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Carotid occlusive diseases may cause ischemic changes in both
the gray matter and the white matter as a result of hemodynamic
compromise. To validate the use of proton magnetic resonance
spectroscopy (MRS) in evaluating the carotid occlusive diseases,
we compared changes in peaks of choline, in the sum of creatine
and phosphocreatine, and in N-acetyl-aspartate (NAA) of the
white matter with cortical oxygen metabolism measured by PET.
Methods: Eleven patients with unilateral steno-occlusive carotid
artery disease underwent PET and MRS. Ten age-matched
healthy volunteers underwent MRS. No subjects had cortical
infarction. MRS was performed bilaterally in the centrum semi-
ovale. Regional blood flow, regional metabolic rate of oxygen
(rCMRQ,), and regional oxygen extraction fraction (rOEF) of the
cerebral cortex were measured by the steady-state method with
150 gas. Results: The asymmetry index of the ratio of NAAto the
sum of creatine and phosphocreatine (NAA/Cr) correlated posi-
tively with the asymmetry index of rtCMRO, (r = 0.77; P < 0.01).
Because rCMRO, is a marker of tissue viability, the NAA/Cr of the
centrum semiovale may reflect viable neuronal cells. The asym-
metry index of the ratio of choline to the sum of creatine and
phosphocreatine (Cho/Cr) showed a significant positive correla-
tion with the asymmetry index of rOEF (r = 0.65; P < 0.05). All
but 1 patient with an increased Cho/Cr (>1.03) showed an
increase in rOEF of the ipsilateral cortex (>0.56). This finding
may indicate membrane damage caused by ischemia, because
the centrum semiovale is the deep watershed zone. Conclusion:
The metabolic changes in the centrum semiovale detected by
proton MRS reflect a hemodynamically compromised state and
are useful in evaluating tissue viability.
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Hemodynamic abnormality is found in three quarters of
patients with carotid artery occlusion (/). Severe carotid
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stenosis decreases regional cerebral blood flow (rCBF).
With an inadequate collateral circulation through the circle
of Willis, perfusion pressure in the territory of the occluded
artery may fall below the lower limit for autoregulation of
rCBE When a maximally dilated arterial bed can no longer
maintain rCBF at normal levels, a decline in rCBF starts. In
misery perfusion, or an oxygen supply that cannot meet the
demand because of decreased rCBF, a compensatory in-
crease in the regional oxygen extraction fraction (rOEF)
occurs. If the decrease in rCBF is moderate, the regional
cerebral metabolic rate of oxygen (rCMRO,) may be
maintained by increased rOEF. Once the reserve of oxygen
is exhausted, however, any further transient drop in perfu-
sion pressure decreases ”CMRO; (2).

PET with 0O gas is now clinically available to evaluate
these pathologic conditions. For chronic occlusive carotid
artery disease, revascularization was found to be effective
when misery perfusion occurs (3). In patients with misery
perfusion, improvement of the perfusion pressure by revas-
cularization was found to result in complete cessation of the
transient ischemic attack and normalization of the PET
finding (4). Measurements of rCMRO, with PET accurately
distinguish viable from nonviable cerebral tissue and may be
useful in the prospective identification of patients with
reversible ischemia (5). Hence, PET has proved the most
feasible method of evaluating treatment by means of rCBF
and oxygen metabolism.

