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Abstract

Objectives—To investigate whether proton
magnetic resonance spectroscopy (‘H
MRS) can detect neuronal metabolic
changes in the cortical region in patients
with cortical dysfunction after subcortical
infarction.

Methods— Fifteen patients with subcorti-
cal large (diameter=20 mm) infarcts were
studied; nine patients with cortical dys-
function (group A), and six without
(group B). Seven patients with lacunar
infarction served as controls. Infarct vol-
ume was measured on T2 weighted images
with an image analyser. 'H MRS data were
obtained in three regions; high signal
intensity area on T2 weighted image,
overlying cortex with a normal T2 MRI
appearance, and contralateral homolo-
gous cortical region.

Results—Infarct volume was not different
between groups A and B. N-acetylas-
partate (NAA)/creatinet+phosphocreatine
(Cr) ratios in the cortical region overlying
subcortical infarcts in group A were
significantly lower than those in group B
and the control group (p=0.002). The
NAA/Cr ratios in the overlying cortex
were significantly lower than those in the
contralateral normal cortex in group A on
the initial (p=0.015) and follow up
(p=0.028) 'H MRS, but these differences
were not found in group B and the control
group.

Conclusions—The results support the
idea that the cerebral cortex is a responsi-
ble location for cortical dysfunction after
subcortical infarctions. 'H MRS can be
used as a sensitive method for the detec-
tion of a neuronal metabolic damage,
which is not demonstrated by conven-
tional MRI.

(¥ Neurol Neurosurg Psychiatry 2000;69:222-227)
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Cortical dysfunction such as aphasia or neglect
after subcortical infarction involving the stria-
tum or the internal capsule has been known for
a long time and ranges from 30% to 80%,' but
the mechanism is still controversial. Four
mechanisms have been stressed as explanations
for cortical dysfunction after subcortical is-
chaemic infarcts’ *: (1) the participation of the
striatum or internal capsule in language
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processing or spatial attention as a component
of specific corticosubcortical circuits’”’; (2) the
disruption of connecting fibres between corti-
cal centres® ’; (3) the functional deactivation of
cortical centres by the subcortical lesion
(“diaschisis”)'* ''; and (4) selective neuronal
loss (“elective parenchymal necrosis” or “in-
complete infarction™) of the cortex caused by
critical hypoperfusion with the preservation of
a structural shape.””

Recently, localised water suppressed proton
magnetic resonance spectroscopy (‘H MRS)
has opened up a new field for pathophysiologi-
cal studies of cerebral ischaemia and infarction,
and it can non-invasively measure various
metabolites in the human brain, including
N-acetylaspartate (NAA), creatine including
phosphocreatine (Cr), choline containing
phospholipids (Cho), and lactate (Lac).
N-Acetylaspartate is a compound localised
exclusively in neurons and neuronal proc-
esses,' ” thus it is used as a neuronal marker to
study the number of viable neurons in brain
tissue. In stroke, the decrease of NAA in the
infarcted area is well known,'** but the change
was found in the region with a normal MRI
appearance in other neurological disorders.”"

We hypothesised that '"H MRS could detect
the neuronal metabolic changes which were
not demonstrated by conventional MRI, if
neuronal damage occurred in the cortical
region of patients with cortical dysfunction
after subcortical infarction. Therefore, we per-
formed this study to determine whether there
was a change in NAA resonance intensity
within the cortex overlying subcortical infarcts.

Patients and methods
SELECTION AND EVALUATION OF PATIENTS
In this prospective study, 15 consecutive
patients with large (diameter=20 mm) subcor-
tical infarcts on initial MRI were included.
Neuropsychological tests for cortical symp-
toms or signs including aphasia, neglect, agno-
sia, cortical sensory loss, or Gerstmann’s
syndrome were performed. We divided the
patients into two groups: group A comprised
nine patients (six men and three women, mean
age (SD), 59.8 (9.4) years) who presented with
aphasia (n=5) or neglect (n=4); group B com-
prised six patients (two men and four women,
mean age (SD), 64.2 (13.8) years) without
cortical symptoms or signs.

