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ABSTRACT

BACKGROUND Keywords: Dementia, psychology,

In patients with mild cognitive impairment (MCI), poor performances on delayed recall
and executive function are risk factors of progression to dementia. The aim of the present
study was to clarify neural correlates of these neuropsychological deficits.

METHODS

Thirty patients with amnestic MCI and 15 control subjects underwent neuropsychologi-
cal tests including three-word delayed recall, visual delayed recall of Rey complex figure
SIICF). and two-relational reasoning of Raven's colored progressive matrices (RCPM) with a
8f-fluorodeoxyglucose (FDG)-position emission tomography (PET) measurement of rest-
ing state. We evaluated a relationship between performance of neuropsychological tests
and regional cerebral glucose metabolism using voxel-based analysis.

RESULTS

Poor performance in three-word delayed recall was related to glucose hypometabolism
in the right medial temporal, right prefrontal, and left superior parietal cortices. The
deficit in visual delayed recall of RCF correlated positively with hypometabolism in the
bilateral posterior cingulate. The impairment in two-relational reasoning was associated
with hypemetabolism in the right prefrontal cortex.

CONCLUSIONS

The present findings suggest that hypometabolism in the right medial temporal cortex,
right prefrontal cortex, left superior parietal cortex, and bilateral posterior cingulate
reflects impairments in delayed recall while hypometabolism in the right prefrontal cortex
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mirrors deficits in executive function in MCL.

Introduction

Mild cognitive impairment (MCI) has been postulated as a pro-
dromal state of dementia. More than half of patients with MCI
are estimated to progress (o dementia within 5 years.! How-
ever, some seem (o remain stable or even return to normal
over time. One of the risk factors for progression to dementia
in patients with MCl is poor performance on delayed recall and
executive function.?* Although it is tempting to presume neu-
roanatomical substrates causing this poor performance based
on the findings of healthy subjects, the substrates underlying
the cognitive process may be partly reorganized in the diseased
brain of patients with MCI possibly due to neurodegenerative
changes or functional compensation.

Neuronal substrates underlying delayed recall and executive
function have been largely unexplored in MCI whereas those
have been well studied in Alzheimer’s disease (AD). It might be
possible to speculate that patients with MCI share similar but

milder changes, at least in part, with those in AD. Neuroimag-
ing studies in MCI suggest that impairments in verbal episodic
memory are associated with glucose hypometabolism in the
right medial temporal cortex and bilateral posterior cingulate,
and volumetric decrease in the bilateral medial temporal cor-
tex. %5 Meanwhile, series of studies in AD have already demon-
strated that the impairments are related to hypometabolism in
the bilateral medial temporal cortex, posterior cingulate, and
prefrontal cortex™!! and atrophy in the lefi medial tempaoral
cortex and bilateral inferior frontal gyrus.'>'

As for deficits in visual episodic memory in MCI, neural cor-
relates are still unclear while many studies have shown that the
deficits in AD are linked to hypometabolism in bilateral tem-
poral and parietal cortex.%%17.1% Neural substrates underlying
executive dysfunction in MCI also remain unknown whereas
studies have revealed that the dysfunction of AD reflects hy-
pometablism in bilateral frontal and tempo-parietal cortex. %2
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Table 1. Demographic and Clinical Characteristics of Patients
with MCI and Controls

MCI Controls

Number 30 15
Age (years) 698 £ 73 709 + 4.2
Gender (female/ 22/8 9/6

male)
Education (years) 11.3+28 120+£22
WMS-R logical 5.1 £3.6° (0-11) 20.7 + 6.3 (12-33)

memory
MMSE wotal score  26.5 + 2.1% (24-30)  29.1 + 1.6 (26-30)
RCF copy 33.3 £26(28-36) 343 £ 2.8 (31-36)
FAB 15.3 £ 2.3 (9-18) 154 £ 1.2 (14-18)

Numbers correspond to mean =+ standard deviation (ranges) in
this and related tables.

WMS-R = Wechsler Memory Scale-revised; MMSE =
Mini-Mental State Examination; RCF = Rey complex figure;
FAB = Frontal Assessment Battery,

*Significant difference at P < .05.

The aim of the present study was to investigate neu-
roanatomical substrates underlying the poor performance of
verbal and visual delayed recall and executive function specif-
ically in patients with MCI. For this purpose, 30 patients with
MCI and 15 control subjects underwent neuropsychological
tests including three-word delayed recall, visual delayed re-
call of Rey complex figure (RCF), and two-relational rea-
soning of Raven’s colored progressive matrices (RCPM) to-
gether with a ""F-fluorodeoxyglucose (FDG)-position emission
tomography (PET) measurement of resting state. We investi-
gated neural correlates of neuropsychological deficits by ex-
amining correlation between scores of neuropsychological tests
and FDG-PET uptake. Since it seems possible to expect that
patients with MCI share similar neural correlates, at least in
part, with those in healthy controls and AD patients, we ex-
pected that deficit in three-word delayed recall is associated
with glucose hypometabolism in the bilateral medial temporal
cortex, prefrontal, and parieto-occipital areas based on neu-
roimaging studies on verbal retrieval.”''-""** We predicted
that poor performance of visual delayed recall is associated
with hypometabolism in the bilateral medial temporal, pre-
frontal cortices, and parieto-occipital areas based on studies on
visual retrieval %1227 We also expected the significant cor-
relation between the poor performance of two-relational rea-
soning and hypometabolism in the bilateral prefrontal cortex
following studies on executive function including relational rea-
soning task. 7830

Methods

Subjects

Subjects comprised 30 amnesic MCI patients (Table 1), They
were diagnosed according to the criteria, which generally follow
previous MCI studies™*: (1) memory complaints by patient
or informant; (2) objective memory impairment, presenting as a
logical memory (immediate recall) score on the Wechsler Mem-
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ory Scale-revised (WMS-R) < 1.5 standard deviations (SDs)
below the mean for age-matched controls*; (3) Clinical De-
mentia Rating (CDR) score of .5%; (4) preserved activities of
daily living (ADL)*97; (5) preserved general cognitive function,
Mini-Mental State Examination (MMSE) score >24%; and (6)
not meeting National Institute of Neurological and Communi-
cation disorders and Stroke/AD and Related Disorders Asso-
ciation (NINCDS-ADRDA) criteria for probable AD.* None
of the patients have received any medication known to affect
brain metabolism including anticholinergic therapies. Patients
were recruited prospectively at the outpatient clinic of the De-
mentia Unit at Kyoto University Hospital between March 2004
and January 2006.