To evaluate other metabolic changes, magnetic resonance
spectroscopy (MRS) is also clinically available. MRS has
been applied to various pathologic conditions, such as
cerebral ischemic injury, brain tumor, and multiple sclerosis
(6-12). A decline in the N-acetyl-aspartate (NAA) concentra-
tion indicates a loss of neurons (7,10,13). Changes in the
levels of choline compounds suggest the destruction of cell
membranes (/2). An increase in the lactate concentration
indicates the development of anaerobic glycolysis
(7,10,14,15). Evaluation of these parameters may provide
additional information about biochemical changes in chronic
occlusive cerebrovascular diseases. Van der Grond et al. (/6)
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examined patients with stenosis of the internal carotid artery
before and after endarterectomy with proton MRS. They
found that patients without the lactate peak before endarter-
ectomy showed a significant increase in the NAA ratio and
recovery to a normal level after endarterectomy. Proton
MRS enables a noninvasive chemical analysis in vivo,
because the proton is the most sensitive stable nucleus for
MRS and almost all metabolites contain protons (/7). Proton
MRS can detect ischemic brain regions by means of changes
in metabolites such as lactic acid or NAA, which is believed
to be of neuronal origin. However, few MRS studies have
examined chronic occlusive cerebrovascular disease.

Carotid occlusive diseases may cause ischemic change in
both the gray matter and the white matter as a result of
hemodynamic compromise. PET is suitable for evaluation of
the oxygen metabolism of the gray matter, whereas MRS can
easily be performed on the white matter. The purpose of this
study was to validate the applicability of proton MRS for
evaluating the carotid occlusive diseases. Metabolic changes
in the white matter measured by MRS were compared with
the cortical oxygen metabolism and rCBF of the gray matter
measured by PET.

MATERIALS AND METHODS

Subjects

Eleven patients with unilateral steno-occlusive carotid artery
disease (7 men, 4 women; age range, 54-84 y; mean age, 67.0 y)
were included in the study. All patients underwent digital subtrac-
tion angiography, MRI, MRS, and PET. To evaluate the ischemic
effect on the centrum semiovale and adjacent gray matter, both of
which are perfused by the cortical branches of the carotid arteries,
we selected the patients with, first, unilateral stenosis or occlusion
of the internal carotid artery or unilateral middle cerebral artery
stenosis localized in the M1 portion revealed by digital subtraction
angiography and, second, no cortical infarction confirmed by MRI.

All patients had transient or minor persistent symptoms of ischemic
attack in the territory of the middle cerebral artery or internal
carotid artery. All patients were examined within 12 wk after the
onset of symptoms. Digital subtraction angiography showed that 5
patients had unilateral internal carotid artery occlusion and 4 had
internal carotid artery stenosis (>=>70% reduction). All patients with
internal carotid artery occlusion had collateral vessel circulation
through the anterior portion of the circle of Willis. Absence of
collateral circulation from the vertebrobasilar system through the
posterior portion of the circle of Willis was confirmed by digital
subtraction angiography. In all patients with internal carotid artery
stenosis, the carotid artery distribution of the affected hemisphere
was perfused mainly through the stenosed carotid artery. Two other
patients showed middle cerebral artery stenosis (>70% reduction)
in M1 without any abnormality in the distal portion. The affected
region was perfused mainly through the stenosed middle cerebral
artery. Absence of cortical infarct was confirmed by absence of
anatomic changes indicating cortical infarction by T2-weighted
whole-brain MRI and by absence of rCBF defects by PET. Table 1
summarizes the patient data.

Ten age-matched healthy volunteers (3 men, 7 women; age
range, 46 to74 y; mean age, 64.3 y), who served as a control group,
underwent MRI and MRS. None had ever suffered a cerebral event,
and MRI of the brain showed normal findings for all. The ethical
committee of Fukui Medical University approved the protocol, and
all subjects gave written informed consent for the study. All
procedures for both PET and MRS were in accordance with
institutional guidelines.

PET Measurement

The PET study was performed using a whole-body PET scanner,
Advance (General Electric Medical Systems, Milwaukee, WI). The
spatial resolution of the reconstructed clinical PET images is 6 mm
full width at half maximum at the center of the field of view, and
axial resolution is 4 mm. Before the emission scan, a 10-min
transmission scan was obtained using 2 rotating ’Ge-%8Ga pin
sources for attenuation correction. The tissue activity concentration
in the images was cross calibrated against the well counter using a