All patients underwent MRI/MR angio-
graphy and diffusion weighted imaging on a
1.5 T system with echoplanar imaging capabil-
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ity (Signa Horizon, Echospeed; General Elec-
tric Medical Systems). Conventional MRI
consisted of transverse T2 weighted sequences
(repetition time (TR)/echo time (TE), 4000/
98) and sagittal T1 weighted sequences
(TR/TE, 450/10) with 5 mm thick slices.
Diffusion weighted imaging was obtained in
the transverse plane using a single shot
echoplanar spin echo pulse sequence with
6500/107, one excitation, and two b values (0
and 1000 s/mm?). The diffusion gradient pulse
duration was 31 ms with a gradient separation
of 33 ms and a gradient strength of 2.16 g/cm.
Diffusion gradients were applied simultane-
ously along the three axes (x, 3y, 2).

In groups A and B, all patients had single
large (diameter=20 mm) subcortical infarcts
in the territory of the lenticulostriate arteries or
centrum semiovale sparing the cortex. In group
A, six patients had occlusion or severe stenosis
of the middle cerebral artery (MCA); two had
internal carotid artery (ICA) occlusion; and
the remaining one showed normal angio-
graphic findings. In group B, five patients had
normal MR angiographic findings, and only
one showed severe stenosis of the MCA. Seven
patients (six men and one woman, mean age
(SD), 59.7 (15.5) years) with lacunar infarcts
(diameter<15 mm) in the territory of the len-
ticulostriate arteries, who showed no cortical
symptoms or signs, served as controls. In the
control group, all had normal intra/extracranial
arteries on MR angiography. No patient in any
group had additional cortical ischaemic lesions
on diffusion weighted imaging.

Infarct volumes were calculated from the T2
weighted images using image analyser (TINA
version 2.10 g) as follows; infarct volume
(cm”)=the sum total of infarct area on each
MRI slice (cm?*)x(slice thickness (0.5 cm)+gap
between each slice (0.25 cm)).

Brain single photon emission computed
tomography (SPECT) was performed on
selected patients of groups A and B. Consecu-
tive Tc-99m-HMPAO brain perfusion SPECT
studies were done before and after acetazola-
mide administration (20 mg/kg acetazolamide;
Tc-99m-HMPAO 555 MBq before acetazola-
mide, 1110 MBq after acetazolamide).

'H MRS EVALUATION

All '"H MRS examinations were performed on a
1.5 T MR unit, the circular polarised head coil
being used for imaging and spectroscopy. To
define voxels of interest (VOIs), T2 weighted
MR imaging preceded the spectroscopy. Spec-
troscopic data were obtained in three VOIs: (1)
subcortical region containing high signal inten-
sity on T2 weighted image; (2) overlying cortex
with a normal T2 signal intensity; and (3) con-
tralateral homologous cortical region (fig 1).
The size of VOI as determined on MRI was
2x2x2 cm’ in all cases. At follow up examina-
tions great care was taken to place the VOI in
the same location as before, guided by
anatomical landmarks in the images. The
homogeneity of the magnetic field over VOIs
was optimised with the spatially selective
PRESS sequence by observing the proton MR
signals of tissue water. Water suppression was
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Figure 1 Axial T2 weighted MRI slice of patient 6 with
right striatocapsular infarction. The voxels of interest for the
spectroscopy (white rectangle) are shown superimposed on
MR imaging; (1) infarcted area with T2 high signal
intensity, (2) overlying cortex with a normal T2 signal
intensity, and (3) contralateral homologous cortical region.

performed by using the presaturation method
(CHESS). Typical full widths at half maximum
of 4-8 Hz were achieved. TEs of 272 ms and
136 ms, and TR of 2 seconds were used, which
resulted in a total acquisition time of 4 minutes
16 seconds for 128 scans. After the zero filling
of 4096 points in all free induction decay data,
an exponential line broadening (centre: 0 ms,
half time: 150 ms) was applied before Fourier
transformation, and zero order phase correc-
tion was applied to all spectra. Interactive
baseline correction carried out by calculating
the second order polynomial of the manually
defined baseline re-established a flat baseline in
those spectra with large residual water signal.
Identification of resonances detected on all
MR spectra was made (NAA (2.02 ppm), Cho
(3.20 ppm), Cr (3.0 ppm), and Lac doublet
(1.33 ppm)). Spectral intensities were defined
as the peak heights determined from flat base-
lines on MR spectra. To avoid operator bias,
three spectral intensities were measured after
correcting the baseline and phase of MR spec-
tra each time, and the resultant mean values
were used for the analysis performed in the
present study. The Cr signal was used as a
stable internal reference, and all of the spectra
were scaled to Cr equivalently. As we were
unable to calculate absolute metabolic concen-
trations, concentrations were expressed as the
ratio between peak intensities (Cho/Cr, NAA/
Cr, and Lac/Cr ratios) in proton MR spectra of
three VOIs. The decrease in NAA/Cr ratio was
interpreted in terms of neuronal damage.

