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A modified lSlS method. for image-selected localized proton magnetic resonance spec- 
troscopy ( 'H MRS), was used to determine the ratios and T2 relaxation times of proton 
metabolites in normal subjects and in patients with chronic infarction and MRI white 
matter signal hyperintensities ( WMSH ). First. in patients with cerebral infarctions. increased 
concentrations of lactate were found in the majority of patients. and N-acetyl aspartate 
(NAA ) was reduced to a significantly greater extent than choline (Cho) or creatine (Cre ) .  
For TE = 270 ms, the raw ratios of Cho/NAA. Cre/NAA, and Lac/NAA were significantly 
( P  < 0.05) increased from 0.23 f 0.02 (mean f SE) ,  0.20 f 0.01. and 0.05 f 0.01. 
respectively in the normal group to 0.39 f 0.08.0.37 f 0.05. and 0.48 f 0.15 in the stroke 
group. Also. the T I  relaxation time of creatine was significantly ( P  = 0.007) increased 
from 136 ms in normal white matter to 171 ms in cerebral infarcts. Second. in patients 
with WMSH. no significant change of the proton metabolite concentrations could be 
detected with the exception of the choline which was significantly ( P  = 0.003) altered. 
The Cho/NAA ratio. after T2 and excitation profile correction. increased from 0.47 rt_ 

0.02 in the normal group to 0.64 f 0.05 in the WMSH group. Third. in normal white 
matter. the concentration of N-acetyl aspartate. choline, and lactate was estimated to 1 1.5. 
2.0. and 0.6 m.V, respectively. by assuming a total creatine concentration of 10 mM. 
C 1992 Academic Press. Inc. 

INTRODUCTION 

It is generally accepted that the major substrate of the brain is glucose which is fully 
oxidized to COz. Under conditions where oxidative production of ATP is not sufficient 
to meet the energy demands of ATP utilization, the rate of anaerobic glycolysis may 
exceed oxidative metabolism, leading to the production of lactic acid. Therefore brain 
lactate is increased by ischemia and epileptic seizure ( 1-4). Proton magnetic resonance 
spectroscopy ( 'H MRS) has been able to detect lactate in brain of experimental animals 
( 5 ,  6 )  and human subjects (7, 8). In a few cases, elevated brain lactate has been 
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observed in human cerebral infarcts (9, l o ) ,  suggesting that persistent ischemia or 
other processes which increase anaerobic glycolysis may be present. 

In addition to the measurement of lactate, ‘H MRS also detects the highly abundant 
amino acid, N-acetyl aspartate (NAA), in human brain. Considerable evidence exists 
to support the view that NAA is present primarily in neurons ( 11, 12). Therefore, 
NAA may be a marker of viable neurons. If NAA is a specific measure of neurons 
then disease processes which produce a selective loss of neurons should be associated 
with a decrease of NAA which is greater than the decrease of other metabolites. 

Many elderly subjects have been found to have regions of white matter which show 
increased intensity on T2-weighted MRI images (13, 14) .  These white matter signal 
hyperintensities (WMSH) have been referred to as “unknown bright objects” (i.e.. 
UBOs) or leukoaraiosis ( 1 5 ) .  Although the prevalence and extent of these phenomena 
are increased with aging, cerebrovascular disease, and dementia, the cause and clinical 
significance of WMSH are unknown, but it has been proposed that they represent 
regions of ischemic infarction (16). Alternatively, it is possible that WMSH represent 
a primary demyelinating process, unrelated to ischemia. 

The overall goal of these experiments was to investigate the changes of human brain 
metabolites associated with cerebral infarct and WMSH. The first goal was to test the 
hypothesis of coexistent ischemia in brain infarcts and WMSH. If increased lactate 
concentrations were detected, this would be consistent with the presence of ischemia. 
The second aim was to test the hypothesis that brain infarct and WMSH are associated 
with a greater loss of neurons than other cells (especially glia) causing a greater fall 
of NAA compared to choline and creatine. To achieve these goals, a modified ISIS 
method, for image-selected localized IH MRS, was used to determine concentrations 
of lactate, NAA, choline, and creatine in normal subjects and in patients with cerebral 
infarcts and WMSH. 

