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Biochemical Alterations in Multide 
A -  

Sclerosis ksions and Normal-appearing 
White Matter Detected by In Vivo 
31P and 'H Spectroscopic Imaging 

C. A. Husted, PhD,'? D. S. Goodin, MD,"S J. W. Hugg, PhD,' A. A. Maudsley, PhD,*t J. S. Tsuruda, MD," 
S. H. de Bie, MD,' G. Fein, PhD,"§ G. B. Matson, PhD,'" and M. W. Weiner, M D X t q  

The goals of the current study were threefold: first, to confirm previous single volume proton ('H) magnetic resonance 
spectroscopy results of reduced N-acetyl aspartate (NAA, a putative marker of neurons) in multiple sclerosis (MS) 
white matter lesions using multiple volume 'H magnetic resonance spectroscopic imaging (MRSI); second, to measure 
the phospholipid metabolites phosphomonwsters and phosphodiesters in such lesions using phosphorus (3'P) MRSI; 
and third, to test the hypothesis that biochemical changes occur in the normal-appearing (on spin echo T2-weighted 
magnetic resonance images) white matter in patients with MS. Thirteen subjects with clinically definite MS were 
studied with both 'H and 31P MRSI, and 19 controls were studied with either 'H MRSI, 31P MRSI, or both. MS 
lesion, MS normal-appearing white matter, and region-matched control spectra from the centrum semiovale were 
analyzed. The major findings of this study were that in both white matter lesions and normal-appearing white matter 
in patients with MS, the metabolite ratio NAAIcreatine and the total 31P peak integrals were significantly reduced 
compared with controls. In addition, in MS lesions NAAIcholine and phosphodiesterdtotal 31 P were significantly 
reduced compared with controls, and in MS normal-appearing white matter there was a trend for NAA/choline 
to be reduced compared with controls. In normal-appearing white matter in patients with MS, total creatine and 
phosphocreatine were significantly increased compared to controls, as detected with both 'H (total creatine peak 
integrals) and 31P (phosphocreatine/total 31P) MRSI techniques. These results suggest reduced neuronal density and 
altered phospholipid metabolites in white matter lesions in patients with MS. Furthermore, the results suggest the 
presence of biochemical abnormalities not detected by standard spin echo magnetic resonance imaging in normal- 
appearing white matter in MS. 

Husted CA, Goodin DS, HuggJW, Maudsley AA, Tsuruda JS, de Bie SH, Fein G, Matson GB, Weiner MW. 
Biochemical alterations in multiple sclerosis lesions and normal-appearing white matter detected 

by in vivo 3'P and 'H spectroscopic imaging. Ann Neurol 1994;36:157-165 

hfagnetic resonance imaging (MRI) is the neuroimag- 
ing procedure of choice for the use in diagnosis of 
multiple sclerosis (MS) and the detection of MS le- 
sions. In vivo magnetic resonance (MR) spectroscopy 
single volume techniques have been used to evaluate 
biochemical changes in white matter lesions in MS. 
Water-suppressed proton 'H MR spectroscopy of the 
brain yields spectra with three predominant peaks as- 
signed to N-acetyl aspartate (NAA),  creatine + phos- 
phocreatine (Cr + PCr), and choline (Cho). Consider- 
able evidence suggests that the amino acid N A A  is 

located almost exclusively in neurons ((17 and refer- 
ences therein). Thus, N A A  is a putative marker of 
neuronal density. Single volume 'H MR spectroscopy 
results have suggested that N A A  is reduced in MS 
lesions 12-1 11 and that the extent of its reduction may 
relate to the age of the lesion f2, 37. It is generally 
thought that reduction of N A A  in MS represents a 
decrease of axonal density due to some combination 
of axonal loss and gliosis associated with the demyelin- 
ating lesion 12-11). 

Phosphorus (31P) MR spectroscopy provides spectra 
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with seven resonances corresponding to phospho- 
monoesters (PME), inorganic phosphate (Pi), phos- 
phodiesters (PDE), PCr, and the three phosphates of 
ATP. PME and PDE are phospholipid metabolites. 
The PDE resonance has also been assigned to mobile 
phospholipids present in myelin membranes, phospho- 
lipid vesicles, or proteolipid complexes [ 12-14]. Phos- 
pholipids are a large component of myelin membranes, 
and numerous postmortem analyses have indicated a 
general reduction of myelin in MS lesions 1151. Previ- 
ous single volume 31P MR spectroscopy studies of MS 
lesions showed conflicting results, including decreased 
PDE in MS lesions [16], increased PCr/RATP and a 
trend for decreased PDE/RATP in MS lesions 1171, 
increased PDE/ATP and decreased PCrIATP in one 
large MS lesion [18], and decreased PDE/RATP and 
PME/RATP in MS lesions 1191. In the latter study 
1191, however, reported PME decreases were ob- 
served in only a few of the patients with severe demy- 
elination. It is possible that some of the above differ- 
ences may relate to the chronicity of the lesions studied 
or to differences in the percentage of lesion in the 
volume studied. 