We performed 'H MRS studies in acute or
early subacute stage (mean (SD), 5.9 (2.5)
days, 2-10 days after stroke onset) in all
patients. We also obtained '"H MRS data in the
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Table 1  Clinical, MRI, and angiographical characteristics of patients with subcortical large infarction

Nolsex/age Cortical symptoms (duration) Lesion on MRI  Angiography SPECT

Patients with cortical symptoms after large subcortical infarctions (group A):

1/M/65 Global aphasia » motor aphasia (persistent*) Lt CR, SC Lt ICA occlusion | P and R in Lt MCA territory
2/M/58 Mild global aphasia (5 days) Lt SC Lt MCA severe stenosis | P and R in Lt MCA territory
3/M/69 Visual neglect, sensory extinction (4 days) Rt CR, SC Rt MCA inferior occlusion —
4/M/71 Visual and sensory neglect (10 days) Rt CR Rt MCA occlusion | P and R in Rt MCA territory
5/F/61 Global aphasia » motor aphasia (persistent*) Lt CR Lt MCA severe stenosis —
6/F/47 Mild asomatognosia (3 days) Rt SC Rt MCA occlusion —
7/M/63 Anomic aphasiat (7 days) Rt SC WNL | P in Rt MCA territory
8/M/61 Global aphasia (persistent*) Lt SC,CR Lt ICA occlusion —
9/F/43 Asomatognosia (3 days) Rt SC Rt MCA occlusion —

Patients without cortical symptoms after large subcortical infarctions (group B):
10/M/54 — Rt SC WNL | P in Rt inferior F lobe
11/F/72 — Rt SC WNL —
12/F/75 — Rt SC Rt MCA severe stenosis —
13/F/53 — Lt SC WNL | Pin Lt F-P lobes
14/F/49 — Lt SC WNL —
15/M/82 — Lt SC WNL —

SPECT=single photon emission computed tomography; P=perfusion; R=reserve; | =decreased; SC=striatocapsular; CR=corona radiata; WNL=within normal lim-
its; ICA=internal carotid artery; MCA=middle cerebral artery; F=frontal; F-P=frontoparietal.
*These patients had persistent cortical dysfunctions at their latest follow up.

FLeft handed person.
late subacute or chronic stage (mean (SD), compared Cho/Cr and NAA/Cr ratios of over-
41.3 (42.1) days, 22-163 days after stroke lying cortex (NAA/Cr,,.,,,,) and those of the
onset) in 11 patients (seven in group A, two in  contralateral cortex (NAA/Cr,,, ue) 10 €ach
group B, and two in the control group) to group by Wilcoxon signed ranks test. A p
investigate whether the changes of intensity value< 0.05 was considered statistically signifi-
ratio were persistent or not. The operator was cant.
blind to patients’ clinical information.
Results
STATISTICAL ANALYSIS CLINICAL FEATURES
Firstly, we compared infarct volumes between Table 1 summarises the sex, age, cortical
groups A and B by Mann-Whitney U test. Sec- symptoms, location of infarctions, and angio-
ondly, we compared intensity ratios of Cho/Cr, graphic and SPECT findings. The duration of
NAA/Cr, and Lac/Cr in the infarcted area and  cortical symptoms was transient in six patients
overlying cortical region between groups A and and persistent during the follow up period in
B by Mann-Whitney U test and among three three patients. All but one of group A had
groups by Kruskal-Wallis test. Thirdly, we severe stenosis or occlusion of the MCA or
A