Fifteen healthy controls matched for age and level of edu-
cation were also registered, and received the same neuropsy-
chological tests. Inclusion criteria for controls were as follows:
(1) physically and mentally healthy and not experiencing or ex-
hibiting any cognitive impairment; (2) CDR score of 0. Controls
were recruited between June 2004 and December 2005,

MCI patients and healthy controls were excluded based on:
(1) complications of other medical ill possibly causing
cognitive impairment, such as thyroid disease, vitamin deficien-
cies, and malignant disease; (2) mental disease, substance abuse,
or significant neurological antecedents (eg, stroke, brain hem-
orrhage, trauma, tumors, epilepsy, vascular dementia, other de-
menting illnesses, and inflammatory disease); or (3) evidence of
brain infarctions or extensive white matter lesions on magnetic
resonance imaging (MRI) in T1- and T2-weighted and fluid
attenuated inversion recovery (FLAIR) images.

All subjects were right-handed. All MCI patients and con-
trols were interviewed and received examinations by neurol-
ogists and psychiatrists. They were also examined with rou-
tine laboratory tests. All participants and/or their responsible
guardians provided written informed consent in accordance
with the approval by the Ethical Committee of Kyoto Univer-
sity Graduate School of Medicine.

Neuropsychological Assessments

All subjects received neuropsychological tests of verbal and vi-
sual delayed recall, and executive function. Verbal delayed re-
call was evaluated using three-word delayed recall from MMSE
since this was sensitive to dementia®’*! and can be adminis-
tered in several minutes. To evaluate visual delayed recall, 3-
min delayed recall of RCF was conducted after confirming that
the performance of RCF copy was preserved (Table 1).! We
measured executive function using eight two-relational reason-
ing problems in RCPM.** This test has been used to assess
executive function,** particularly nonverbal abstract reason-
ing, which requires simultaneous integration of multiple dimen-
sions of information.***7#¥ It is easy to undertake even at an
outpatient clinic without complicated instructions, although ad-
ditional testing may be required to confirm that the patients
have preserved visuospatial function. The Frontal Assessment
Battery (FAB) was evaluated to confirm that patients did not
suffer from general frontal dysfunction (Table 1).*
Differences in demographic and neuropsychological data
between groups were evaluated using SPSS software (SPSS Inc.,
Chicago, IL). Nonparametric Mann-Whitney U-tests were used
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for comparisons between groups. For these analyses, values of
P < 05 (two-tailed) were considered indicative of statistical
significance.

FDG-PET Data Acquisition

PET data were acquired using a GE Advance system
(GE/Yokogawa, Tokyo, Japan). The scanner acquired 35 slice
images with a slice thickness of 4.25 mm in 2-dimensional mode.
Axial dimension and pixel size of the reconstructed images were
128 and 1.95 mm, respectively. All subjects were fasted for =4
hours before scanning. To obtain transaxial images, subjects
were positioned with the canthomeatal line parallel to the de-
tector ring and the head was kept in a fixed position using a
head holder. At 40 min after bolus injection of 370 MBq of
['""FJ-FDG, a 15-min measurement of FDG uptake was started
in the resting condition, with eyes closed, in a quiet and dark
environment. Data were corrected for effects of radiation atten-
uation using a 5-min transmission scan with ®Ge. Images were
reconstructed using an ordered subset expectation maximiza-
tion algorithm.

Data Analysis

FDG-PET images were analyzed using SPM2 software (Well-
come Department of Cognitive Neurology, London, UK) im-
plemented in MATLAB (MathWorks Inc., Natick, MA). Images
were spatially transformed to a standard stereotaxic space us-
ing the Montreal Neurological Institute (MNI) PET template.
An isotropic Gaussian filter was used to smooth the spatially
normalized images with a full width at half maximum (FWHM)
of 12 mm. Following previous studies, 7115051 we normal-
ized individual global counts by proportional scaling. We then
obtained relative regional cerebral glucose metabolism images
with a mean value of 5.0 mg/100 mL/min, which were sub-
jected to statistical analysis using a general linear model. For all
statistical analyses, those voxels with values >80% of the mean
for the whole brain were selected.

First, differences in brain glucose uptake between patients
with MCI and healthy controls were evaluated. We report statis-
tical peaks that reached P < .05 corrected for multiple compar-
isons (cluster level). We also report statistical peaks that reached
P < 001 uncorrected with more than seven contiguous voxels
in the bilateral medial temporal cortex and posterior cingulate
since hypometabolism in those areas has been already shown
in previous studies of MCL** Second, multiple linear re-
gression analysis put three neuropsychological tests (three-word
delayed recall on MMSE, 3-min delayed recall of RCF, and
two-relational reasoning in RCPM) together was assessed in
the MCI group, in consideration of possible intercorrelation
among performances of these tests. We also conducted simple
linear correlation analysis to confirm the relationships between
the uptake and performance of three tests separately. Age was
treated as covariates of no interest for both multiple linear re-
gression and simple linear correlation analyses. For these analy-
ses, statistical peaks that reached P < .05 corrected for multiple
comparisons (cluster level) were evaluated as significant. Pre-
dicted statistical peaks that reached P < .001 uncorrected with
more than seven contiguous voxels were also reported.

Table 2. Performance of Neuropsychological Tests

McCl Controls
Three-word delayed 1.8 £ L.1* (0-3) 29+ .3(23)
recall
RCF delayed recall 8.4 £ 8.5° (0-28) 154 £ 6.7 (7-25)
RCPM two-relational 3.6 £ 2.1* (0-8) 59 + 1.3 (5-8)
reasoning

RCF = Rey complex figure; RCPM = Raven’s colored pro-
gressive matrices.
*Significant difference at P < .05,

Since data points of three-word delayed recall seem to be
not enough for parametric test, relationship between the score
and magnitude of glucose uptake was further investigated using
nonparametric test. We conducted Spearman’s rank correlation
between the score and averaged value of glucose uptake in a
significant cluster identified in the multiple linear regression
analysis,

These correlation analyses were not assessed in healthy con-
trols because of the low variance in neuropsychological data.

Results

Patients with MCI showed performance deficits compared to
controls in three-word delayed recall of MMSE and 3-min de-
layed recall of RCF (Table 2). Patients also showed lower per-
formance on two-relational reasoning in RCPM.

Comparison of FDG-PET data between the groups demon-
strated reductions of glucose uptake in the posterior cingulate
cortex in patients with MCI (Fig 1).