TABLE 1
Clinical, Radiographic, and PET Data for 11 Patients with Steno-Occlusive Carotid Artery Disease
rCBF rCMRO, rOEF
Patient  Age Angiography (mL/100 g/min) (mL/100 g/min) (mL/100 g/min)
no. (y) Sex finding | o] | Cc I o] Neurologic signs
1 56 M R ICAS (99) 23.4 271 2.52 3.01 0.64 0.55 TIA, multiple
2 60 F R MCAS (75) 39.7 57.2 2.61 3.71 0.49 0.48 TIA, single
3 65 F R MCAS (70) 40.1 445 3.94 4.13 0.62 0.57 TIA, single
4 68 M RICAO 50.6 52.7 3.80 3.90 0.44 0.44 TIA, single
5 66 M RICAO 23.5 39.1 1.93 3.07 0.57 0.47 TIA, multiple
6 64 M RICAO 33.1 40.6 2.70 3.06 0.50 0.49 Lower limb numbness
7 74 F LICAO 42.0 471 3.20 3.57 0.49 0.49 TIA, single
8 84 M L ICAS (99) 47.5 63.6 3.25 3.67 0.52 0.53 TIA, single
9 75 M R ICAS (90) 29.6 29.3 222 247 0.50 0.50 Lower limb numbness
10 72 F R ICAS (90) 47.6 48.4 2.70 2.70 0.43 0.41 TIA, multiple
1" 54 M LICAO 27.7 35.2 2.45 3.00 0.55 0.53 mild R hemiparesis

1 = ipsilateral to affected side; C = contralateral to affected side; ICAS = internal carotid artery stenosis; TIA = transient ischemic attack;
MCAS = stenosis of M1 portion of middle cerebral artery; ICAQ = internal carotid artery occlusion.

rCBF, rCMRO, and rOEF are averaged values for 80 regions of interest placed on gray matter in territory of middle cerebral artery and
anterior and posterior watersheds. Patient 10 had diabetes mellitus. Values in parentheses are percentage stenosis.
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cylindric phantom filled with '8F solution. The head of each subject
was immobilized with a head holder and positioned parallel to the
canthomeatal line using a light beam. The subjects wore a light,
disposable plastic mask and nasal cannula for inhalation of O gas
produced by a small cyclotron (Oscar 3; Oxford Instruments,
Oxon, UK). To calculate rCBF, rCMRO,, and rOEF images, a
steady-state inhalation method for '"O-labeled CO, CO,, and O,
with intermittent arterial blood sampling was adopted (/8).

The regions of interest were placed on the gray matter of the
affected and unaffected cerebral hemispheres. in the territory of the
middle cerebral artery and anterior and posterior watersheds.
Eighty circular regions of interest, 6 mm in diameter, were placed
on each side. A hemispheric value was calculated as the average of
the middle cerebral artery. anterior watershed, and posterior
watershed.

MRI and MRS

MRI and proton MRS were performed with a 1.5-T system
(Horizon; General Electric Medical Systems). Anatomic MR
images were obtained with a Tl-weighted sagittal spin-echo
sequence (repetition time. 350 ms; echo time, 14 ms) and a
T2-weighted transverse fast spin-echo sequence (repetition time,
3500 ms; echo time, 84 ms). The slices were 5 mm thick, and the
matrix was 256 X 192,

Proton MRS was performed using the point-resolved spectros-
copy pulse sequence (2000/28) with a voxel size of 8 cm®. All
spectra were prescanned with automated software (probe-P; Gen-
eral Electric Medical Systems) that adjusts the radiofrequency, its
transit power and water-suppression pulse power, and the magnetic
field homogeneity. Volumes of interest were placed in the white
matter of the centrum semiovale. for which MR imaging confirmed
the absence of infarction. Two volumes of interest were placed in
the affected, and 1 in the unaffected, centrum semiovale in the
patient group (Fig. 1). For the control group, a volume of interest
was placed in the centrum semiovale of 1 side.