\\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\ \\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\
Overlying cortex Contralateral cortex Overlying cortex Contralateral cortex
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Figure 2 'H MR spectra from two patients with cortical dysfunction. In patient 6 (A) decreased NAA/Cr ratio in the cortex overlying the subcortical
infarct on initial examination(B) was persistent on follow up examination. (C) In patient 3 a decrease in NAA/Cr in overlying cortex on initial
examination (D) was reversible on follow up examination.
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Table 2 Group comparisons of intensity ratios of Cho/Cr,
NAA/Cr, and Lac/Cr in infarcted area and overlying
cortical region among three groups

Ratios Group A Group B Control
Initial study (infarcted area):
Cho/Cr* 1.43 (0.28) 1.27 (0.28) 1.25 (0.24)
NAA/Cr* 1.00 (0.24)  1.10(0.18)  1.80 (0.28)
Lac/Cr* 2.02(0.68) 1.52(0.64) 0.79 (0.70)
Initial study (overlying cortex):
Cho/Cr 1.16 (0.20)  1.21(0.34) 1.18(0.12)
NAA/Crt 1.88 (0.18) 2.21 (0.26) 2.37 (0.19)
Lac/Cr 0 (0) 0 (0) 0 (0)
Follow up study (infarcted area)i:
Cho/Cr 2.13(0.47) 1.72 (0.70)  2.32 (0.83)
NAA/Cr 1.20 (0.38)  1.49 (0.34)  1.47 (0.11)
Lac/Cr 1.44 (1.20)  0.34 (0.48) 1.15 (0.68)
Follow up study (overlying cortex)3:
Cho/Cr 1.21 (0.24)  0.93 (0.16)  1.37 (0.12)
NAA/Cr 1.75 (0.30)  2.15(0.10)  2.39 (0.18)
Lac/Cr 0 (0) 0 (0) 0 (0)

Values are mean (SD).

*Not significantly different between Groups A and B (Mann-
Whitney U test).

1Significantly lower in Group A than in Group B and control
group (p=0.002, Kruskal-Wallis test).

}Statistical analysis was not done because of small sample size in
Group B and control group.

ICA, and only one of group B had severe MCA
stenosis. Brain SPECT was performed in four
patients of group A, and showed decreased
perfusion and reserve capacity in ipsilateral
MCA territory to subcortical infarcts. Brain
SPECT findings in two patients of group B
showed mildly decreased perfusion in ipsilat-
eral frontal or frontoparietal cortex to subcorti-
cal infarcts.

GROUP COMPARISONS
Infarct volumes in patients of group A (mean
(SD), 9.42 (2.47) cm’) did not differ from
those in patients of group B (mean (SD), 9.86
(3.13) cm®) by Mann-Whitney U test.
Representative MR spectroscopic data in
two patients with cortical dysfunction are
shown (fig 2). Metabolite intensity ratios of
Cho/Cr, NAA/Cr, and Lac/Cr in the infarcted
area were compared between groups A and B
and no differences were found. Cho/Cr, NAA/
Cr, and Lac/Cr ratios in overlying cortex were

3 A Group A (initial study)

_ 25
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compared among the three groups. Only NAA/
Cr e Was significantly different (p=0.002,
Kruskal-Wallis test, table 2). On the initial 'H
MRS study, NAA/Cr,,,, in group A (mean
(SD), 1.88 (0.18)) was significantly lower than
those in group B (mean (SD), 2.21 (0.26))
(p=0.021, Mann-Whitney U test). Compared
with the control group (mean (SD), 2.37
(0.19)), NAA/Cr,,, Of group A was signifi-
cantly lower (p=0.001, Mann-Whitney U test).
However, such a difference was not found in
NAA/Cr,, ., between group B and control
subjects.

INDIVIDUAL GROUP COMPARISONS AND TEMPORAL
CHANGES OF NAA/CR . 1o

Cho/Cr, NAA/Cr, and Lac/Cr ratios of overlying
and contralateral cortex were compared for each
group. In group A, only NAA/Cr,,, (mean
(SD), 1.88 (0.18)) was significantly lower than
NAA/Cr,, e (Mean (SD), 2.36 (0.25)) on the
initial MRS examination (p=0.015, Wilcoxon
signed ranks test). This difference remained sig-
nificant in follow up examination (mean (SD),
1.75 (0.30) v 2.41 (0.27)) (p=0.028, Wilcoxon
signed ranks test). These differences, however,
were not found in patients of group B and the
control group (fig 3).