Multiple linear regression analysis between the score of
three-word delayed recall and relative regional glucose uptake
showed a significant relationship between performance deficits
and lower uptake in the bilateral medial temporal cortex, right
prefrontal cortex, and left superior parietal cortex, suggesting
that the deficits are linked to hypometabolism in these areas
in MCI (Figs 2A and 3A; Table 3). Performance deterioration
of visual delayed recall was associated with lower uptake in

x=10

Fig 1. Pattern of reduced brain glucose metabolism in patients with
MCI compared to healthy controls. For display purposes in this and
related figures, statistical parametric maps are presanted at P<.005
uncorrected for multiple comparisons on averaged MRI slice images.
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Fig 2. Brain areas exhibiting a positive linear relationship between regional glucose uptake and (A) three-word delayed recall, (B) Rey complex
figure (RCF) delayed recall, and (C) Raven's colored progressive matrices (RCPM) two-relational reasoning tesl. R, subject’s right side.

the bilateral posterior cingulate, consistent with an association
between impaired performance and metabolic reductions in
the brain areas (Figs 2B and 3B; Table 3). The score of two-
relational reasoning in RCPM declined as glucose uptake de-
creased in the right middle frontal gyrus and right superior
frontal gyrus, suggesting that the poor performance was related
to hypometabolism in those areas (Figs 2C and 3C; Table 3).
Simple linear correlation analysis produced generally similar
results as those of multiple linear regression analysis. We con-
firmed that there were linear relationships between deficits of
three-word delayed recall and lower uptake in the right me-

dial temporal cortex, right prefrontal cortex, and left superior
parietal cortex. We also confirmed linear relationships between
deterioration of visual delayed recall and lower uptake in the
bilateral posterior cingulate, and impairments in two-relational
reasoning task and uptake reduction in the right middle frontal
BYTus.

The validity of the multiple linear regression analyses
was confirmed since the values of variance inflation fac-
tors (VIF) among the three neuropsychological scores were
1.1-1.5 and the scores were not considered to have multi-
collincarity.

Table 3. Brain Areas Showing Cerebral Glucose Uptake Reduction with Relation to Poor Performance on Neuropsychological

Tests in MCI: Multiple Linear Regression Analysis

Coordinates
BA k x ¥ z Z Score

Three-word delayed recall

R parahippocampal gyrus 28 38 20 2 22 331"

L. parahippocampal gyrus 28 27 —-26 1 —30 3.200

R middle frontal gyrus 10 22 22 58 14 3.20*

L superior parietal cortex 7 21 —-J8 —52 62 3.35*
RCF delayed recall

L posterior cingulate 31 566 —10 —62 12 4.92**

R posterior cingulate 31 21 1 —24 30 3207
RCPM two-relational reasoning

R middle frontal gyrus 9 29 28 48 26 3.307

R middle frontal gyrus 16 27 1" 22 14 3.38*

R superior frontal gyrus 8 26 18 14 50 337

k = cluster size; BA = Brodman Area; L. = left; R = right.
*P < 001 uncorrected for |Jrl:dil:.tl:d [H!a.k:;.
“*P < .05 corrected (cluster level).
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With Spearman’s rank correlation (two-tailed), we con-
firmed that performance of three-word delayed recall deteri-
orate as glucose uptake decrease in the right medial temporal
cortex (r = .58, P < .01), right prefrontal cortex (r = .59, P <
01), and left superior parietal cortex (r = .62, P < .01).

Discussion

The present patients with MCl displayed behavioral impair-
ment in three-word delayed recall task, visual delayed recall
of RCF, and two-relational reasoning of RCPM compared to
healthy controls. Glucose metabolism in patients was reduced
in the posterior cingulate. Poor performance on three-word de-
layed recall was related to glucose hypometabolism in the right
medial temporal cortex, right prefrontal cortex, and left supe-
rior parietal cortex. These neuropsychological and FDG-PET
findings in patients with MCI were consistent with the findings
of previous studies.™%% The present study further demon-
strated that deficits of visual delayed recall and reasoning task
correlated with metabolic reductions in a network of brain areas
in patients with MCL The deficit in visual delayed recall of RCF
was related to glucose hypometabolism in the bilateral poste-
rior cingulate. Patients with MCI showed impairments in two-
relational reasoning and this correlated with hypometabolism
in the right middle frontal gyrus.

Acknowledging the possible controversial points and limi-
tations of this study is important. First, diagnostic criteria for
MCI in the present study required only memory impairment
in verbal immediate recall, which is a simple and useful ap-
proach as an actual clinical test. Although diagnostic criteria in-
volving memory impairments have been proposed by Petersen
etal.,' no specific neuropsychological battery has been defined
to evaluate this function. Previous studies, therefore, evaluated
memory impairments using a variety of psychological batteries
for verbal, visual delayed, or immediate recall. Patients in those
studies showed generally similar neuropsychological character-
istics and FDG-PET findings compared with the present pa-
tients.**%% Concluding that the present patients fall into the
concept of MCI proposed by Petersen and are comparable with
those in previous studies thus seems reasonable, Second, cor-
rection for brain atrophy was not performed, and a partial vol-
ume effect caused by brain atrophy could have influenced the
present resuls of reduced metabolism. Several previous studies
using voxel-based atrophy correction reported that the degree
of brain atrophy was relatively independent from the degree of
hypometabolism in patients with AD.**%7 However, patterns
of brain atrophy in AD might differ from those in MCI and
the effect of atrophy should be considered as a confounding
factor.® Third, we used three-word delayed recall of MMSE
for the evaluation of verbal memory since this was sensitive
to dementia*’*! and can be administered in several minutes.
However, this test only gives a rough estimate of verbal mem-
ory using three words and one recall trial. Standard batteries
for verbal episodic memory (eg Rey Auditory-verbal learning
test and California verbal leaming test) have more sufficient
number of words and recall trials.*! The greater variability in
scores of the standard batteries probably causes higher sensi-
tivity, leading to wider areas of significant correlation including

posterior cingulate in previous FDG-PET studies on AD and
MCL*6! Since four data points of three-words delayed recall
seem to be not enough for parametric analysis, we confirmed
the significant relationship between the score and glucose up-
take using nonparametric test as well.

We conducted multiple linear regression analysis examin-
ing combined effects of three neuropsychological deficits on
FDG-PET uptake together. Although multiple linear regression
analysis is expected to be superior to identify specific connec-
tion between the deficits and regional uptake reduction, this
methodology carries an assumption that three deficits are not
highly correlated each other. Since this assumption can be a
matter of debate, we also conducted simple linear correlation
analysis to investigate linear relationships between glucose up-
take and performance of three neuropsychological tests sepa-
rately and the findings were similar to the results of multiple
linear regression analysis. We interpret that the findings of the
two analyses generally agree and strengthen each other in the
present study.

It might be reasonable to predict that regions correlated with
performance deterioration of the tasks should be involved in
brain areas with reduced metabolism in MCI group. Although
the regions for visual delayed recall are indeed involved, the
regions for three-word delayed recall and two-relational reason-
ing task were found outside the areas with significant reduction,
One reason for this point might be attributable to relatively
preserved performance in some of the MCI patients in three-
word delayed recall and two-relational reasoning task (Fig 3).
The preserved performance in those patients, presumably asso-
ciated with preserved metabolism in the correlated brain areas,
might make the group difference less than statistically significant
level. Another reason might be attributable to methodological
issue of data analysis. The present study did not employ abso-
lute cerebral glucose metabolic rate but used relative metabolic
rate in which FDG uptake value of each voxel was scaled by
global mean of the whole brain. This methodology can be af-
fected by global reduction of metabolism in patients with MCI,
resulting in overestimation of metabolic rate and lower sensitiv-
ity of regional reduction.”” It was recommended, therefore, that
FDG uptake should be scaled by regional value of preserved
metabolism such as cerebellar vermis.%**% Scaling with cere-
bellar vermis is likely to be a better estimate of absolute glucose
metabolic rate compared to scaling with global mean, although
it is still possible that smaller region might make the scaling
value unstable. In the present study, we selected rather conser-
vative and lower sensitivity method of scaling with global mean
to avoid false positives.