METHODS 

Human Subjects 

Seven normal volunteers (two female, five male, age = 30 ? 2, (mean k SD)). 
seven patients with chronic cerebral infarction or stroke (five female, two male, age 
= 70 k 4 years), and five patients (one female, four male, age = 67 _+ 2 )  with WMSH 
were studied. All experiments were approved by the UCSF Committee on Human 
Research and written consent was obtained from all subjects prior to study. 

All the patients with cerebral infarction had suffered no more than one stroke event 
( 12 k 4 months old, mean If: SD). All patients suffered from a right cerebral vascular 
accident due to a middle cerebral artery occlusion. This had immediately resulted in 
focal neurologic deficits such as hemineglect, hemiplegia, and in one case aphasia. At 
the time of the MRI/MRS examination, the neurologic status of the patients was 
stable. Two patients were diabetic, and hypertension was noted in three patients. 

All patients with WMSH were part of a previous study ( 1 6 )  where they received 
both medical, neuropsychological, and neurological assessments. One patient was di- 
abetic, and hypertension was noted in three patients. Two patients were determined 
to have global cognitive impairment based on neuropsychological testing. All patients 
underwent TI- and T2-weighted multislice axial MR imaging of the brain to determine 
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the presence and extent of WMSH. MR scans were interpreted by a board-certified 
neuroradiologist and the severity of the WMSH was graded from 0 to 4. The patients 
with the most extensive lesions were selected for the MRS examination. 

Medical, neuropsychological and neurological records obtained at the time of the 
MRS examination are described in Table 1. MRI grading of the WMSH patients and 
the age of the stroke event are also reported. 

Proton Spectroscopv 

'H MRS studies were performed using a Philips Gyroscan, MRI/MRS 2-T system, 
operating at 85.95 MHz. Subjects were positioned supine in the magnet with the head 
inside the proton spectroscopy head coil. Images and spectra were obtained with the 
spectroscopy head coil composed of two circular loops (diameter = 14 cm, separation 
= 16 cm) orthogonal to the Bo field. 

Prior to MRS, all patients underwent a TI-weighted sagittal (TR = 600 ms: TE = 
30 ms) and a T2-weighted multislice axial MR imaging of the brain, (TR = 2000 ms; 
TE = 30,60 ms). MRI was used to determine the presence, location, and anatomical 
extent of the lesions. MRS was performed on a volume of interest (VOI) of 30 ml 

TABLE 1 

Clinical Data of Patients with Cerebral Infarction and MRI White Matter Signal Hywrintensities 

Cerebral infarction 

Stroke 
Case Sex Age" ageb Hypertensive' Diabetic' Hemiplegia' Aphasia 

1 F 71 14 I 1 1 0 
2 F 74 10 0 0 0 0 
3 M 54 14 0 0 0 0 
4 M 84 14 I 0 0 0 
5 F 76 14 0 0 1 1 
6 F 69 15 0 0 I 0 
7 F 60 3 1 1 0 0 

MRI white matter signal hyperintensities 

MRI 
Diabetic' gradingd Hypertensive' Dementia' 

~ 

1 M 60 3.5 0 I 1 
2 M 65 4 I 1 0 
3 M 7.2 3.5 I 0 0 
4 F 66 3.5 0 0 0 
5 M 72 3 1 0 0 

Number of years. 
Number of months after onset of stroke. 
Medical and neurologic status of the patient. 
Severity of the WMSH graded from 0 to 4. 
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selected on the MRI to match closely the lesion. As the infarctions and WMSH were 
localized respectively in the fronto- and occipitoparietal white matter regions, the 
control values were obtained in normal subjects from a central VOI ( 4  X 2.5 X 3 
cm3) which encompasses white matter localized above the ventricles, as shown in Fig. 
1. The position of the coil was confirmed through observation of an external standard 
( hexamethylphosphorous triamide) placed at the center of one coil's loop. 

'H MR spectra were obtained using a modified ISIS sequence (17) .  Coordinates 
for the ISIS volume or VOI and outer volume suppression (OVS) regions were chosen 
from the MR images taken previously. 