The follow up '"H MRS studies were per-
formed in seven patients of group A. Five
patients (1, 2, 4, 5, and 6) of group A showed
more decreased NAA/Cr,,.,,, in the follow up
studies than those on the initial studies (fig 2
(A), (B)), and these patients had severe stenosis
or occlusion of the MCA or ICA. Brain SPECT
was performed in three of them, and demon-
strated decreased perfusion and reserve capacity
in the ipsilateral MCA territory to subcortical
infarcts. The other two patients (3 and 7) of
group A showed relatively normal NAA/Cr...
values on follow up studies (fig 2 (C), (D)); they
also showed improvement of cortical dysfunc-
tion. Patient 3 had inferior divisional occlusion
of the MCA with good collaterals, and patient 7
showed normal angiographic findings with

3 B Group A (follow up study)

25

2

NAA/Cr

1.5
J

Overlying cortex Contralateral cortex

3 D Group C (initial study)

NAA/Cr

Overlying cortex Contralateral cortex

Figure 3 Comparison berween NAA/Cr ratios of overlying cortex and those of the contralateral homologous region: the
patients with cortical dysfunction show decreased NAA/Cr ratios in overlying cortex compared with those in the
contralateral cortex on (A) initial and (B) follow up studies. There is no significant difference in NAA/Cr ratios between
overlying cortex and contralateral cortex in (C) the patients without cortical dysfunction and (D) control subjects.
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decreased perfusion in the MCA territory on
SPECT. Two patients in group B had follow up
'H MRS studies; Patient 9 showed mildly
decreased perfusion in the inferior frontal lobe
on SPECT, and showed decreased NAA/Cr,, ;..
on the initial study and a normal value at follow
up. The other patient in group B and two
patients in the control group did not show
significant temporal changes of NAA/Cr values
in overlying cortex.

Discussion

Several mechanisms have been put forward as
explanations for aphasia or neglect after
subcortical lesions. Previously, it was hypoth-
esised that the occurrence of cortical symp-
toms was directly attributed to subcortical
structures.’ ° Later, Weiller ez al* showed that
no particular subcortical structure was pre-
dominantly infarcted in patients with cortical
symptoms. We also could not find any
difference in Cho/Cr, NAA/Cr, and Lac/Cr
ratios in the infarcted area between the patients
with and those without cortical dysfunction.
Instead, our results showed that NAA/Cr ratios
in the overlying cortex in the patients with cor-
tical dysfunction decreased. Neuronal damage
as determined by the relative NAA resonance
intensity extends beyond the regions of abnor-
mality seen on conventional T2 weighted
images in patients with aphasia or neglect after
subcortical infarction in our study. These
patients showed decreased NAA/Cr values in
the cortex with a normal T2 signal intensity
overlying subcortical infarcts on the initial and
follow up 'H MRS studies. Some of them
showed impaired perfusion or reserve capaci-
ties in the ipsilateral cortex on brain SPECT.
Therefore, these results support the idea that
the cerebral cortex may be responsible for the
occurrence of cortical dysfunction after sub-
cortical infarction.

N-Acetylaspartate, which is located almost
entirely within neurons and their axons, is
reduced in many diseases, suggesting neuronal
injury or death. N-Acetylaspartate has been
considered a neuronal marker, thus decreases
have been taken to indicate a neuronal loss. In
our patients with cortical dysfunction, NAA
signals in the overlying cortex decreased in the
acute or early subacute stage and remained
decreased in the late subacute or chronic stage
of ischaemic infarctions. All but one of them
had occlusion or severe stenosis of the ICA or
MCA, resulting in reduced cortical perfusion
and reserve capacity. This cortical perfusion
may not be sufficient to keep cortical neurons
alive. Consequently, there may be selective
neuronal loss in the cortex leading to cortical
dysfunction, despite preserved cortical struc-
tural shape. From this point of view, neuronal
metabolic changes in the cortical region after
subcortical infarcts can be explained in terms
of “incomplete infarction”."”” Incomplete inf-
arction is characterised by the selective loss of
individual neurons with preservation of other
cells,” and can be quantified with the applica-
tion of a specific radioligand for the central
benzodiazepine receptor.” Selective neuronal
loss is the consequence of either a short term or

WWW. JANp. com

Kang, Roh, Lee, et al

permanent arterial occlusion accompanied by
ischaemia of moderate severity. During the
acute and subacute stages of an ischaemic
stroke, the loss of a limited number of neurons
does not result in structural changes discern-
ible by conventional MRI."