Neuroimaging studies on healthy subjects revealed that ver-
bal episodic memory involves activities in the left or bilat-
eral medial temporal cortex. ?1461.62 The present study in pa-
tients with MCI showed linear relationship between deficits of
episodic verbal memory and lower FDG uptake in the right
medial temporal cortex in simple linear correlation and multi-
ple lincar regression analyses. It seems possible to expect that
patients with MCI show similar changes, at least in part, to
those in patients with AD. Indeed, poor performance on verbal
episodic memory in probable AD was shown to be associated
with hypometabolism in the right medial temporal cortex.*?
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Fig 3. Normalized relative regional glucose metabolism as a func-
tion of percentage accuracy in multiple linear regression analyses
for (A) three-word delayed recall, (B) Rey complex figure (RCF) de-
layed recall, and (C) Raven's colored progressive matrices (RCPM)
two-relational reasoning test. Each plot corresponds to individual pa-
tients with MCI.
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The findings might imply that patients with MCI and early-
stage AD display increased reliance on the right medial tem-
poral cortex as a compensatory mechanism, and malfunction
results in deteriorated performance for verbal episodic mem-
ory. A previous study on MCI revealed that encoding deficit
of verbal episodic memory correlates with partial volume effect
corrected glucose hypometabolism in the right medial temporal
cortex whereas retrieval deficit of verbal episodic memory cor-
related with volume reduction of the bilateral medial temporal
cortex.* Therefore, the present findings might represent a mix
of hypometabolism and atrophy of the right medial temporal
cortex reflecting encoding and retrieval deficit in patients with
MCL

The present study also showed that deficits of episodic ver-
bal memory in patients with MCI were related to reduction
of glucose uptake in the left superior parietal cortex. The as-
sociation between the deficits and glucose hypometabolism in
the bilateral parietal cortex was reported in patients with AD
as well“!* Hypometabolism of the parietal cortex might re-
flect pathological changes of the area, since a neuropatholog-
ical study revealed that the area contains the highest amount
of neurofibrillary tangles (NFTs) after the temporal lobes in
MCLS5*64

Episodic memory for visual information is processed in the
posterior cingulate cortex in healthy subjects.”*® A functional
MRI study revealed reduced activation in the posterior cingu-
late cortex during visual memory recollection in patients with
MCI compared to healthy subjects.” Lower performance of
visual episodic memory has also been shown to correlate with
hypometabolism in the posterior cingulate cortex in patients
with AD.%Y These findings seem to be in line with the present
results demonstrating a relationship between deficit in visual
delayed recall of RCF and reduction of glucose uptake in the
posterior cingulate cortex in patients with MCL Since patho-
logical changes in the posterior cingulate cortex are relatively
mild in MCI, hypometabolism might reflect disconnection to
this area from limbic structures suffering severe pathological
changes of NFTs in MCL#5749

The present patients with MCI showed impaired perfor-
mance of a relational reasoning task adapted from the Raven's
matrices test. It is believed that Raven’s matrices test re-
quires series of visual pattern matching and analogical infer-
ence reflecting intelligence or generalized cognitive skill. 470 [n
addition, the relational reasoning task seems to involve cogni-
tive process associated with executive function, such as plan-
ning, dual task coordination, response selection, and working
memory,'"#* Therefore, the present findings seem to corre-
spond with recent neuropsychological studies proposing that
most patients with MCI have not only memory impairment but
also additional deficits in multiple cognitive domains includ-
ing executive function.” "™ Our study also showed that the
performance deficits of the relational reasoning task correlated
with reduced glucose uptake in the right middle frontal gyrus.
The FDG findings are supported by a neuroimaging study of
healthy subjects showing significant activation in the right mid-
dle frontal gyrus during relational reasoning task.”* Since the
right middle frontal gyrus is associated with response selection
across different stimulus materials, this aspect of the task might
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be related to the performance deficits and reduced metabolism
in the area observed in patients with MCL7* Hypometabolism
in the prefrontal region might reflect not only increases in NFTs
and Senile plaques of the area but also disconnection of links
from parietal areas affected with significant neuropathological

changes in MCL.
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Abstract

Background: Subcortical ischemic vascular dementia (SVD)
caused by small-artery disease is a major cause of dementia.
It still remains unclear, however, whether SVD may present
with localized regional cerebral blood flow (rCBF) changes.
We aimed to clarify the local rCBF changes associated with
dementia in patients with early-stage SVD. Methods: The
subjects consisted of 15 patients with early-stage SVD [Mini
Mental State Examination (MMSE) score; 20 £ 3.5] without
apparent brain atrophy (SVD group), 11 patients without de-
mentia with white matter lesions (non-dementia-WML
group) and 16 age-matched controls. All the subjects were
right-handed and underwent brain perfusion single photon
emission computed tomography (SPECT), magnetic reso-
nance imaging and cognitive function testing. Statistical
analysis of the differences in the SPECT rCBF was performed
by SPM2. The degree of severity of the WMLs was evaluated
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based on the Scheltens rating scale, Results: The results of
SPM analysis revealed that the rCBF in the SVD group was
significantly decreased in the pulvinar nuclei of the thala-
mus of both sides as compared with that in the controls, and
inthe left pulvinar nucleus as compared with that in the non-
dementia-WML group. On the other hand, SPM analysis re-
vealed no significant reduction in rCBF in the non-dementia-
WML group as compared with that in the controls. The WMLs
in the left parietal region were severer in the SVD group than
in the non-dementia-WML group. Conclusions: In patients
with early-stage SVD without apparent brain atrophy, sig-
nificant rCBF reduction in the bilateral pulvinar nuclei as
compared with that in normal controls, and in the left pulvi-
nar nucleus as compared with that in patients without de-
mentia with WMLs was found.

Copyright © 2008 5. Karger AG, Basel

Introduction
Subcortical ischemic vascular dementia (SVD) due to

small-artery disease and hypoperfusion is one of the ma-
jor causes of cognitive impairment and dementia [1, 2].
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Localized reduction of the regional cerebral blood flow
(rCBF) in the posterior cingulate and parietotemporal re-
gion of the brain has been reported previously in cases of
mild Alzheimer’s disease [3]. While very few studies have
focused on the localized rCBF changes in cases of SVD
[4, 5], our previous study revealed that in cases of mild
SVD, the rCBF distribution is more heterogeneous than
that in healthy controls [6]. The purpose of the present
study was to clarify the localized rCBF changes associ-
ated with dementia in patients with subcortical ischemic
lesions.