A number of reports have demonstrated that in the 
white matter, devoid of lesions on standard spin echo 
T2-weighted MRI in patients with MS (termed normal- 
appearing white matter), there are significantly pro- 
longed MRI T1 and T2 relaxation times [20-241. 
Similarly, others have reported changes in MS normal- 
appearing white matter measured by saturation transfer 
MRI [25] or diffusion MRI 126, 271, suggesting either 
microscopic plaques and/or a biochemical abnormality 
in the normal-appearing white matter of patients with 
MS. A major limitation of single volume MR spectros- 
copy techniques is that they provide little information 
concerning the heterogeneous nature of MS lesions 
and normal-appearing white matter. In contrast, MRSI 
techniques provide spectral data simultaneously from 
numerous volumes within the brain, enabling separate 
in vivo biochemical observations of MS lesions and 
normal-appearing white matter from a single patient 
examination. Therefore, the goals of t h s  study were 
to use proton and phosphorus MRSI to confirm previ- 
ous 'H single volume MR spectroscopy findings of 
reduced NAA in MS lesions, to measure phospholipid 
metabolites in MS lesions, and to explore the possibil- 
ity that metabolic changes occur in normal-appearing 
white matter in MS. 

Materials and  Methods 
Human Subjects 
Patients with clinically definite MS, 1 1  females and 2 males, 
ages 23 to 60 years (mean 2 SD = 40 lr: 1 1  yr; mean 
Kurtzke [28] expanded disability status score [EDSS] = 5.5 

2.0; mean Scripps 1291 score = 60 t 20), were selected 
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if there were multifocal MRI lesions seen on previous MRI 
examinations. Patients were stable without evidence of an 
acute exacerbation at the time of examination. All MS pa- 
tients were studied with both 'H and 3'P MRSI; one MS 
patient, however, was studied with three-dimensional (3D) 
rather than two-dimensional (2D) 'H MRSI and the results 
are not included due to the difference in spatial resolution 
of the two proton MRSI techniques. 

The control group consisted of 19 subjects, ages 23 to 60 
years (mean 2 SD = 36 2 14 yr), none of whom had 
clinical history of neurological disease. Three controls (2 fe- 
males, 1 male) were studied with both 'H and 3'P MRSI, 3 
controls (3 males) were studied with 'H MRSI alone, and 
13 controls (7 females, 6 males) were studied with 31P MRSI 
alone. All studies were approved by the University of Califor- 
nia at San Francisco Human Research Committee and in- 
formed consent was obtained prior to the study. 

MRIIMRSI Protocol 
The MRIIMRSI studies were conducted with a 2.0-T Gy- 
roscan S15 whole body MRI/MRS system (Philips Medical 
Systems, Shelton, CT). All MRSI studies were carried out 
using gradient phase encoding in two or three spatial dimen- 
sions. Standard Philips acquisition software and a saddle-type 
86 MHz imaging head coil were used for the imaging md 
'H MRSI studies. Custom acquisition software and a "home- 
built" inductively coupled high-pass birdcage head coil op- 
erating in quadrature mode were used for the 31P MRSI 
studies. The subject's head was securely positioned with the 
use of a vacuum pack head holder (Olympic Medical, Seattle, 
WA) and foam straps with Velcro. Fiducial markings affixed 
to the subject's head and placed with the aid of the MRI laser 
positioning system enabled accurate repositioning between 
proton and phosphorus MRSI studies. 

The experimental sequence began with acquisition of s,ag~t- 
tal and angulated transverse MR images. Sixteen sagittal slices 
(7 mm thick, 0.7 mm gap, TR = 500 msec, TE = 30 msec) 
were obtained to locate the orbital-auditory meatal piane. 
Subsequently, 16 transverse slices (7.7 mm thick, 0.8 mm 
gap, TR = 2,500 msec, TE = 30, 80 msec) were obtained 
angulated 20 degrees supraorbitally beyond the orbital- 
auditory meatal plane. The MRI gap was used to reduce MRI 
acquisition time but resulted in 10 to 15% of the MRSI data 
not being sampled with MRI. The MRI angulation minimized 
proton lipid contamination and susceptibility artifacts trom 
sphenoid bone during MRSI. Acquisition of MR images was 
followed by nonlocalized proton shimming on the water s i g  
nal, gradient tuning, localized shimming over the volume of 
interest, optimization of water suppression, and acquisition 
of proton 2D MRSI data. 

The proton MRSI volume of interest, angulated iorre- 
sponding to the MR imaging, was selected using the MR 
images as guides to encompass as much as possible the cen- 
trum semiovale and areas of maximal lesion involvement. 
Volume of interest dimensions were 2 cm fixed (axial planel 
and typically 10 cm x 10 cm (transverse plane). The proton 
MRSI experiment utilized a double W E E  water suppression 
technique, a double spin echo PRESS volume selection, 16 
phase encoding gradient steps applied in two transverse di- 
rections over an (18 cm)* field of view, and an asymmetric 
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sampling of 21%, of the first half of the echo (TE = 272 
msec ). 

Phosphorus MRSI data were acquired using a spin echo 
technique (TE = 3.5 msec) in which the second half of 
the '' P echo was acquired with a partial tip angle and rapid 
repetition rate (350 msec) to improve efficiency. Twelve 
phase encoding gradient steps were applied in all three direc- 
tions over a (27 cm)3 field of view. A spherical k-space sam- 
pling scheme was used that roughly halved the number of 
k-sp.ice points sampled. The entire MRI, 'H MRSl, and 
jiP MRSI procedure required approximately 3.5 hours to 
complete. 

