
ischemia; chronic ischemia might 
cause depletion of the total adenine 
nucleotide pool (for example, by acti- 
vation of adenosine monophosphate 
deaminase [4q) while the creatine 
kinase reaction remains in equilib- 
rium, maintaining the PCr leveL A 
third possr’ibity is that changes in the 
ATPIPi ratio do nof represent 
changes in metabolic concentrations 
but are due to alterations in T1. How- 
ever, since the Tls of ATP and Pi are 
in the same range, it is unlikely that 
the T1 of ATP would be selectively 
altered without changes in the T1 of 
Pi. Unfortunately, selective alterations 
in the Tls of PG; ATP, or pi might 
mask metabolic changes in the PCr/ 
ATP and PCrlPi ratios. Fw, it is 

10 0 -1 0 -2 0 
PPY 

F i  5. P-31 MR spectra obtained from 
the same SI data set used in Figure 4. Both 
spectra were obtained from tissue volumes of 
about 27 an’, one centered on the white mat- 
ter area of high signal intensity (DWML) and 
the other from.?he corresponding area on the 
contralateral side (Contml.). 

possible that the alteration in the 
ATPlPi ratio is not due to ischemia or 
incomplete infarction but rather rep 
resents changes in response to other 
pathologic processes associated with 
the white matter disease. 
Our current work in patients with 

chronic stroke (48) reveals both much 
larger effects and a different pattern 
of effects compared with those re- 
ported here for white matter areas of 
high signal intensity. Chronic stroke 
is characterized by an increased brain 
pH, an increased PCrIATP ratio, and 
a decrease in PME, PDE, and-ATP - 
concentrations. The reduction in the 
ATP/R ratio associated with white 
matter areas of high signal intensity 
occurs in the absence of reductions in 
the PCrlPi and PCr/ATP ratios and 
thus is not consistent with the tradi- 
tional metabolic changes that are 
known to characterize ischemia and 
infarction. The difference in the pat- 
tern of P-31 metabolite concentration 
and ratio effects in acute and chronic 
stroke compared with those in white 
matter areasof hi& signal intensity 
may imply a different neuropatho- 
logic process underlying these phe- 
nomena. It is also possible, however, 
that the white matter areas of high 
signal intensity may represent either 
a benign or a morbid process in dif- 
ferent subjects (eg, Virchow-Robin 
spaces vs ischemia) (49); if so, such 
variability in the underlying phenom- 
ena would lessen the sensitivity for 
detecting all the sequelae of the more 
morbid phenomena. 

Differences in vasculature between 
gray and white matter may underlie a 
selective vulnerability of white matter 
to ischemia (10). The deep white mat- 



ter is supplied by long, minimall Y 
branched penetrating arteries arisiig 
from the large arteries at the base of 
the brain. Because of this, the deep 
white matter is less well vascularized 
than other regions of the brain and is 
without luxuriant capillary networks 
with anastomotic potential. In ba- 
boons, it has been shown that the 
white matter possesses a less sensitive 
and effective regulatory blood flow 
mechanism than does the gray mat- 
ter. In these studies, reduction of per- 
fusion pressure secondary to exsan- 
guination or via an increase in 
intracranial pressure resulted in zero 
blood flow in white matter while per- 
fusion continued in gray matter 
(5021). Lindenberg (52) suggested 
that when right-side cardiac failure 
results in venous stasis, the white 
matter is preferentially affected. 