The modified ISIS sequence consists of ( 1 ) an initial DANTE presaturation sequence 
(18) applied on the water resonance, followed by dephasing gradients; (2)  the ISIS 
localization sequence for selection of the VOI (19);  ( 3 )  outer volume suppression 
pulses are used to suppress regions outside of the VOI, much as the noise pulses are 
used in the OSIRIS experiment (20) ;  ( 4 )  a semiselective l-t-i-(TE/2)-2-t-Z spin- 
echo sequence acquisition sequence (21, 22); and ( 5 )  a postacquisition saturation 
pulse to reduce contamination during rapid repetition (23, 24). The ISIS sequence 
was implemented using frequency swept hyperbolic secant pulses (25) .  Sinc-cos slice- 
selective pulses (26) were used to suppress regions outside the VOI in order to further 
minimize subtraction artifacts and contamination. The sinc-cos pulse excited parallel 
slices and resulting transverse magnetization was dephased by gradient pulses applied 
simultaneously on the orthogonal axes. The OVS pulses were phase alternated to 
improve suppression. The OVS pulse sequence consisted of a triplet of 90" pulses 
applied with a gradient in each direction, and two additional pulses of 30" with the 
gradient applied in the left-right direction, to suppress possible contributions from 
high flux regions (27). The binomial 180" refocusing pulse was phase cycled with 
Exorcycle (28). 

Calibration of the 90" pulse power was achieved using a 2D ISIS sequence with a 
readout gradient along the ISIS column, e.g., along the left-right direction while the 
semi-selective pulses were replaced by block pulses (29 ) .  The 90" pulse length was 
set to 150 MS. 

Localized shimming was performed using only the OVS pulses for volume selection 
and block pulses in place of the semi-selective pulses. The linewidth of the water 
resonance was adjusted to 5 Hz. 

Proton spectra were acquired in 12.8 min (TR = 3 s, 256 scans) from a VOI of 30 
ml. Spectra using three different echo times of 270, 200, and 100 ms were obtained 
in patients. In normal subjects, extra echo times such as 150 and 40 ms were also 
acquired in order to measure more accurately the T2 relaxation times. The optimum 
of the binomial excitation profile was set between the N-acetyl aspartate and the lactate 
resonances, 250 Hz away from the water resonance. 

The spectra were processed using the NMRl data processing software. A convolution 
difference (exponential broadening 80 Hz, convolution factor 0.9 ) was applied and 

FIG. I .  ( a )  TI-weighted MRI coronal and ( b )  T2-weighted MRI axial obtained with the standard head 
coil from a normal subject show the position of the VOI ( 4  X 3 X 2.5 cm') which is centered above the 
ventricles in the middle of the cerebral white matter. 
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TABLE 4 

Patients with Stroke and WMSH 

i A  Cre/NAA LaC/NAA 

02 0.20 2 0.0 I 0.05 2 0.01 

01 0.36 f 0.02 0.04 f 0.01 
08* 0.37 2 0.05* 0.48 f 0.1 C* 
09* 0.49 f 0.07* 0.35 ? 0.15 
08 0.47 f 0.08 0.29 f 0. I 5 
02 0.12 f 0.01 0.1 1 f 0.07 
02 0.29 ~?r 0.02 0.06 t 0.02 
03 0.38 2 0.03 0.05 5 0.01 

01 0.27 f 0.02 0.05 f 0.01 

the normal group 

a1 line broadening factor of 1.5 Hz 
seline flattening procedure was ap- 
led from least squares curve-fitted 
etabolite peak ratios and T, relax- 

red t test were used to determine 
t groups. 

ith chronic infarction or WMSH. 
.ent echo times. From these spectra. 
T, relaxation times (Table 3) were 

tients with Stroke and WMSH 

NAA Lactate 

263 k 12 - 
231 f 38 225" 
233 2 29 - 

i 

the normal group. 

Proton Metabolite Ratios in Normal Subjects and Patients with Stroke and WMSH 

Cho/Cre Cho/NAA Cre/NAA LacINAA 

0.87 f 0.05 
0.97 f 0.10 

0.05 ? 0.01 
0.38 f 0.09** 

0.74 t 0.07 0.64 k 0.05** 0.86 f 0.06 0.07 t 0.03 

Normal 0.59 f 0.04 0.47 k 0.02 
Stroke 0.79 f 0.07* 0.70 & 0.05** 
WMSH 

A'orr. The ratios are corrected for T, and profile excitation. Values are means f SE. 
* P < 0.05 and **P < 0.01 obtained by unpaired r test when comparing the stroke and WMSH groups 

with the normal group. 