Materials and Methods

Subjects

The subjects consisted of 15 patients (5 men, 10 women) with
early-stage SVD (SVD group), 11 patients (6 men, 5 women) with
white matter lesions (WMLs) on T;-weighted magnetic reso-
nance imaging (MRI) but no dementia (non-dementia-WML
group) (table 1), and 16 age-matched healthy volunteers (5 men,
11 women, mean age * SD, 66 * 9.0 years; control group). The
present study was a secondary retrospective analysis of our previ-
ous studies in which we compared the CBF between patients with
vascular dementia and those with Alzheimer’s disease [6, 7). In
this study, therefore, all the subjects of the SVD group and the
normal controls were selected from the patients included in the
previous study [6]. In order to select patients with early-stage
SVD, only the subjects who had no apparent brain atrophy by
visual assessment or had more than 70% normalized parenchy-
mal volume as evaluated by the volumetric method described
later were included in the present study. This criterion is reason-
able for the analysis, because atrophic brains are subject to mis-
registration or inadequate anatomical normalization by the Sta-
tistical Parametric Mapping (SPM) software (Wellcome Depart-
ment of Cognitive Neurology, London, UK) [8], and CBF in the
deep brain structures is strongly influenced by artifacts and can-
not be assessed correctly by SPM in such cases, As described in
the previous papers, the NINDS-AIREN criteria [9], the Diagnos-
tic and Statistical Manual of Mental Disorders [10], Hachinski's
ischemic score [11], and Erkinjuntti’s criteria [12] were used for
making the diagnosis of SVD in our studies to ensure compre-
hensive examination. The clinical features of vascular dementia
included sudden onset, stepwise progression, prolonged plateaus,
periods of spontaneous improvement, and onset or worsening
with the development of stroke or episodes of hypoperfusion.
The soft focal neurologic signs/symptoms strongly supported the
diagnosis of vascular dementia. Subtype classifications of vascu-
lar dementia were based on the results of neuroimaging and clin-
ical evaluation [12]. Probable vascular dementia was diagnosed
in all the patients of the SVD group, and all were classified as
having small-vessel disease based on the presence of small white
matter hyperintensities or lacunae in the deep white matter, bas-
al ganglia and thalamus on T;-weighted MR images with no ob-
vious lesions in the cortex. The 11 patients of the non-dementia-
WML group were newly selected in this study from among the
outpatients at our hospital who met the criteria mentioned above,

Cerebral Blood Flow Changes in Vascular
Dementia

Table 1. Clinical characteristics of the patients

SVD Non-dementia- p

group WML group

(n=15) (n=11)
M/F 5/10 6/5 0.259
Age (mean * SD), years 69184 6513 0.384
Hypertension, % 79 64 0.536
Hyperlipidemia, % 50 36 0.572
Diabetes mellitus, % 38 9 0.228
Smoking, % 29 22 0.829
Statin use, % 20 9 0.646
ACE inhibitor or ARB use, % 29 36 0.767
MMSE score 20£3.5 29£1.2 <0.001

ACE = Angiotensin-converting enzyme; ARB = angiotensin IT
receptor blocker.

except for the manifestation of cognitiveimpairment. The healthy
volunteers did not present any abnormal findings on CBF single
photon emission computed tomography (SPECT) or on CT and
MRI, and/or no evident neuropsychologic abnormalities as as-
sessed by a full clinical examination, including history taking,
neuropsychologic tests and neurologic examinations. The Mini
Mental State Examination (MMSE) [13] was performed within 3
months of the CBF SPECT to evaluate the cognitive function in
these subjects. The dementia status of the patients of the SVD
group was also evaluated using the revised Hasegawa dementia
scale (score: 19.5 * 3.8) [14]. Patients who could not undergo the
cognitive function testing because of such conditions as aphasia
were excluded from the study. All of the subjects were right-
handed, and all underwent CBF SPECT between June 2000 and
May 2005. Informed consent was obtained from all of the sub-
jects or from the closest family members when a subject could not
fully understand the explanation given about the study. The clin-
ical characteristics of the two patient groups are described in ta-
ble 1.

SPECT Data Acquisition

The protocol for the SPECT data acquisition was the same as
thatin our previous studies [6, 7). In brief, technetium-99m hexa-
methyl propyleneamine oxime (**™Tc-HMPAO) was produced by
reconstituting HMPAO with 20 mCi (740 MBq) of fresh #™Tc
pertechnetate, and injected intravenously before the scanning.
SPECT scanning was performed with a four-headed gamma cam-
era (Gamma View SPECT 2000H; Hitachi Medical Corp., Tokyo,
Japan) using a low-energy thin-section parallel-hole collimator
[15]. The projection data were prefiltered with a Butterworth filter
(cutoff frequency 0.20 cycles/pixel, order 10) and reconstructed
into transaxial images of 4.0-mm-thick sections in planes parallel
to the orbitomeatal line. Chang's [16] attenuation correction was
applied to the reconstructed data using an attenuation coefficient
of 0.08 cm™.

SPM Analysis
Analysis was carried out on a personal computer DELL Di-
mension 8300 (DELL Inc., Tex., USA) with Microsoft Windows
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XP (Microsoft Corp., Wash., USA) as the operating system using
the SPM software, version SPM2 (http://www.fil.ion.ucl.ac.uk/
spm), implemented in MATLAB (Mathworks Inc., Mass,
USA).

The SPECT images of each subject were normalized to the
Montreal Neurological Institute (MNI) template space with min-
imal changes of the 12 affine parameters that were associated with
spatial distortion [17]. The results of the special normalization
were checked with the ‘Check Registration’ tool in SPM2 to con-
firm the accuracy of the rigid or nonlinear transformation. All the
images of a brain section were sampled and averaged to arrive at
the mean pixel intensity for that image. The intensity threshold
was set at 60% of the whole-brain mean to enable detection of CBF
change in the deep white matter. The global CBF rate was normal-
ized to an arbitrary mean of 50/100 ml of brain volume per min-
ute. The images were smoothed with a three-dimensional isotro-
pic Gaussian kernel of 12 mm full-width at half maximum. The
SPM statistical model performed voxel-by-voxel two-sampled t
tests to compare each pair of groups. As for each test, the resultant
set of voxel values constituted a statistical parametric map of the
t statistic SPM{t}. The significance threshold was set at p < 0.001
(uncorrected) for the peak height for screening purposes. Only
clusters with a size greater than 50 voxels were tested for signifi-
cance. The criteria to identify statistically significant clusters
were setat p <0.05, after correcting for multiple comparisons [18].
Moreover, voxel-by-voxel linear regression between the MMSE
scoresand whole-brain rCBF was generated using SPM2. The sig-
nificance threshold was set at p < 0.01, uncorrected, assuming a
cluster of at least 20 suprathreshold voxels.