M R S I  Pmessing and Display 
MRSI data were processed on a micro-VAX workstation 
using four-dimensional (4D) Fourier transform reconstruc- 
tion. For both the proton and phosphorus MRSI experi- 
ments, two MRI planes (with gaps) corresponded to one 
spectral image plane after data reconstruction. A line broad- 
ening of 1 Hz was applied to the 'H MRSI data and 10 Hz 
was applied to the 31P MRSI data. In the spatial dimensions 
a mild filtering was used with smoothing values of 0.20 expo- 
nenrial multiplication for 'H MRSI and 0.25 gaussian multi- 
plication for 31P MRSI. Zero filling and interpolation were 
ust-j to obtain 32 x 32 display voxels for both proton and 
phosphorus results. The proton single effective voxel size, as 
derrrmined from the full width at half height of the point 
spread function after spatial filtering, was 3 cc. The 31P effec- 
tive voxel size, corrected for spherical k-space sampling and 
spxial filtering, was 27 cc. 

Spectroscopic image display software developed in-house 
was used to display MR images, MR spectroscopic images, 
and spectra. Total 'H and 31P metabolite images were gener- 
a t d  by total spectral integration during reconstruction. Addi- 
tional images of NAA, Cho + Cr, PME, and PDE were 
produced during interactive display and analysis by spectral 
integration over individual resonances. Due to the overlap- 
ping nature of the PME-PDE area of the phosphorus spec- 
tra, completely separated spectroscopic images of PME and 
PDE were not possible. Spectroscopic images were win- 
dowed to the same level for both MS and control data sets 
by adjusting brightness and contrast to a consistent color 
level of background and signal intensities. The background 
was adjusted to black (essentially filtering the background 
noise) and the image was adjusted to the color level just 
below one pixel appearing as white. 

Ai RSI Spectral Selection 
MS lesion and normal-appearing white matter 'H and 31P 
MRSI spectra were selected using the MR image characteris- 
tics as guides for spectral selection. Spectra were selected 
only from the region of the centrum semiovale, the area of 
largest white matter volume. The 3D phosphorus MRSI 
plane analyzed was the same as the 2D proton MRSI plane. 
The third dimension of the phosphorus MRSl data was inter- 
polated from 12 to 16 slices, which corresponds to a 17 cm 
interpolated phosphorus MRSl slice thickness. The MRI pro- 
tocol was chosen so that two MRI slices with two gaps (17 
cm) corresponded to one MRSI slice after interpolation. Data 
interpolation does not increase resolution, however, and 

MRI slices on either side of the two used for MRSI corre- 
spondence were also examined to confirm the absence of 
lesions in the normal-appearing white matter volumes. An 
outline of a single nominal voxel (defined as the field of view/ 
number of phase encoding gradient steps) was displayed on 
the MR image. This corresponded to 2.25 cm nominal in- 
plane resolution for 31P and 1 cm nominal in-plane resolution 
for 'H. The nominal voxel is smaller than the effective voxel 
because it does not take into account the effects of spatial 
filtering and reduced k-space sampling described above. Only 
voxels wherein either normal-appearing white matter entirely 
occupied the voxel or MS lesions predominantly occupied 
the voxel were selected. One to five entirely normal-ap- 
pearing white matter voxels and one to five predominantly 
lesion voxels were selected per subject, depending upon the 
degree of lesion involvement. Proton MS spectra analyzed 
from 12 subjects included 48 lesion spectra and 37 normal- 
appearing white matter spectra Phosphorus MS spectra ana- 
lyzed from 13 subjects included 39 lesion spectra and 30 
normal-appearing white matter spectra There were fewer 
31P spectra due to the lower spatial resolution compared with 
'H MRSI. 

Control and MS spectra were region-matched due to 
trends for regional differences in controls (unpublished re- 
sults). A total of 59 proton and 191 phosphorus control spec- 
tra were selected from the control subjects. Selection of peri- 
ventricular spectra increased the probability of cerebrospinal 
fluid (CSF) contamination within the voxel, which would 
reduce the peak integrals but not affect the metabolite ratios 
because the metabolites evaluated are not present in CSF to 
a detectable degree. Only spectra with NAA or PCr signal- 
to-noise ratios greater than 10 were utilized for analysis. 

MRSl Spectral Analysis 
All spectra were curve fitted by a least-squares method 
(NMR1 program, New Methods Research, Inc, Syracuse, 
NY) to generate peak integrals. Proton magnitude spectra 
were curve fitted with gaussian line shapes to provide peak 
integrals for NAA, Cr, Cho, and total (non-water) 'H. 
Greater error is introduced when complex, rather than mag- 
nitude, proton MRSI data are used due to the phase distor- 
tion errors that arise from magnetic field inhomogeneities in 
the saddle-type proton coil used. The residual after curve 
fitting was used as the criterion for goodness of fit. I t  is 
our experience that magnitude proton spectra have the least 
residual from curve fitting when gaussian, as opposed to 
Lorentzian, line shapes are used. An external standard that 
provides coil loading corrections was not acquired with the 
proton MRSI data; however, control and MS proton data 
were acquired with the same pulse length and mean power 
requirements. Thus, peak integrals are given for the proton 
metabolites, although it is recognized that spectrometer insta- 
bilities may affect the peak integrals. Metabolites are also 
reported as ratios to account for the effects of coil loading 
and signal relaxation. 

Phosphorus complex spectra were processed with a 300 
Hz convolution difference filter to remove the broad baseline 
that presumably arises from the less mobile phospholipids 
112-143. The resulting 31P spectrum was curve fitted with 
gaussian line shapes, except for PCr, which was fitted with a 
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Lorennian line to provide peak integrals for PME, Pi, PDE, 
PCr, and ATP. Tod 31P integrals are the sum of all fitted 
metabolite peak areas, where only the y-ATP resonance was 
used to represent ATP. Phosphorus measurements of an ex- 
ternal standard (hexamethylphosphoroustriamide) indicated 
coil loading variations of less than 10% between subjects 
(results not shown); thus, uncorrected total "P peak integrals 
are also presented. Total 31P ratios were used to provide an 
approximate estimate of mole percentages for the phospho- 
rus metabolites. 