Normal White Matter 

In normal subjects, 'H spectra were obtained from a VOI-localized in the central 
white matter as shown on the T,-weighted sagittal image (Fig. l a )  and on the Tz- 
weighted axial image (Fig. 1 b ) .  From the spectrum displayed in Fig. 2a obtained from 
a normal volunteer, the peaks for the proton metabolites were assigned to inositol 
(Ino), choline (Cho), total creatine (Cre), aspartate (Asp). NAA, and lactate (Lac). 
The excellent spectral and sensitivity resolution obtained by this modified ISIS tech- 
nique is shown by the high signal/noise ( S / N )  ratio and clear separation of the res- 
onances. Furthermore, the efficiency of this technique is shown by the very low residual 

a I b 1 

5.00 4.00 3.00 2.00 1.00 0.00 2.00 0.00 
PPM PPM 

FIG. 2. ( a )  Proton spectrum acquired with TE = 270 ms, TR = 3 s. 256 scans. F = 250 Hz. from the 
central white matter region of a normal subject shown in Fig. 1. This spectrum shows the effectiveness of 
the water suppression. Peaks for the proton metabolites. inositol. choline. total creatine. aspartate. .V-acetql 
aspartate and lactate, free of lipid contamination, are displayed. ( b )  Stacked plot of the 'H MR spectra 
obtained from a VOI (30 ml) of normal white matter. The spectra of 256 scans were acquired with a 
repetition time TR = 3 s, a maximum excitation frequency F = 250 Hz. and three different echo times TE 
= 270,200, 100 ms. 
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water signal and the absence of lipid contamination. Because of these qualities, 'H 
spectra can be acquired from any place in the brain and enable the quantitation of 
all proton metabolites, and in particular the lactate. The ratio ofCho/Cre, CholNAA, 
Cre/NAA, and Lac/NAA was calculated for the different echo times. 

In each subject, several spectra (three minimum) were obtained at different echo 
times in order to estimate the T2 relaxation times. Fig. 2b displays a stacked plot of 
the 'H MR spectra obtained from a VOI (30 ml) of normal white matter for TE = 

100, 200, 270 ms. The use of short echo times increases the S/N ratio by reducing 
T2 losses in metabolites signal, which improves the observation of resonances with 
short Tz as creatine or even shorter as glutamate and glutamine. The estimation of 
T2 relaxation times of choline, creatine, and NAA are reported in Table 3. As 
shown in Fig. 2b and reported in Table 3, the value of creatine Tz is half of choline 
and NAA T2s. 

By using semi-selective pulses, the excitation profile is frequency-dependent and 
the signal intensity per unit volume from each metabolite is given by 

S = k.N-sin2(rff).[( 1 - exp(-TR/Tl)].exp(-TE/T2), [ I 1  
where k is characterized by the instrumental settings, N represents the number of spins 
per unit volume, fis the frequency shift between the water resonance and the metabolite 
resonance, t is the delay between the binomial pulses, TR is the repetition time, TE 
is the echo time, and T I  and T2 are the relaxation times. 

For quantitative purposes, the ratios of proton metabolite were corrected for T I  
(Table 3) and excitation profile (Eq. [ I ] ) .  Instead of measuring the TI relaxation 
times of the metabolites, a long repetition time ( 3  s) was used and the ratios were not 
corrected for TI saturation, which was very small under these conditions. In Table 4. 
proton metabolite ratios are reported after correction for T2 and excitation profile. 
Thus, by using the corrected ratios and assuming a creatine concentration of I O  mM. 
the concentrations of NAA were estimated to be 1 1.5 m M ,  of choline to be 2.0 mM. 
and of lactate to be 0.6 mM. 

Chronic Infarction 

In patients with 12 k 4 (mean k SD)-month-old chronic cerebral infarction, proton 
spectra were obtained from the infarcted region as shown in Fig. 3a. The major finding 
of these experiments is that lactate was detected in all patients and a very high con- 
centration was found in four patients, as displayed in Fig. 3b. In Table 2, the raw 
proton metabolite ratios of Cho/NAA, CrelNAA, and LaclNAA, obtained for dif- 
ferent echo times (TE),  showed a large increase in stroke patients compared to normal 
subjects. For TE = 270 ms, the ratios of Cho/NAA, Cre/NAA, and Lac/NAA were 
significantly increased from 0.23 rt 0.02, 0.20 2 0.01, and 0.05 k 0.01, respectively. 