Evaluation of WMLs

All the patients underwent SPECT and MRI within an interval
of 3 months. Scans were obtained on the following scanners: Gen-
esis Signa 1.5T (GE Yokogawa Medical Systems Ltd., Tokyo, Ja-
pan), Signa Excite L.5T (GE), and Magnetom Vision 1.5T (Sie-
mens AG, Erlangen, Germany). The MR protocol included T,-
weighted two-dimensional fast spin echo sequences (scan
parameters: axial plane, FOV 250 mm, matrix 256 X 256 or 512
X 512, slice thickness 5 mm, interslice gap 1-1.5 mm, TE 90-131
ms, TR 4,500-5,000 ms).

The degree of severity of the WMLSs was rated visually on ax-
ial T;-weighted images based on the Scheltens rating scale [19] by
a single rater who was blinded to the clinical details. The Schel-
tens rating scale, which evaluates the presence and extent of peri-
ventricularlesions (PVLs)and deep white matter lesions (DWMLs)
in different anatomic regions on a 0- to 6-point scale, accounts
separately for PVLs and DWMLs. In this study, we applied this
scale to supratentorial regions separately in each hemisphere.
Scores for DWMLs of 0-6 were assigned in 4 subcortical regions
(frontal, parietal, occipital, and temporal lobes) and 5 basal gan-
glia regions (the caudate nucleus, putamen, globus pallidus, thal-
amus, and internal capsule) in each hemisphere. A score of 0 was
assigned when no DWML was found. If the largest lesion in a re-
gion was smaller than 4 mm, a score of 1 was assigned when there
were no more than 5 lesions, and a score of 2 was assigned when
there were more than 5 lesions. If the largest lesion was between
4and 10 mm, a score of 3 was given when there were no more than
5 lesions, while a score of 4 was given when there were more than
5 lesions. A score of 5 represented the presence of the largest le-
sions of 10 mm or more. A score of 6 denoted the presence of con-

558 Cerebrovasc Dis 2008;26:556-562

Fig. 1. A representative case from each group. The upper images
are Ty-weighted MR images and the lower images are SPECT im-
ages. a A 61-year-old female control subject. b A 63-year-old fe-
male patient with WMLs but no dementia. ¢ An 82-year-old man
with SVD due to small-artery disease.

fluent lesions. For PV Ls [frontal (caps), occipital (caps), along the
ventricles (bands)], scores of 0-2 were assigned. A score of 0 was
assigned to the absence of PVLs, a score of | was assigned to a
smooth halo that extended not more than 5 mm, and a score of 2
was assigned to confluent lesions larger than 5 mm. All the re-
gional WML scores were summed up as the total WML score for
each patient.

Volumetry

The extent of cerebral atrophy was assessed by volumetric
measures normalized for a total intracranial area on 5 T;-weight-
ed axial slices. The volumetry was carried out semiautomatically
on a personal computer with the use of public domain Image]
software (http://rsb.info.nih.gov/ij/), as described by Ihara et al.
[20]. In brief, we manually outlined the inner boundary of the
calvarium on T,-weighted axial images to determine the total in-
tracranial area. The images were then binarized with the inten-
sity threshold set at 60% of mean intracranial pixel values within
the outlined area. After the ventricular and subdural areas were
semiautomatically outlined with the wand tool, the total number
of pixels in each area in the 5 slices was divided by that in the to-
tal intracranial area to calculate normalized ventricular and sub-
dural areas. Finally, subtraction of the normalized ventricular
and subdural areas from the total intracranial area (value 1.0)
yielded normalized parenchymal area.

Data Analysis

Intergroup differences in the mean values of parameters were
analyzed using the Mann-Whitney U test by SPSS version 11.0.1
(http://www.SPSS.com). A p value of <0.05 was considered to rep-
resent significant difference, whereas a value of between 0.05 and
0.10 was taken as an indicator of mild difference.
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Fig. 2. Comparison of regional brain volu-
metry among the normal control and the
two patient groups (SVD and non-demen-
tia-WML patients). Brain atrophy was as-
sessed on the 5 axial slices of MR images
included in the space between the axial
AC-PC plane A and B; Montreal Neuro-
logical Institute (MNI) coordinate Z = 0
(A) and Z = 30 (B). Regions occupied by
brain parenchyma, subdural space, and
ventricular space in the 5 slices are aver-
aged and indicated as the ratio to the total
intracranial area. Data are mean percent-
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Fig.3.a Comparisons of the rCBF between patients with SVD and
normal controls were performed using SPM2. Significant local-
ized rCBF reductions were detected in the thalami of both sides
in the patients with SVD. The cluster on the right side chiefly con-
sisted of the lateral dorsal nucleus and the pulvinar nucleus. The
one on the left was mostly made up of the pulvinar nucleus.
b Comparisons of rCBF were carried out between the patients

Results

The MR images and SPECT images of representative
cases are shown in figure 1. As a result of the volumetry,
no significant intergroup differences were shown in

Cerebral Blood Flow Changes in Vascular
Dementia

with SVD and non-dementia-WML patients using SPM2 under
the same conditions as those for the above comparisons. The
height and the extent threshold for displaying the SPM results
map were also the same. Localized rCBF reduction was found in
the left thalamus in the patients with SVD. The detected cluster
was located in almost the same region as the cluster on the left side

described above.

brain parenchymal, ventricular, and subdural areas in
the 5 axial MR images (fig. 2). The results of SPM anal-
ysis revealed that the normalized rCBF in the SVD
group was decreased in the thalamus of both sides as
compared with that in the controls (fig. 3a), and in the
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Table 2. Brain regions with reduction of the rCBF in patients with SVD

Comparison Anatomic region MNI coordinates, mm Clustersize  tscore  Clusterlevelp
y mm® (corrected)
x ¥ z
SVD vs. control left thalamus (pulvinar) -20 -32 10 4,392 4.91 0.02
right thalamus (lateral dorsal nucleus) 12 -24 17 3472 4.72 0.04
SVD vs. non-dementia-WML  left thalamus (pulvinar) =21 -25 14 2,568 555 001

thalamus of the left side as compared with that in the
non-dementia-WML group (fig. 3b). In the former com-
parison, the detected cluster with reduced rCBF in the
right thalamus included the dorsal lateral nucleus and
the pulvinar nucleus. In both comparisons, the clusters
with significant rCBF reduction in the left thalamus
contained the pulvinar nucleus (table 2). On the other
hand, under the same conditions of SPM analysis as
mentioned above, no significant reduction in the rCBF
was detected in the patients in the non-dementia-WML
group as compared with that in the controls. The WMLs
in the left parietal lobe were significantly severer in the
SVD group than in the non-dementia-WML group, al-
though there were no significant differences in the over-
all severity of the WMLs (table 3), No WMLs were found
in the thalamic regions showing reduced rCBF in the
SVD group as compared with the normal controls or the
non-dementia-WML group. There was no significant
difference in the average number of lacunae with a di-
ameter of more than 5 mm between the SVD group
(0.36 * 0.67, maximum diameter: 12 mm) and non-de-
mentia-WML group (0.5 % 0.71, maximum diameter:
11 mm). In the SVD group, a mild correlation between
the MMSE score and the rCBF was detected in a small
cluster of voxels in the left frontopolar area (Brodmann
area 10) (fig. 4).