The areas of 3 major peaks, including choline (3.2 ppm), the sum
of creatine and phosphocreatine (3.0 ppm), and NAA (2.0 ppm),
were measured by an automated data analysis package (SA-GE:
General Electric Medical Systems) (/9). No absolute metabolite
quantification was attempted, because the peak intensity depends
on the acquisition and processing parameters. Instead, all results
are given as values relative to the peak of the sum of creatine and
phosphocreatine at 3.0 ppm. This peak reflects total creatine
concentration, which is constant because of equilibrium between
phosphocreatine and free creatine (20) and is known to be
unchanged during the development of cerebral ischemia and under
various pathologic conditions (8-/0,13).

Data Analyses

An asymmetry index, defined as (ipsilateral — contralateral)/
(ipsilateral + contralateral) X 2 X 100%, was used to analyze the
relationship between the relative MRS data and the PET value.
Statistical significance was assessed with the Mann-Whitney test
for comparing the patients” MRS data with that of the healthy
volunteers. Linear regression analysis and the Pearson correlation
coefficient were used to examine the relationship between the
asymmetry index of MRS measurements and that of PET param-
eters. P < 0.05 was considered significant.

RESULTS

Table 1 summarizes the PET measurements. Three pa-
tients showed a markedly high cortical rOEF value (>0.56,

MRS AND PET ofF CAROTID ARTERY DISEASE * Tsuchida et al.

FIGURE 1.

Three regions of interest (20 X 20 mm) for proton
MRS placed bilaterally in centrum semiovale, 2 on affected side
(right) and 1 on unaffected side (left), superimposed on transaxial
T2-weighted image of patient 1.

patients 1, 3, and 5). In healthy volunteers. the ratio of NAA
to the sum of creatine and phosphocreatine (NAA/Cr) was
.64 = 0.13 (mean = SD) and the ratio of choline to the sum
of creatine and phosphocreatine (Cho/Cr) was .89 = 0.07.
NAA/Cr and Cho/Cr of the affected hemisphere showed no
significant difference. Hence, the values of the 2 volumes of
interest were averaged to represent the affected hemisphere.
NAA/Cr in the affected hemisphere of patients decreased
significantly compared with that of the healthy volunteers
(P < 0.05), whereas that in the unaffected hemisphere of
patients did not. Cho/Cr did not differ significantly between
healthy volunteers and patients in either the affected or the
unaffected hemisphere. The asymmetry index of NAA/Cr
correlated significantly with that of rCMRO, (r = 0.77: P <
0.01) and rCBF (r = 0.73; P < 0.05; Fig. 2; Table 2). No
significant correlation was found between the asymmetry
index of NAA/Cr and that of rOEF (Table 2). The asymme-
try index of Cho/Cr correlated significantly with that of
rOEF (r = 0.65; P < 0.05; Fig. 2) but did not correlate with
that of rCMRO, or rCBF (Table 2). Patients | and 5, who
experienced multiple transient ischemic attacks, showed the
most prominent asymmetry in rOEF and a correlational
change in Cho/Cr. Patient 3, who had a single transient
ischemic attack, showed a less prominent elevation of rOEE.
Patient 5 also showed the most asymmetric decrease in
rCBF and rCMRO, ipsilateral to the affected side. The most
prominent asymmetric decrease in Cho/Cr was seen in
patient 11, who had mild right hemiparesis (Fig. 2C),
causing the correlation coefficient to be less significant (r =

1359



>
- n
o Qo (=]
L 1 1

[

-

o
L

Al of NAA/Cr ratio (%)
S

0 40 30 20  -10 0 10
Al of rCBF (%)

Al qf NAA/Cr ratio (%)

.#5
-50

.50 -45 -40 -35 -30 -25 20 -15 -10 -5 0
Al of rCMRO; (%6)

0O

- NN
g ¢ &

-
[~
1

Al of Cho/Cr ratio (%)

#11

'
-
w

5 0 5 10 15 20
Al of rOEF (%)

FIGURE 2. Significant positive correlation of asymmetry index
of NAA/Cr with that of rCBF (r = 0.73; P < 0.05) (A) and rCMRO,
(r = 0.77; P < 0.01) (B). (C) Significant positive correlation of
asymmetry index of Cho/Cr with that of rOEF (r = 0.65; P <
0.05). Al = asymmetry index; #1, #5, and #11 = patients 1, 5, and
11, respectively.