Cortical symptoms or signs were transient in
six patients in our study, even though decreases
in NAA/Cr, ., Dersisted in late subacute or
chronic stages in patients with cortical dysfunc-
tion. The restitution of cortical function
despite persistent cortical damage implies a
functional reorganisation. Sparing portions of
the subcorticocortical neural network supports
the recovery of cortical symptoms through a
functional reorganisation.’® According to the
concept of incomplete infarction, the number
of destroyed cortical neurons may determine
the potential for functional recovery.

The decrease of NAA was interpreted as a
sign of irreversible neuronal loss. However,
NAA can reflect a neuronal function as well as
the number of residual neurons. The fall in
NAA/Cr in our study tended to recover in fol-
low up '"H MRS studies in two patients of
group A and in one of group B. They showed
normal angiographic findings or only inferior
divisional occlusion of MCA with good collat-
erals, and two of them had decreased perfusion
in the superficial MCA territory with preserved
reserve capacity on SPECT. This reversible
component of a decrease in relative NAA signal
intensity was recently reported in several stud-
ies. Van der Grond et al”’ reported that the
NAA/Cho ratio in the symptomatic hemi-
sphere with no infarcts significantly increased
after carotid endarterectomy in some patients
with severe stenosis of the proximal ICA. They
thought that a neuronal loss was irreversible,
and changes in phospholipid metabolism,
which resulted in the changes of Cho, might
cause the increase in NAA/Cho after endarter-
ectomy. A decrease in NAA was also reported
to be reversible in demyelinating lesions or
mitochondrial encephalopathies.”” ** Further-
more, Hugg et al’® demonstrated normalisation
of NAA/Cr in unoperated contralateral tissue
after the surgical elimination of a seizure focus,
in patients with bilateral temporal lobe epi-
lepsy. Cendes et al’* reported that decreases in
NAA could be reversible in both ipsilateral and
contralateral temporal lobes after the success-
ful control of seizures by surgical removal.
They suggested that functional changes in
neurons affecting oxidative metabolism might
give rise to reversible changes in NAA
resonance intensity. Therefore, a decrease in
NAA may be not only the result of neuronal
loss but also the dynamic marker of physiologi-
cal or pathological dysfunction.” In our study,
three patients with a tendency of reversible
NAA/Cr might have functional deactivation
(“diaschisis”) of the cerebral cortex. Data on
MRS signal intensity of diaschitic tissue are
scarce. Fulham et al’ reported that there was a
marked reduction in NAA in a patient with a
longstanding diaschitic cerebellar hemisphere.
The reversibility of the NAA signal, however,
was not documented in that study. The tempo-
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ral changes in NAA resonance intensity in
diaschitic tissue need to be verified in the
future.

There are some limitations in our study.
Firstly, we used the single voxel "H MRS tech-
nique, which could analyse metabolites only in
limited areas. Thus we could not quantify the
metabolic status of other cortical regions, and
could not exactly delineate the extent and
severity of cortical neuronal damage. Further-
more, voxel placement was hard to control pre-
cisely. Secondly, we did not perform SPECT
studies on follow up 'H MRS studies. If we
had, we could have more definitely defined
whether the reversibility of NAA signals had
relied on functional deactivation.

In conclusion, our results of 'H MRS in
combination with conventional MRI support
the idea that direct involvement of the cerebral
cortex more conclusively explains the patho-
genesis of cortical dysfunction after subcortical
infarcts; '"H MRS may be a sensitive method for
evaluating neuronal damage in the cortex with
a normal T2 MRI appearance in subcortical
infarction.
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