Discussion

Our study revealed a significant reduction in the rCBF
in the pulvinar nucleus of both sides and the right dorsal
lateral nucleus in the thalamus in patients with early-
stage SVD without apparent atrophy as compared with
normal controls. A significant correlation was found be-
tween the MMSE score and the rCBF in the left fronto-
polar area (Brodmann area 10) in the SVD group. These
results suggest marked reduction of the rCBF in the thal-
amus in mild SVD, although the rCBF reduction in the

560 Cerebrovasc Dis 2008;26:556-562

Table 2. Visual assessment of WMLs based on the Scheltens rating
scale

WML  Region Side WML scores (Scheltens)  p
type non-dementia- SVD
WML
DWML frontal R 42%17 4618 NS
L 47%16 46*20 NS
parietal R 24%24 39+23 NS
L 24%17 44%159 0.02
temporal R 37£18 31+25 NS
L 32%19 34222 NS
occipital R 42%22 28*28 NS
L 36%24 33+£27 NS
caudate R 09%19 0B8x15 NS
L 10%18 0309 NS
putamen R X7+23 1518 NS
L 24%25 1.8+22 NS
globus pallidus R 0.4%0.7 0204 NS
L 0307 0103 NS
internal capsule R 0.1*0.3 06*10 NS
L 01X04 0.4%09 NS
mean 25+1.1 25%x12 NS
PVL frontal R 16*05 1.7206 NS
(cap) L L7%05 1507 NS
occipital R L5%05 14£08 NS
(cap) L 15%05 1508 NS
along the ventri-
cles (bands) R 15%05 13206 NS
L 15%05 1306 NS
mean 1L6%+03 1.520.6 NS
Total WML score 5422 54+24 NS

NS = Not significant.

frontal area became more prominent as the cognitive de-
cline progressed.

The pulvinar nucleus has been shown to be involved
in attention [21], memory [22] and language [23], which
are known to be impaired in SVD [24]. According to the
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Fig. 4. Voxel-by-voxel linear regression analysis to determine the
relation between MMSE scores and whole-brain rCBF in patients
with SVD, performed using SPM2. The detected cluster was lo-
cated in the left frontopolar region (Brodmann area 10).

thalamic connectivity atlas (http://'www.fmrib.ox.ac.uk/
connect/) constructed based on the classification tech-
nique using a probabilistic tractography algorithm with
diffusion imaging data [25, 26], the regions in the thala-
mus showing reduced rCBF in the SVD group as com-
pared with the normal controls or the non-dementia-
WML group in the present study were demonstrated to
have thalamocortical connections with the prefrontal,
parietal and temporal lobes. The rCBF changes in the
thalamic nuclei detected by the SPM analysis seemed to
be caused not by focal ischemic lesions but by functional
inactivation of these regions, because no WMLs were
found in these thalamic regions in the SVD group. We
speculated that disconnections of thalamocortical and
cortico-thalamo-cortical signal circuits may accumulate
in SVD, resulting in functional rCBF reduction and de-
cline of cognitive functions. It has been suggested that
cerebral remote effects, commonly referred to as diaschi-
sis, caused by small ischemic lesions located in cortico-
thalamic and thalamocortical tracts may contribute to
decreased cortical metabolic activity and cognitive dys-
function [27, 28].

The functional rCBF changes per voxel caused by
these disconnections are thought to be amplified in the

Cerebral Blood Flow Changes in Vascular
Dementia

thalamus because of the concentration of neuronal fibers
[29]. Therefore, the CBF change per voxel in the cluster in
the thalamus was evaluated as significant by voxel-based
analysis, while heterogeneously distributed rCBF chang-
es in the white matter or cortices [6, 7] were not detected
as significant focal reduction by the SPM analysis in the
cases with early-stage SVD.

In the present study, significant localized rCBF reduc-
tion in the left pulvinar nucleus was demonstrated in the
SVD group as compared with the non-dementia-WML
group. In addition, the WMLs in the left parietal lobe
were significantly severer in the SVD group than in the
non-dementia-WML group. This result may support our
speculation mentioned above, because a high probability
of neuronal connections of the parietal cortex with the
ipsilateral pulvinar has been shown [26]. The disruption
of the connection between the left parietal cortex and the
thalamus may not be the unique cause of dementia in pa-
tients with SVD. The relatively preserved connectivity
between the parietal cortex and the thalamus in the non-
dementia-WML group, however, can be thought as com-
pensating for other neuronal projections disrupted by the
WMLs to prevent cognitive decline.

Yang et al. [4] reported that in the patients with SVD,
the CBF was decreased in multiple cortical regions, espe-
cially around the sylvian fissures or lateral ventricles and
the caudate nucleus, in addition to the thalamus. In their
study, unlike in our present study, the effects of brain at-
rophy in patients with dementia were not evaluated or
excluded, and it was not clear whether or not the spatial
normalization by SPM2 was adequate. Thus, possible
misregistration or inadequate spatial normalization of
atrophied brains by SPM2 may be one reason for the in-
consistency of the results.

There are several limitations to this study. Firstly, in
the present study, the rCBF changes related to brain atro-
phy were not included in the analysis. If such rCBF chang-
es associated with apparent regional brain volume loss
were included in the analysis, the thalamus might not be
the sole area exhibiting localized rCBF reduction associ-
ated with cognitive decline in SVD, Such structural brain
change, however, should be evaluated using other meth-
ods, like voxel-based morphometry. Secondly, the sever-
ity of WMLs was assessed not by an automated method,
but by visual evaluation based on the Scheltens rating
scale. Although visual assessment may be less objective
than automated volumetric methods, the Scheltens visu-
al rating scale has been demonstrated to show good con-
cordance with volumetric methods and to be sufficient
for evaluating the severity of WMLs [30].
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Conclusions

In patients with early-stage SVD without apparent
brain atrophy, localized rCBF reduction in the pulvinar
nuclei of the thalami of both sides was found as compared
with normal controls, and localized rCBF reduction in
the left pulvinar nucleus was found as compared with pa-
tients in the non-dementia-WML group.
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Abstract