FIG. 3. ( a )  T2-weighted axial MRI obtained with the standard head coil from a patient with a chronic 
infarction and showing the position of the VOI ( 4  X 2.5 X 3 cm3) which encompass the center of the 
infarction. ( b )  Stacked plot of the 'H MR spectra obtained from the patient with infarction. The spectra 
obtained under the same conditions as normal spectra showed a dramatic decrease of choline, creatine. and 
specially NAA concentrations, while there is a large increase of lactate. 
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in normal group to 0.39 f 0.08, 0.37 f 0.05, and 0.48 +. 0.15 in stroke group. The 
unchanged ratio of Cho/Cre confirmed that the decrease observed in Cho/NAA and 
Cre/NAA ratios reflects a large decrease of the NAA concentration (30%). Due to 
the large variations between subjects, the T2 relaxation times measured in patients 
with chronic infarction were not significantly different from the values of normal 
subjects, with the exception of the creatine T2 which increased significantly ( P  = 
0.007) from 136 to 17 1 ms. Thus, after T2 and excitation profile correction (Table 
4)  the ratios Cho/Cre, Cho/NAA, and Lac/NAA, were significantly increased while 
the Cre/NAA ratios obtained in the stroke and normal groups were no longer different. 

U’hite Matter Signal H-vperintensities 

Proton spectra were obtained from patients with the most extensive MRI WMSH 
graded from 3 to 4 (Fig. 4a). The spectra obtained from these patients showed no 
alterations (Fig. 4b). Also, the metabolite ratios reported in Table 2 showed no changes 
between the WMSH and normal groups. The T2 relaxation times measured in patients 
with WMSH were also not significantly different from the values ofthe normal groups. 
However, after T2 and excitation profile corrections, the Cho / NAA ratio was signif- 
icantly increased (P = 0.003) in patients with WMSH in comparison to normal subjects. 

DISCUSSION 

The major findings of these experiments were as follows: First, in patients with 
cerebral infarctions, increased concentrations of lactate were found in the majority ot 
patients, and NAA was reduced to a significantly greater extent than choline or creatine. 
Second, in patients with WMSH, no significant change of the proton metabolite con- 
centrations could be detected with the exception of the choline which was significant11 
increased . 

Chronic In fa rct ion 

The observation of increased lactate in patients with chronic infarction is important 
because it suggests that anaerobic glycolysis is increased compared to oxidative me- 
tabolism. The most common process which increases anaerobic glycolysis is inhibition 
of oxidative phosphorylation by ischemia, leading to decreased ATP and increased 
ADP, AMP, P , ,  all of which stimulate phosphofructokinase (30). Furthermore, isch- 
emia causes an increase of NADH, leading to a shift of the LDH lactate dehydrogenase 
reaction in the direction of lactate. Therefore, the presence of increased lactate is 
consistent with ischemia. 

However, it should be emphasized that ischemia is not the only cause of increased 
tissue lactate. In addition to changes in phosphorus metabolites, alkalosis also stimulates 
phosphofructokinase ( 31 ), causing increased lactate production. Several previous 
studies of animals (32) and humans (33) using NMR and PET (34) have observed 
alkalosis in cerebral infarcts. The PET studies suggest that the alkalosis was due to 
“luxury perfusion” (35). Therefore, it is possible that relatively increased cerebral 
blood flow (luxury perfusion), associated with a decrease of oxygen extraction factor 
(OEF) ( 3 6 )  and a lower tissue pCOz, causing intracellular alkalosis which selectively 
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spectrum. 
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stimulates glycolysis. Alternatively, it is possible that the conditions within the infarct 
cause a marked reduction of the redox state (Le., increased NADH) causing a shift 
of the lactate dehydrogenase reaction in the direction of lactate. Another possibility 
is that the cellular elements present in infarcts, phagocyte glia, and leukocytes produce 
large amounts of lactate (37). Finally, it is possible that the signal observed at 1.3 
ppm is not lactate. The methyl group of fatty acids is also detected in this region, 
represented by broad peaks without the characteristic 7-Hz splitting. Taurine pyruvate. 
and possibly other metabolites, could be responsible for this signal at 1.3 ppm, but 
most investigators assume that this resonance is predominantly lactate. 