Stutistics 
To test our major hypotheses of altered neuronal density and 
phospholipid metabolism in MS, statistical comparisons of 
MS and control NAA/Cr, NAA/Cho, Cho peak integrals, 
PME/total 31P, and PDE/total 31P were performed with t 
tests corrected for multiple comparisons by the modified 
Bonferroni method [30), where p < 0.05 was considered 
significant. To observe any trends in metabolite variations in 
MS, statistical comparisons of MS and region-matched con- 
trol spectra were performed with t tests not corrected for 
multiple comparisons. This was done because the large num- 
ber of multiple comparisons would have greatly reduced the 
power of statistical analysis. Values are reported as mean ? 
standard error of the mean (SEMI. 

Results 
Proton MRSl 
Figure 1 shows typical proton MRSI measurements of 
a 33-year-old female control (Fig 1A) and a 39-year- 
old woman with MS and an EDSS score of 8.0 (Fig 
1B). Shown are MR images with the PRESS selected 
volume of interest in blue, and spectroscopic images 
of NAA and Cho + Cr in gray scale with MRI outlines 
in red to demonstrate the anatomical location of the 
MRSI metabolite distributions. Large hyperintense ar- 
eas of MS lesions are noted on the MS MR image (see 
Fig 1B). The lesion outlines are seen on the red MRI 
outline. The NAA spectroscopic image shows a de- 
crease of the NAA signal within the area of the MS 
lesions. The lack of deficits of Cho + Cr within the 
lesion areas indicates that NAA deficits were not due 
to contamination from the ventricles; CSF contains no 
detectable NAA, Cr, or Cho. 

Table 1 provides mean NAA/Cr and NAA/Cho me- 
tabolite ratios as well as peak integrals for NAA, Cr, 
Cho, and total (non-water) 'H for control subjects and 
patients with MS. In MS white matter lesions NAA/ 
Cr, NAA/Cho, the NAA peak integral, and total 'H 
were significantly reduced, and the peak integrals of 
Cr and Cho were significantly elevated compared to 
controls. In MS normal-appearing white matter NAA/ 
Cr was significantly reduced, the Cr + PCr peak inte- 
gral was significantly elevated, and there were trends 
for NAA/Cho and the NAA peak integral to be re- 
duced compared to controls. While the NAA, Cr, 
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and Cho peak integrals were not corrected for coil 
loading and relaxation, the peak integral values reflect 
the changes in the individual components of the metab 
olite ratios and indicate that elevations of Cr and Cho 
signals contribute to the reductions in NAA/Cr and 
NAAlCho. 

Phosphoms MRSl  
Figure 2 shows the phosphorus MRSI results from a 
control subject (Fig 2A) and a patient with MS (Fig 
2B). MR images and spectroscopic images of total 31P, 
PME (phosphomonoesters), and PDE (phosphodies- 
ters) are displayed. Control metabolites appear to be 
bilaterally symmetrically distributed berween the two 
cerebral hemispheres. By contrast the MS patient 
showed reduced PME and PDE in lesion and normal- 
appearing white matter regions. All MS patients stud- 
ied showed asymmetries in the distributions of PME 
and PDE, independent of the amount and distribution 
of lesions detected with spin echo MRI (see Fig 2B).  
Figure 2C shows decreases in PME and PDE in spectra 
from MS lesion and normal-appearing white matter 
compared with control. 

Table 2 shows that the ratio PDE/total j l P  was sig- 
nificantly reduced in MS white matter lesions com- 
pared to controls, and PCr/total j1P was significantly 
increased in MS normal-appearing white matter com- 
pared to controls. Peak integrals indicated 32 to 41 7 
reductions in total 31P signal intensities in both white 
matter lesions and normal-appearing white matter in 

MS (see Table 2). Phosphorus measurements of dn 

external hexamethylphosphoroustriamide standard in- 

dicated coil loading variations of less than 10% be- 
tween subjects, and there was no difference in phos- 
phorus coil loading between the control data and &IS 
data, Thus, the phosphorus peak integrals reflect sub- 
stantial reductions of total j l P  signals in MS lesions m d  
normal-appearing white matter compared to controls. 

Discussion 
The major findings of this study were that in both 
white matter lesions and normal-appearing white mat- 
ter in patients with MS, the metabolite ratio NAA/ 
Cr and the total j l P  peak integrals were significantly 
reduced compared to controls. In addition, in MS 
white matter lesions NAA/Cho and PDE/total ' 'P 
were significantly reduced compared to controls. and 
in MS normal-appearing white matter there was a trend 
for NAA/Cho to be reduced compared to controls. In 
normal-appearing white matter in patients with ,CIS. 
total Cr and PCr were significantly increased compared 
to controls, as detected with both 'H (Cr + PCr peak 
integrals) and 31P (PCr/total 31P) MRSI techniques. 