0.65 if patient 11 is included, and r = 0.84 if that patient is
excluded). Three of 4 patients with a high Cho/Cr on the
affected side (>1.03, the mean + 2 SD of the control group)
had a markedly increased cortical rOEF value (>0.56) on

TABLE 2

Correlation Between Percentage Change in Asymmetry

Index for MRS and PET
MRS PET Correlation coefficient
NAA/Cr rCBF 0.73*
rCMRO, 0.771
rOEF 0.38
Cho/Cr rCBF 0.23
rCMRO; 0.20
rOEF 0.65*
*P < 0.05.
1P < 0.01.

the same side. In 7 patients with a normal Cho/Cr, the rOEF
ranged from 0.44 to 0.55 (mean * SD = 0.49 * 0.04) (Fig.
3). In no patient was the peak of lactate, at approximately
1.35 ppm (20), distinguishable from other signals in the
spectra.

DISCUSSION

The centrum semiovale is the deep watershed zone
supplied by the distal intraparenchymal penetrating arteri-
oles and is the most distal white matter area perfused by the
cortical branches of the carotid arteries. In carotid occlusive
diseases, ischemic changes in the deep watershed reflect
hemodynamic insufficiency (27). The centrum semiovale
may be at least as vulnerable as the cortical gray matter to
ischemic changes caused by carotid occlusion. Thus, in-
creased rOEF in the gray matter may indicate misery
perfusion of both gray and white matter. From a technical
point of view, the centrum semiovale is suited for perform-
ing accurate spectroscopy of white matter without contami-
nation by gray matter or subcutaneous fat. In PET, the
radioactivity in the white matter is sparse because of a lower
rCBF in this area, resulting in less accurate parameter
estimation, particularly of rOEF, than in gray matter. Hence,

1.4+
1.3 [ ]

-
n
h
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ho/Cr ratio

the mean+2SD of
S 0.9 o o normal Cho/Cr ratio

T 1 L)
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FIGURE 3. Absolute rOEF plotted against Cho/Cr of affected
hemisphere. Horizontal line indicates mean + 2 SD of normal
Cho/Cr (1.03).
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we compared PET measurements of rOEF and rCMRO, in
the gray matter with spectroscopic information obtained
from the centrum semiovale.

We used the asymmetry index to determine the relation-
ship between MRS measurements and PET parameters.
Powers et al. (22) reported that the wide range of normal
values for absolute measurements with PET makes detection
of abnormalities difficult. The use of hemispheric ratios
takes advantage of the basic symmetry of the brain to
improve sensitivity for identifying localized disease (22).
The ratio technique, however, allows only 1 hemisphere to
be classified as abnormal and permits no conclusion about
the opposite hemisphere. Hemodynamic status in the hemi-
sphere contralateral to a severe carotid stenosis cannot be
assumed to be normal, because of the possibility of interhemi-
spheric shunting of blood (23), making quantitative measure-
ments important. These 2 methods of analysis therefore
complement each other (22). On the other hand, rCBF and
rCMRO;, in the gray matter decrease with age, whereas
rOEF remains fairly stable (/8,24). Because patient age was
not uniform in this study, we applied an asymmetry index to
rCBF and rCMRQO,, whereas the absolute rOEF was plotted
against Cho/Cr.