In cerebral infarcts NAA was diminished to a greater extent than choline and creatine, 
leading to increased Cho/NAA and Cre/NAA ratios. Cerebral infarction is associated 
with necrosis of neuronal and glial cells (38), but neurons are more susceptible to 
ischemia. Furthermore, after the acute event, few glial elements and other cells regrow 
into the infarct, but neurons do not return. Analysis of brain tumors and other neuronal 
tissue has suggested that NAA is primarily present in neurons (11, 12). If this is the 
case then NAA could be used to quantitate the density of viable neurons in animal 
models and various neurological disorders. Similar to the present results, previous ‘H 
MRS studies have shown greater reduction of NAA compared to choline in tumors 
( 7 , 8 )  and infarctions ( 9, IO). Other factors might also be responsible for the decreased 
NAAfcholine and NAAJcreatine ratios. It is possible that both choline and creatine 
were increased; this appears unlikely especially because the spectra appear to have a 
reduced total intensity. It is also possible that alterations of TI and T2 of the metabolites 
contributed to the altered ratios. In fact, after T2 correction (Table 4 )  and because of 
the increase of creatine T 2 ,  the Cre/NAA ratios were not different between the stroke 
patients and the normal subjects. The biochemical equilibrium between the phospho- 
creatine and the free creatine should keep the total creatine concentration constant. 
The increase of creatine T2 in infarction might reflect an increase of the free creatine 
pool which may have a higher T2 than phosphocreatine. 

White Mutter Signal Hyperintensities 

The present experiments were designed to determine if ischemia was present in 
WMSH causing increased lactate, or a selective loss of NAA. No change of raw ratios 
was observed, nor was increased lactate detected. Only, after T2 correction. the Cho/ 
NAA ratio was significantly increased. This result, due to the decreased T2 of choline 
in patients with WMSH, may suggest an alteration of white matter phospholipids. 

However, the problem with this study is that the WMSH were distributed in a 
patchy fashion throughout various white matter regions. The volume of tissue sampled 
by the ‘H MRS ISIS technique was not filled by WMSH and signal was also obtained 
from adjacent normal tissue. Therefore, the failure to detect metabolite abnormalities 
in WMSH does not necessarily indicate a lack of metabolic change, but may simply 
reflect the poor spatial resolution and insensitivity of the method employed. A future 
direction is to use IH MR spectroscopy imaging ( ‘H MRSI) which obtains MR spectra 
from a number of small volume elements within the brain. This would facilitate met- 
abolic analysis of specific regions filled with WMSH. 

‘H MRS OF NORM 

Normal White Mutter 

In normal subjects, the concentri 
from the central white matter VOI i 
The values obtained for NAA ( 1 1 .C 
in normal white matter are in gooc 
although our T2 values were generi 
ratios (Table 2 )  corrected only for 1 

K = 0.45 for choline and K = 0.63 
= 3000 ms are equal to Cho/ NAA 
are in excellent agreement with the 
Hecke et al. ( 4 5 ) .  

The technique used in this study 
and semi-selective pulses in a spin- 
obtain spectra with high s/ N ratic 
time. With the exception of Hans1 
were obtained using the stimulated 
2 loss in Sf N ,  or a double echo tt 
PRESS sequences which combine a( 
achieves localization prior to the 
times (TE + TM ) to be minimized 
S / N  by minimizing T2 and J -ma  
inversion pulses in the ISIS sequer 
degraded by use of higher sensitivi 
of the acquisition and localization 
in the spin-echo sequence and thei 

Finally, the problems involved i 
periments are similar to those for i 
disease. MRS is (compared to MRI 
acquires spectra from relatively l a g  
by the need for water and lipid st 
suppressions are not successful. ‘H 
echos (to assist with suppression ) H 

acquisition ): thus alterations of TI 
and it is not possible to measure 7 
image-guided “single volume” tec 
information from other regions of 
serve as normal reference regions. TI 
advantage over single volume tech 
periments. 

Notwithstanding the above-note 
increased lactate and relatively red1 
for ischemia, or are other mechan 
consistent with the view that NAA 
useful in assessing the quantity of 
neurologic disorders. 