The observed reductions of NAA/Cr and NAAI 
Cho in MS white matter lesions confirm previous re- 
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Fig 1. H two-dimensional magnetic resonance spectroscopic im- 
aging measurements displaying angulated transverse magnetic 
monance image (TRITE = 2,500130 mer) and spectmscopic 
images of N-acetylaspartate ( N U )  and choline plus creatine 
(Cho + Cr) shown in gray scale with magnetic resonance im- 
ape (MRI) outline overluid in red. Superimposed on the MRI is 
the PRESS selected volume of interest (1 0 x 10 x 2 ma) out- 
lined in blue. Typical regions from which spectra were selected 
are indicated by circular voxel outlines, shown as circles to 
tepresent the spatial response function accounted for data smooth- 

~~~ ~ 

ing. (A) A 33-year-old fmule control subject: the NAA, Cho. 
and Cr distributions are nearly uniform throughout the volume 
of interest. (B) A 39-year-old w w n  with mult$le sclerosis 
(MS): lesion outlines are seen on the MRI outline. NAA signal 
attenuation is evident within the MS lesion areas. Lack of &j- 
cits of Cho + Cr are noted within MS lesions. (C) Typical con- 
trol, MS normal-appearing white matter, and MS lesion proton 
3 cc single vdvel spectra. NAA is reduced in lesions and in nor- 
mal-appearing white matter in MS compared to controls. 
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aspartate; Cr = creatine; Cho = choline. 

sults obtained using single volume proton magnetic 
resonance spectroscopy 12- 1 11. Reduced NAA does 
not necessarily indicate a reduction in the number of 
neurons because such a change might also be due to 
decreased concentration of NAA in axons, gliosis re- 
sulting in diminished density of neurons, or changes 
in relaxation times. Proton peak integrals, while not 
corrected for coil loading, indicated that increases of Cr 
and Cho also contributed to the observed reductions of 
NAA/Cr and NAA/Cho in MS lesions (see Table 1). 
Increased Cho/Cr has been reported in MS lesions 
using single volume MR spectroscopy C3, 5 ,  6, 81 and 
may imply active or recent demyelination (61. Reduced 
PDE/total j 'P  in MS lesions suggests decreased phos- 
pholipids and/or phospholipid metabolites but could 
also represent increased T1 or decreased T2 relaxation 
times due to alterations in molecular mobility. Fifty 
percent of myelin lipids are phospholipids and lipids 
are reduced in MS lesions, largely a result of myelin 
loss 1151. Our in vivo findings of reduced PDE/total 
jlP in MS lesions are consistent with such in vitro 
chemical analyses. 

The important new finding of this study was similar, 
but smaller, reductions in NAA/Cr, NAA/Cho, and 
total 31P in normal-appearing white matter in MS. Sig- 
nhcant increases in PCr/total 3'P and Cr + PCr 'H 
peak integrals were also detected in normal-appearing 
white matter, suggesting an alteration of energy metab- 
olites in MS normal-appearing white matter. In addi- 
tion to the above reasons, the reduced NAA in MS 
normal-appearing white matter could also represent 
loss of axons due to a previous lesion at that site or to 
wallerian degeneration from a lesion at another loca- 
tion. In contrast to the minor changes of 'H peak inte- 
grals in MS normal-appearing white matter, 31P peak 
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integrals indicated significant reductions in total 
metabolites in MS normal-appearing white matter. 
of the total j l P  ratio suggested smaller changes in 
phosphorus metabolites than the peak integrals 
cated due to the magnitude of the decrease in totai 
for both MS lesions and MS normal-appearing n. hi 
matter (see Table 2). Relaxation measurements wI)u 
determine the extent to which changes in relaxarion, 
as opposed to changes in metabolite concentrations, 
contribute to the altered MRSI signal intensities in MS. 

Considerable evidence suggests that there ma:; be 
an inherent biochemical defect in MS normai-ap- 
pearing white matter 120-27, 31-46]. Although riany 
of these biochemical studies on macroscopically nc rmal 

white matter have inadequate histological control, Al- 
len and colleagues [31, 321, in carefully performed 
studies of macroscopically normal white matter in gost- 
mortem samples of patients with MS, found marked 
astrocytic proliferation and increased lysosomai 0- 
glucosaminidase in regions completely devoid of peri- 
vascular khmmation.  Astrocytosis throughout the en- 
tire white matter, as evaluated by increases in glial 
fibrillary acidic protein, was also reported by ochers 
1331. Furthermore, the observation of higher levtls of 
DNA in MS normal-appearing white matter compared 
to controls confirmed histological reports of gliosis 
[ 341. Other reported abnormalities of norrnal-ap- 
pearing white matter include general reduction of 
phospholipids 135-371, 35% decrease in myelin vield 