Given that white matter areas of 
high signal intensity are assodated 
with changes in energy phosphate 
metabolism in the white matter VOI 
with extensive white matter areas of 
high signal intensity, it is possible that 
the metabolic changes are due to met- 
abolic changes in the foci of the hy- 
perintense areas within the VOIs 
and/or that the metabolic changes are 
due to a process that affects all the 
white matter within the VOI and 
even extends to white matter outside 
the VOI. In this regard, the results of. 
the positron emission tomographic 
study by Meguro and colleagues (12) 
suggest that metabolic changes may 
possibly extend even to the gray mat- 
ter. As our first look at this auestion. - 

essarily contains a mixture of gray 
matter, white matter, and a variety of 
cell types The second limitation is the 
chemical shift offset phenomenon 
(35), which occurs with all localization 
techniques in which radio-frequency 
pulses are used in the presence of sec- 
tion-select gradients, resulting in sig- 
nals of different metabolites arising 
from different, partiaUy overlapping 
tissue regiom thus, the tissue pmvid- 
ing the ATP signal is not exactly the 
same as the tissue providing the Pi 
si+ This phenomenon can lead to 
spurious data, especially if signal con- 
tamination from tissues outside the 
brain (eg, skeletal muscle) is allowed 
to occur. SI with phase encoding after 
signal excitation does not have this 
problem. However, because the SI 
technique uses a point-spread func- 
tion to select the VOI, the outer VOI 
contamination is increased by the side 
lobes of the point-spread function. To 
reduce this effect, a Hammm gspatial 
filter was used, which however in- 
creased the VOI size. A third problem 
concerns the effects of relaxation 
times. Under conditions of rapid repe- 
tition for effiaent signal acquisition; 
partial saturation modulates the sig- 
nal intensity as a function of Tl. Alter- 
ation of T1 would change signal in- 
tensity and the calculated molar 
concentrations and metabolite ratios. 
Finany, intracellular tissue pH was 
calculated on the assumption that the 
dissociation constant of phosphoric 
add determined in vitro applies to in 
vivo conditions. Alterations in con- 
centrations of other ions, including . Na+, K*, and M2+, may ais0 cause we performed MR spectr&opy in a 

bilateral suwrior white matter VOI in 
the final lfsubjects studied. These 
data, although preliminary, suggest 
that the metabolic changes are due to 
a process that affects all the white 
matter (ie, both inside and outside the 
VOI). Moreover, our pilot SI study 
illustrates the potential of that 
method for addressing questions such 
as this. The results from the SI study 
suggest that large, coalescing white 
matter areas of high signal intensity 
may be associated with a substantial 
focal reduction in the ATP/Pi ratio. 

There are several limitations to the 
interpretation of these and other MR 
spedroscopic studies. First, P-31 MR 
spectroscopy has relatively low sensi- 
tivity, such that only substances in the 
millimolar range can be detected, and 
the spatial resolution is relatively 
poor. This is in comparison to H-1 h4R 
imaging, which allows detection of 
water and fat, both of which are in 
great abundance. Because of poor 
crutiinl mlirtinn. the sinele VOI nec- 

shifts in the Pi peak, leiding to a spu- 
rious measurement of pH (53). How- 
ever, all of these problems (and other 
unstated assumptions discussed be- 
low and elsewhere [%]) are common 
to in vivo h4R spechmcopic studies. 

A better understanding of the phe- 
nomena underlying white matter ar- 
eas of high signal intensity is ex- 
tremely important. Although 
Alzheimer-type dementia and vascu- 
lar dementia have been cast as etio- 
logically distinct, the picture has be- 
come more complicated in recent 
years as the possible contributing role 
of white matter ischemia to demential 
illness has become more fully appreci- 
ated. Even in patients with presump- 
tive senile dementia of the Alzheimer 
type with no clinical evidence of cere- 
brovascular or cardiac disease, sub- 
stantial proportions of patients are 
found to have white matter areas of 
high signal intensity. In postmortem 
studies, Englund et a1 (18) consis- 
tenth found white matter ischemia 

with and without complete infarction 
in about 60% of patients with con- 
firmed Alzheimer disease, including 
sizable numbers of patients who had 
no clinical evidence of cerebrovascu- 
lar disease. The most striking in vivo 
results suggesting the importance of 
white matter areas of high signal in- 
tensity in senile dementia of the 
Alzheimer type occured in the study 
by Wallin and coUeagues (19). After 
excluding patients with any- clinical 
evidence of a vascular contribution to 
their dementia, they found that 24 of 
30 patients (80%) with presumptive 
senile dementia of the Alzheimer typt 
had ledcoaraiosis. There have also 
been reports that the m-occurrence a 
Alzheimer disease and leukoariaosis 
results in a more severe and more 
rapidly progressing dementia than is 
seen in patients with Alzheimer Xis- 
ease but without leukoariaosis. 