AL. ‘H MRS OF NORMAL AND PATHOLOGICAL BRAIN 325 

,t the conditions within the infarct 
increased NADH) causing a shift 
ion of lactate. Another possibility 
ocyte glia, and leukocytes produce 
le that the signal observed at 1.3 
js is also detected in this region. 
: 7-Hz splitting. Taurine pyruvate. 
le for this signal at 1.3 ppm, but 
:dominantly lactate. 
:r extent than choline and creatine. 
5. Cerebral infarction is associated 
neurons are more susceptible to 
a1 elements and other cells regrow 
f brain tumors and other neuronal 
in neurons ( Z l ,  12). If this is the 
isity of viable neurons in animal 
o the present results. previous ‘H 
L compared to choline in tumors 
,o be responsible for the decreased 
le that both choline and creatine 
iuse the spectra appear to have a 
ns of T I  and T, of the metabolites 
rection (Table 4 ) and because of 
: not different between the stroke 
guilibrium between the phospho- 
creatine concentration constant. 
:t an increase of the free creatine 
tine. 

nine if ischemia was present in 
If NAA. No change of raw ratios 
ly, after T2 correction. the Cho/ 
le to the decreased T2 of choline 
if white matter phospholipids. 
e WMSH were distributed in a 
is. The volume of tissue sampled 
SH and signal was also obtained 
detect metabolite abnormalities 
:tabolic change, but may simply 
the method employed. A future 
IRSI) which obtains MR spectra 
brain. This would facilitate met- 

Normal White Matter 

In normal subjects, the concentration of NAA, choline, and lactate were estimated 
from the central white matter VOI assuming a total creatine concentration of I O  m M. 
The values obtained for NAA ( 1 1.5 mM), choline (2.0 mM), and lactate (0.6 m M )  
in normal white matter are in good agreement with those reported in the literature. 
although our T2 values were generally shorter (39-43) .  Also, if we compare the raw 
ratios (Table 2 )  corrected only for the excitation profile factor ( K  = sin2( sft), where 
K = 0.45 for choline and K = 0.63 for creatine), the ratios for TE = 270 ms and TR 
= 3000 ms are equal to Cho/NAA = 0.36 and Cre/NAA = 0.40. Again, these ratios 
are in excellent agreement with the values obtained by Arnold et al. ( 4 4 )  and P. Van 
Hecke et al. ( 4 5 ) .  

The technique used in this study, a modified ISIS using outer volume suppression 
and semi-selective pulses in a spin-echo sequence, has the advantage of being able to 
obtain spectra with high S I N  ratio and very low residual water signal for any echo 
time. With the exception of Hanstock et af .  ( 3 9 ) ,  most of the other clinical results 
were obtained using the stimulated echo (STE) (40-43) ,  which results in a factor of 
2 loss in S I N ,  or a double echo technique (PRESS) (44.  4 5 ) .  Unlike the STE and 
PRESS sequences which combine acquisition and localization pulses, the ISIS sequence 
achieves localization prior to the excitation sequence allowing total echo evolution 
times (TE + TM) to be minimized. This reduction in echo evolution time maximizes 
S / N  by minimizing T2 and J-modulation losses. Additionally, the use of adiabatic 
inversion pulses in the ISIS sequence prevents the localization efficiency from being 
degraded by use of higher sensitivity nonhomogeneous coils. Finally, the separation 
of the acquisition and localization sequences allows the use of semi-selective pulses 
in the spin-echo sequence and their intrinsic water suppression capabilities. 

Finally, the problems involved in the performance and interpretation of these ex- 
periments are similar to those for all in vivo MRS studies, especially those of human 
disease. MRS is (compared to MRI. CT, PET) a relatively insensitive technique which 
acquires spectra from relatively large volumes of tissue. ‘H MRS is further complicated 
by the need for water and lipid suppression and the possibility of artifacts if these 
suppressions are not successful. ‘H MR spectra are almost always obtained using spin 
echos (to assist with suppression ) with rapid repetition (to increase efficiency of signal 
acquisition): thus alterations of T I  or T2 relaxation times will alter signal intensities 
and it is not possible to measure TI and T2 in every human experiment. Finally, the 
image-guided “single volume” technique used in the present study fails to provide 
information from other regions of brain which might be abnormal. or which might 
serve as normal reference regions. Thus MRSI, using phase encoding, offers a substantial 
advantage over single volume techniques such as the ISIS method used in these ex- 
periments. 

Notwithstanding the above-noted problems, the present experiments demonstrate 
increased lactate and relatively reduced NAA in cerebral infarction. Is lactate a marker 
for ischemia, or are other mechanisms responsible? The relatively reduced NAA is 
consistent with the view that NAA is a neuronal marker. Therefore, ’H MRS may be 
useful in assessing the quantity of neurons in brain infarction, dementias, and other 
neurologic disorders. 

i 
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