from sucrose gradient extraction [38], reduced myelin 
lipid phase transition temperature, suggesting differ- 
ences in the physical organization of the myelin lipid 
bilayer 1391, alterations of myelin membrane proteins 
and possibly of glial proteins [40), reduction in myelin 
basic protein 14 11, increased protein enzyme activities 
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Fig 2. 31 P three-dimensional magnetic resonance spectroscopic im- 
aging measurements displaying angulated transuerse magnetic 
resonance image (TRITE = 2,500130 mer) and spectroscopic 
images of total 71 P, phosphornonoesters (PME), and phosphodies- 
ters (PDE). In this color presentation red represents higher con- 
centration and blue represents lower concentration. Typical re- 
gions from which spectra wwe selected are indicated Sy circular 
voxel outlines. (A) Control: metabolites are symmetrically dis- 
tributed. IB) Moderate areas ofperivefitriculrlr lesions: 40-year- 
old woman with multiple sclerosis (MS). Sekction of periuentricu- 
h r  lesions increases the probability of cmbrospinallpuid (CSF) 

contamination within the uoxel, which wouka' reduce the SIN 
but not alter the metabolite ratios. 31 P metabolites are not pres- 
ent in CSF to a detectable &gee. Metabolites are asymmetricalh 
distributed in spectroscopic images. PME and PDE reductions 
are noted in both lesion and normal-appearing white matter re- 
gions. (C) Sing& uoxel(27 cr) 31P spectra from control centrum 
semiwale white matter, MS normal-appearing white matter, 
and MS ksion. Peak assignments are kabeled. Both PME and 
PDE are reduced in the MS ksion and normal-appearing white 
matter spectra compared to control. 
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TabIe 2. Phosphorus MRSI Metabolite Ratios and Peak Integrals for Control White Matter, 
MS NomI-appearing White Matter, and M S  Lorions 

Metabolite 

Control 
(n = 191 spectra 
from 16 subjects) 

MS NAWM 
(n = 30spectra 
from 13 subjects) 

MS Lesions 
(n = 39 spectra 
from 13 subjects) 

PME/total 31P 
PDE/total 31P 
PWtotal 31P 
Pi/totd 31P 
y-ATPltotal 31P 
a-ATP/total 31P 
B-ATP/total 31P 
Total 31P 

0.16 f 0.00 
0.40 f 0.00 
0.18 f 0.00 
0.06 k 0.00 
0.20 f 0.00 
0.18 f 0.00 
0.13 f 0.00 

2,321 f 109 

0.15 f 0.01 
0.39 f 0.01 
0.21 f 0.01b 
0.06 f 0.00 
0.20 f 0.01 
0.19 f 0.01 
0.13 f 0.01 

1,571 f 46b 

0.18 f 0.01 
0.36 f 0.01' 
0.19 f 0.01 
0.06 f 0.00 
0.21 f 0.01 
0.21 f 0.01 
0.17 f 0.01 

1,371 f 49b 

Data given as mean 5 SEM. Total "P is the sum of the peak integrals of PME, Pi, PDE, PCr, y-ATP. 
' p  < 0.05, corrected for multiple comparisons (to test major hypotheses regarding alterations in neuronal density and phospholipid metabolism;. 
bp < 0.001, uncorrected for multiple comparisons (to test for trends). 
MRSI = magnetic resonance spectroscopic imaging; MS = multiple sclerosis; NAWM = nod-appearing white matter; PME = phospho- 
monoesters; PDE = phosphodiesters; PCr = phosphocreatine; Pi = inorganic phosphate; ATP = adenosine triphosphate. 

[34 ,  42 ,  431, the presence of perivascular lymphocytes 
and macrophages [ 4 4 ] ,  the presence of large numbers 
of T cells [ 4 5 ] ,  and increased jk RNA accumulation 
[ 4 6 } .  The current findings of 'H and 31P metabolite 
alterations in normal-appearing white matter in MS are 
consistent with these previously reported results. 

It is possible that some or all of the MRSI findings 
in normal-appearing white matter reflect inflammation 
and lesions that are below the spatial resolution of MRI 
1471. It is possible that the gap between MRI slices 
may have obscured detection of small MS lesions. It is 
also possible that inclusion of some degree of lesion in 
the voxels selected from normal-appearing white mat- 
ter, due to contamination from surrounding voxels, 
could result in alterations of metabolites in normal-ap- 
pearing white matter in MS. Several points, however, 
argue against contamination as an explanation for the 
metabolite alterations in normal-appearing white mat- 
ter in MS. First, metabolite alterations were observed 
in normal-appearing white matter of MS brains with 
few lesions (see Fig 2B). Second, normal-appearing 
white matter changes in MS were detected with 'H 
MRSI in which the voxel size is small and there is less 
risk of tissue contamination. Third, all metabolites in 
normal-appearing white matter in MS did not show the 
same degree of change. For example, in MS normal- 
appearing white matter NAA was decreased and Cho 
was unchanged, whereas in MS lesions NAA was de- 
creased and Cho was increased. Therefore, although it 
is possible that inclusion of lesion tissue may contribute 
to the metabolite alterations in normal-appearing white 
matter in MS, this explanation is unlikely. 

In conclusion, the ability of proton and phosphorus 
MRSI to demonstrate abnormalities in white matter 