We have observed that the asymmetry index of NAA/Cr
in the centrum semiovale significantly correlated with that of
averaged rCMRO,; of gray matter. NAA is an amino acid
found almost exclusively in neuronal cells (6,25). A consen-
sus is emerging that the level of NAA detected with proton
MRS is an index of neuronal viability in brain tissue. NAA is
depleted in or absent from infarcted tissue (7). rCMRO,, on
the other hand, is a good indicator of tissue viability (26).
Our results indicate that the NAA/Cr of the centrum
semiovale may be used as a marker of brain tissue viability.
The asymmetry index of NAA/Cr also significantly corre-
lated with that of averaged cortical rCBF. This result may be
compatible with the fact that 8 patients showed matched
perfusion without an increase in rOEF. In the state of
matched perfusion, decreased rCBF correlates with de-
creased rTCMRO,. To confirm whether NAA/Cr reflects
rCMRO,, studies that include more patients in the misery
perfusion state, in which rCMRO, is preserved while rCBF
decreases, are necessary.

The asymmetry index of Cho/Cr correlated significantly
with that of rOEF Serving as an index of the oxygen
carriage reserve, rOEF gives information on the balance
between the oxygen supply to the brain and the demand from
the brain tissue. Areas with an increased rOEF exhibit poor
autoregulation (27) or poor CO, responsiveness (28). At the
site of dysautoregulation, rCBF promptly decreases with a
reduction in cerebral perfusion pressure. An elevated rOEF
implies vulnerability to a reduction in cerebral perfusion
pressure and a tendency to develop cerebral infarction
because of hemodynamic factors (29). Actually, 2 patients
with the most prominent asymmetric increase in rOEF in
this study experienced multiple transient ischemic attacks.
On the other hand, the choline signal in proton MRS in vivo

MRS AND PET ofF CAROTID ARTERY DISEASE * Tsuchida et al.

consists predominantly of glycerophosphocholine and phos-
phocholine (30), which are involved in membrane synthesis
and degeneration (3/). Elevation of the choline signal was
reported in demyelinating conditions such as multiple sclero-
sis (/2,32-34) and adrenoleukodystrophy (35). The eleva-
tion of choline resonance in these conditions may be caused
by the increased visibility of myelin membrane degeneration
products, primarily glycerophosphocholine (35). An experi-
mental study with primates indicated a transient increase in
the choline concentration at the stage of severe vasospasm
after subarachnoid hemorrhage, when MRI showed no
apparent infarction (36). The increase in choline signal
intensity preceded the changes in signal intensity shown by
T2-weighted MRI in a patient with acute stroke of the
middle cerebral artery (37). These results indicate that the
increase in choline signal intensity is seen in ischemia
without apparent morphologic changes on MRI. Free, extra-
cellular choline output from the brain has been shown to
increase during focal ischemia (38-39). In this study, the
increase in Cho/Cr in the centrum semiovale of the affected
side may indicate membrane damage caused by chronic
ischemia that had not yet developed into apparent morpho-
logic changes. The centrum semiovale may suffer from an
ischemic insult at the stage at which the oxygen metabolism
of the cerebral cortex is compensated by increased rOEF.
This notion is supported by the significant correlation
between the Cho/Cr of the centrum semiovale and the
cortical rOEF in this study. The correlation in turn indicates
that the Cho/Cr of the centrum semiovale may be an
indicator of hemispheric rOEF, a good marker for an
indication that surgical cerebral revascularization is war-
ranted (2).

One patient with a high Cho/Cr and a relatively low rOEF
(0.43) by PET had diabetes mellitus (Table 1). Because
diabetic patients have an elevated Cho/Cr (40), we suppose
the high Cho/Cr of this patient was caused by the diabetes
mellitus.

No patient showed a lactate peak in this study. The
relatively low lactate concentration in normal brain tissue is
regarded as an indicator of anaerobic glycolysis (20). This
finding is consistent with the relatively well maintained
rCMRO, of the patients (Table 1).

CONCLUSION

Metabolic changes revealed in the centrum semiovale by
proton MRS can indicate a hemodynamically compromised
state and an elevated rOEF in patients with unilateral
steno-occlusive carotid artery disease. The anatomic and
blood flow changes of ischemia can be evaluated with MRS
equipment in clinical settings, adding relevant metabolic
information.
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