In summary, there is overwhelming 
evidence in population studies that 
white matter areas of high signal in- 
tensity often represent a pathologic 
process, with increasing prevalence, 
severity, and extent of white matter 
areas of high signal intensity assod- 
ated with increasingly morbid out- 
comes. However, it is also clear that, 
in individual cases, the ochrrence OI 
white matter areas of high signal in- 
tensity, even when they are extmsivt 
is not pathognomonic of a morbid 
demential process. We need to in- 
crease our understanding of white 
matter areas of high signal intensky 
so that we can know when their p r s  
ence indicates a process that may con 
tribute to the development and 'or 
morbidity of dementia. Enterveiltion 
in such a process may have potential 
for lessening that morbidity. 

This study also illustrates the im 
portance of quantitation methodol- 
ogy, including computer simulations 
as described in the Subjects and 
Methods section, and of image- 
guided, three-dimensional, localized 
P-31 h4R spectroscopy of human 
brain. The improved image-selected 
in vivo spectroscopic technique, 
which has been carefully studied in 
computer-simulated analyses and 
phantom studies (38), provides accu- 
rate localization by means of a well- 
defied delineation of the VOI. In 
addition, computer simulations a d F  
for sensitivity variations as a fundion 
of VOI position, T1 saturation, and 
chemical shift offset (38). These varia- 
tions would not be taken into amoW 
if metabolite ratios were reported 
from peak integrals only. 

There are a number of s i m p l i g  
assumptions that, as we have noted 
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previously (3537-39), are involved in 
the calculation of molar concentra- 
tions. First, for quantitation, the tissue 
within the VOI is assumed to be ho- 
mogeneous, with the measured con- 
centrations representing the mean 
concentration within the VOI. Differ- 
ences between groups in the distnibu- 
tion of tissue types in the spectro- 
scopic VOls could result in different 
metabolite concentrations and ratios. 
Second, the Tls used to calculate con- 
centrations were derived from normal 
subjects for large brain volumes, 
which were less homogeneous than 
the VOIs in the current study. This 
wa- necessary because of the lengthy 
study times necessary to measure 
P-31 Tls. We estimated that a T1 
study for the white matter VOI would 
involve 8-10 hours per subject in the 
magnet. Third, we assumed a uniform 
tissue water content across subjects. If 
the water content vaned among sub- 
jects, concentrations could be af- 
fected; however, this could not have 
accounted for our results, since all 
metabolites would have been affected 
equally. The use of these simphfymg 
assumptions argues for further cau- 
tion in the interpretation of our re- 
sult>. Nevertheless, our results do 
dearly indicate that there are changes 
in aqxcts of the P-31 MR spectra that 
are associated with increasing extent 
of white matter areas of high signal 
intensity. 

In ending, it is  important to note 
that in vivo P-31 MR spectroscopy is 
in its infancy. Continuing advances 
can be expected in magnet desip, 
hardware, radio-frequency pulses, 
and P-31 SI (553). Together wifh the 
development of H-1 s-py, 
which can allow quantitation of brain 
lactate concentrations and those of 
many other metabolites, Fese ad- 
vances will result in the ability to 
quantitate metabolite concentrations 
throughout the brain in eversmaller 
voxels. We believe in vivo MR spec- 
troscopy shows great promise for the 
elucidation of changes in brain metab- 
olism associated with disease pro- 
ce5ses. m 
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