areas that appear normal on MRI in patients with MS 

suggests that this technique is a more sensitive measure 
of the biochemical changes that occur in MS than stan- 
dard spin echo MRI. Until the current findings are 
replicated, however, the results should be interpreted 
with caution. Nevertheless, such MRSI changes mdy 
reflect an early stage of a process that leads to acute 
or chronic demyelination, and thus might provide dn 
important tool for the in vivo biochemical evaluation 
of the natural history of the disease. 

- 
This investigation was supported, in part, by a postdoctoral fell( w- 
ship from the National Multiple Sclerosis Society (C.A.H.) and by 
NIH grants ROl-DK33293 (M.W.W.), R01-CA48815 (A.A.N.), 
HL07192 (J.W.H.), and 5ROlMH45680 (G.F.), Philips Mecid 
Systems, and the Department of Veterans Affairs Medical Reserrch 
Service (M.W.W.). 

We thank Dr J. M. Constans for his assistance with data analysii. 

References 
1. Simmons ML, Frondoza CG, Coyle JT. Immunocytochec-icd 

localization of N-acetyl-aspartate with monoclonal antibodi!es. 
Neuroscience 199 1;45:37-45 

2. Arnold DL, Matthews DM, Francis G, Antel J. Proton magretic 
resonance spectroscopy of human brain in vivo in the evalu;irion 
of multiple sclerosis: assessment of the load of disease. Alyn 
Reson Med 1990;14:154-159 

3. Miller DH,  Austin SJ, Connelly A, et al. Proton magnetic !':so- 
nance spectroscopy of an acute and chronic lesion in muiriple 
sclerosis. Lancet 199 1 ;3 3 7: 58-59 (Letter) 

4. Wolinsky JS, Narayana PA. Proton magnetic resonance c e c -  
troscopy and multiple sclerosis. Lancet 1991;337:362 ( k w r l  

5. Matthews PM, Francis G, Antel J, Arnold DL. Proton magnetic 
resonance spectroscopy for metabolic characterization of 
plaques in multiple sclerosis. Neurology 1991;41:1251-l~j6 

6. Arnold DL, Matthews PM, Francis GS, et al. Proton magnetic 
resonance spectroscopic imaging for metabolic characterizmon 
of demyelinating plaques. Ann Neurol 1992;3 1:235-241 

7. Van Hecke P, Marchal G, Johannik K, et al. Human brain 

proton lo( 
Reson Mc 

8. den Holli 
spectroxc 
ple sclero 

9. Koopman 
spectroscc 
Reson M, 

10. HustedC 
scopic im 
Med 199 

11. Grossma! 
troscopy 

12. Cerdan Z 
detection 
1986;3:4 

13. Murphy 
lipid bib 
Reson M 

14. Kilby PI 
phospho 
1085:25 

15. Norton 
volving : 
Press, l! 

16. Mooyaa~ 
specrros 
tion wid 
stract) 

17. Minded 
phorus 
Arch N 

18. Cadow 
chemic2 
Neurol 

19. van der 
"P ma( 
tive cer 

20. Lacomi 
times o 
Med l! 

21. Larssor 
tion of 
multipl 

22. Miller 
measu 
tory ce 
331-3 

23. Brainir 
'*nom 
during 
sessed 
chiatry 

24. AITIS€ 
detern 
patien 
113 

25. Douss 
gic en1 
tion u 
483-r 

26. Forti 

164 Annals of Neurology Vol 36 No 2 August 1994 



- 

- 

- 

n). 

10- 

ire 

are 
Led 
lay 
Ute 

ion 

m- 

an 

- 
low- 
d by 
M.), 
dical 
:arch 

sis. 
-- 

mical 
)dies. 

gnetic 
iation 
Magn 

reso- 
dtiple 

spec- 
:mer) 
gnetic 

1256 
gnetic 
izarion 
1 
I brain 

XI Of 

L - -  - - -  

proton localized NMR spectroscopy in multiple sclerosis. Magn 
Reson Med 1991;18:199-20(1 

6 den Hollander JA, Gravenmade EJ, Marien AJH, et al. H-1 
spectroscopic imaging depicts focal metabolic changes in multi- 
ple sclerosis. J Magn Reson Imag 1991;1:156 (Abstract) 

~ ’ ,  Koopmans RA, Zhu G, Li DKB, et al. Localized proton MR 
spectroscopy of the evolution of multiple sclerosis. Soc Magn 
Reson Med 1992;Works in Progress:1058 (Abstract) 

10. Husted CA, Hugg JW, de Bie SH, et al. ‘Hand ” P  MR spectro- 
scopic imaging ( MRSl ) of multiple sclerosis. SOC Magn Reson 
Med 1991;1:83 (Abstract) 

1 :, Grossman R1, Lenkinski RE, Ramer KN, et al. MR proton spec- 
troscopy in multiple sclerosis. AJNR 1992;13:1535-1543 

1:. Cerdan S, Subramanian VH, Hilberman M, et al. 31P NMR 
detection of mobile dog brain phospholipids. Magn Reson Med 

1.;. Murphy EJ, Rajagopalan B, Brindle KM, Radda GK. Phospho- 
lipid bilayer contribution to 31P NMR spectra in vivo. Magn 
Reson Med 1989;12:282-289 

li. Kilby PM, Bolas NM, Radda GK. 31P-NMR study of brain 
phospholipid structures in vivo. Biochim Biophys Acta 1991; 

15. Norton WT‘, Cammer W. Chemical pathology of diseases in- 
volving myelin. In: Morel1 P, ed. Myelin. New York: Plenum 
Press, 1984:371 

16. Mooyaart EL, Kamman RL, Minderhoud JM, et al. 31P NMR 
spectroscopy in patients with multiple sclerosis (MS): a correla- 
tion with clinical data. SOC Magn Reson Med 1989;1:456 (Ab- 
stract) 

1’. Minderhoud JM, Mooyart EL, Kamman RL, et al. In vivo phos- 
phorus magnetic resonance spectroscopy in multiple sclerosis. 
Arch Neurol 1992;49: 16 1- 165 

IS. Cadoux-Hudson TAD, Kermode A, Rajagopalan B, et al. Bio- 
chemical changes within a multiple sclerosis plaque in vivo. J 
Neurol Neurosurg Psychiatry 1991;54: 1004-1006 

19. van der Knaap MS, van der Grond J, Luyten PR, et al. ‘H and 
’lP magnetic resonance spectroscopy of the brain in degenera- 
tive cerebral disorders. Ann Neurol 1992;3 1 :202-2 11 

N. Lacomis D, Osbakken M, Gross G. Spin-lattice relaxation (T1) 
times of cerebral white matter in multiple sclerosis. Magn Reson 
Med 1986;3:194-202 

2 1. Larsson HBO, Frederiksen J, Kjaer L, et al. In vivo derermina- 
tion of T1 and T2 in the brain of patients with severe but stable 
multiple sclerosis. Magn Reson Med 1988;7:43-55 

2 1 .  Miller DH, Johnson G, Tofts PS, et al. Precise relaxation time 
measurements of normal-appearing white matter in inflamma- 
tory central nervous system disease. Magn Reson Med 1989;ll: 

25.  Brainin M, Neuhold A, Reisner T, et al. Changes within the 
“normal” cerebral white matter of multiple sclerosis patients 
during acute attacks and during high-dose cortisone therapy as- 
sessed by means of quantitative MRI. J Neurol Neurosurg Psy- 
chiatry 1989;52: 1355- 1359 

24. Armspach J-P, Gounot D, Rumbach L, Chambron J. In vivo 
determination of multiexponenrial T2 relaxation in the brain of 
patients with multiple sclerosis. Magn Reson Imag 1791;9:107- 
113 

25. Dousset V, Grossman RI, M e r  KN, et al. Experimental aller- 
gic encephalomyelitis and multiple sclerosis: lesion characreriza- 
tion with magnetization transfer imaging. Radiology 1992;182: 
483-491 

26. Forti A, Bydder GM, Hajnal JV, Young IR. Use of diffusion 

1986;3:432-439 

1085:257-264 

331-336 

weighted magnetic resonance imaging in multiple sclerosis. Soc 
Magn Reson Med 1991;1:86 (Abstract) 

27. Larsson HBW, Thomsen C, Frederiksen J, et al. In vivo mag- 
netic resonance diffusion measurement in the brain of patients 
with multiple sclerosis. Magn Reson Imag 1992;10:7-12 

28. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: 
An expanded disability status scale (EDSS). Neurology 1983; 

29. Sipe JC, Knobler RL, Braheny SL, et al. A neurologic rating 
scale (NRS) for use in multiple sclerosis. Neurology 1984;34: 

30. Hochberg Y. A sharper Bonferroni procedure for multiple tests 
of significance. Biometrika 1988;75:800-802 

31. Allen IV, McKeown SR. A histological, histochemical and bio- 
chemical study of the macroscopically normal white marcer in 
multiple sclerosis. J Neurol Sci 1979;41:81-91 

32. Allen IV, Glover G, Anderson R. Abnormalities in the macro- 
scopically normal white matter in cases of mild or spinal multiple 
sclerosis (MS). Acta Neuropath01 (Bed) 1981;(suppl V11): 176- 
178 

33. Newcombe J, Woodroofe MN, Cuzner ML. Distribution of 
glial fibrillary acidic protein in gliosed human white matter. J 
Neurochem 1986;47:17 13-17 19 

34. Hirsch HE, Parks ME. A thiol proteinase highly elevated in and 
around the plaques of multiple sclerosis. J Neurochem 1979;32: 

35. Cumings JN. Lipid chemistry of the brain in demyelinating dis- 
eases. Brain 1955;76:554-563 

36. Gerstl B, Kahnke MJ, Smith JK. et al. Brain lipids in multiple 
sclerosis and other diseases. Brain 1961;84:310-319 

37. Winterfeld M, Debuch H.  The glycerophospholipid content of 
the white matter of normal and MS brains. J Neurol 197’;215: 

38. Gopfert E, Pytlik S, Debuch H.  2’,3’-Cyclic nucleotide 3’- 
phosphohydrolase and lipids of myelin from multiple sclerosis 
and normal brains. J Neurochem 1980;34:732-739 

39. Chia LS, Thompson JE, Moscarello M. Alteration of lipid-phase 
behavior in multiple sclerosis myelin revealed by wide-angle 
x-ray diffraction. Proc Natl Acad Sci U S A 1984;81:187 1-1874 

40. Newcombe J, Cuzner ML, Roytta M, Frey H. White matter 
proteins in multiple sclerosis. J Neurochem 1980;34:700-708 

41. Wood DD, Moscarello MA. Is the myelin membrane abnormal 
in multiple sclerosis? J Membrane Biol 1984;79:195-201 

42. Einstein ER, Csejtey J, Dalal KB, et al. Proteolytic activity and 
basic protein loss in and around multiple sclerosis plaques: com- 
bined biochemical and histochemical observations. J Neuro- 
chem 1972; 19:653-662 

43. Arstila AU, Riekkinen P, Rinne UK, Laitinen L. Studies on the 
pathogenesis of multiple sclerosis. Eur Neurol 1973;9: 1-20 

44. Prineas J. Wright RG. Macrophages, lymphocytes and plasma 
cells in the perivascular compartment in chronic multiple sclero- 
sis. Lab Invest 1978;38:409-421 

45. Traugotr U, Reinhen EL, Raine CS. Multiple sclerosis: distribu- 
tion of T cells, T cell subsets and la-positive macrophages in 
lesions of different ages. J Neuroimmunol 1983;4:201-22 1 

46. Yu JS, Hayashi T, Seboun E, et al. Fos RNA accumulation in 
multiple sclerosis white matter tissue. J Neurol Sci 1991;103: 

47. Newcombe J, Hawkins CP, Henderson CL, et al. Histopathol- 
ogy of multiple sclerosis lesions detected by magnetic resonance 
imaging in unfixed postmortem central nervous system tissue. 
Brain 1991;114: 101 3-1023 

33: 1444-1452 

1368-1 372 

505-5 13 

261-272 

209-2 15 

Husted et d: MRSI of Multiple Sclerosis 165 