Background: Patients with major cerebral artery steno-oc-
clusion and the formation of the moyamoya-like vessels as-
sociated with some other disorders have been distinguished
from moyamoya disease and classified as moyamoya syn-
drome. The hemodynamic and metabolic backgrounds of
the moyamoya syndrome associated with atherosclerosis
have not yet been investigated. We aimed to elucidate the
hemodynamic and metabolic characteristics associated
with the development of basal moyamoya-like vessels in
moyamoya syndrome with atherosclerosis. Methods: Twen-
ty-one patients with chronic unilateral atherosclerotic ste-
no-occlusive lesions of the internal carotid artery or middle
cerebral artery (MCA) were enrolled in the study. Based on
the angiographic findings, the patients were classified into
2 groups: the moyamoya syndrome group (n = 7) and the
non-moyamoya-syndrome group (n = 14). We conducted

angiographic evaluations of the extent of the development
of basal moyamoya-like vessels in the moyamoya syndrome
group. The cerebral blood flow, cerebral metabolic rate of
oxygen, oxygen extraction fraction (OEF) and cerebral blood
volume were measured using PET in the ipsilateral MCA area
in the patients and in normal controls (n = 6). Results: The
OFEF in the ipsilateral MCA area, except in the basal ganglia,
was significantly higher in the moyamoya syndrome group
than in the non-moyamoya-syndrome group (p<0.001). The
extent of the development of basal moyamoya-like vessels
was closely correlated with the elevation of the OEF (r >
0.999, p < 0.001). Conclusion: The basal moyamoya-like ves-
sels are evidence of misery perfusion in patients with unilat-
eral chronic atherosclerotic steno-occlusive lesions of major
cerebral artery trunks. Copyright © 2008 S. Karger AG, Basel

Introduction

Moyamoya vessels in the basal ganglia region are one
of the most characteristic findings on cerebral angiogra-
phy in moyamoya disease [1]. Previous studies have sug-
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Fig. 1. Representative DSA images in the 2 patient groups. a An-
teroposterior-view DSA image of patient No. 15 with left MCA
occlusion. No apparent dilated angiographic basal moyamoya
vessels are visualized (non-moyamoya-syndrome group). b The
same view of patient No. 3 with right MCA occlusion. The arrow
shows basal moyamoya-like vessels extending from the vicinity of

gested that the development of moyamoya vessels in
moyamoya disease is associated with the presence of se-
vere hemodynamic impairment (2, 3. On the other hand,
patients with systemic disorders such as atherosclerosis
also sometimes display angiographic features similar to
those of moyamoya disease. Such symptoms are distin-
guished from moyamoya disease and have been classified
as ‘moyamoya syndrome’ [4]. Only a few papers focusing
on moyamoya syndrome associated with atherosclerosis
have been published [5, 6], and the relationship between
the development of moyamoya-like vascular abnormali-
ties and cerebral hemodynamics has not yet been inves-
tigated. The aim of this study was to elucidate the hemo-
dynamic and metabolic changes associated with the de-
velopment of moyamoya-like vascular abnormalities in
patients with moyamoya syndrome associated with uni-
lateral atherosclerotic steno-occlusive disease of the in-
ternal carotid or middle cerebral arteries (MCA) in the
chronic phase.

Patients and Methods

Patients

All the patients were seen at the Osaka University Medical
School Hospital between August 2000 and December 2002, or
between April 2004 and July 2006. Twenty-one patients (10 males
and 11 females; mean age * SD = 66 + 9.0 years) who met the
following criteria were included in this study: (1) the presence of
atherosclerotic arterial changes of the carotid or the major cere-
bral arteries (e.g. plaques or intima-media thickening as detected
by carotid ultrasonography, or arterial wall irregularities as de-

Cerebrovasc Dis 2008;26:9-15

the occlusive lesion to the ipsilateral basal ganglia (moyamoya
syndrome group). ¢ The extension index of the basal moyamoya-
like vessels was calculated as the distance from the root to the
top-end of the basal moyamoya-like vessels (B) divided by the
distance from the base of the skull (top of the sella turcica) to the
top of the skull (A).

tected by magnetic resonance angiography or brain angiography);
(2) the presence of unilateral chronic atherosclerotic steno-occlu-
sive lesions of the internal carotid artery (ICA; >90% diameter
reduction according to the North American Symptomatic Carot-
id Endarterectomy Trial criteria [7]) or MCA M1 trunk (>80%
diameter reduction) accessed by digital subtraction angiography
(DSA); (3) independence in their daily life (modified Rankin Scale
<3); (4) a time interval from the onset of the last cerebrovascular
symptoms to the examinations of greater than 1 month; (5) DSA
and 0 gas PET conducted within an interval of 3 months in the
chronic phase. Patients with subcortical cerebral infarcts measur-
ing more than 3 cm in diameter or cortical cerebral infarcts in the
ipsilateral MCA area or in the contralateral cerebral hemisphere
(on MRIimages), a history of intracerebral hemorrhage, head sur-
gery, transient ischemic attacks or stroke in the hemisphere con-
tralateral to arterial disease, clinical symptoms of ischemia in the
vertebrobasilar artery territory or infarcts in the cerebellum or
brainstem on MRI were excluded from the study. In addition, pa-
tients with the following disorders were also excluded: autoim-
mune disease, meningitis, brain neoplasm, Down's syndrome,
Recklinghausen’s discase, head trauma or irradiation to head. Six
healthy persons (2 males and 4 females; mean age + SD =33 +
6.6 years) were also enrolled in the study as normal controls. All
of the control subjects had undergone '°0 gas PET. A detailed ex-
planation of the purpose of the study and of all the procedures
used in the study was given to all of the subjects prior to their en-
rollment. Written informed consent was obtained from each of
the subjects. The study was approved by the Ethical Committee
of Osaka University Hospital for Clinical Research.

Evaluation of DSA Images

The DSA images were first read independently by a neurora-
diologist and a neurologist blinded 1o all clinical information
about the subjects, and the decision about the presence of the
moyamoya-like vascular abnormality was made by joint agree-
ment at a conference between the two. Based on the presence or
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Table 1. Symptoms, atherosclerotic lesions, vascularity and PET parameters in the ipsilateral hemispheres

Patient Age Sex Side Symptoms Site of lesion/ Total

PET parameters in the ipsilateral cortical

No. years lesion type  vascularity MCA area
ndex CMRO,  OFF  CBV
ml/min/100g ml/min/100g % mi/100 g
Moyamoya syndrome group
1 64 M rt TIA tMCA/O 8 39.5 2.90 5L1 692
2 6 F n (I rt MCA/O, 5 311 252 569 4.14
rt PCA/S,
bil ACA/O
3 M F nt TIA t MCA/O, 4 42.6 277 506 6.02
rt PCA/S
4 74 M &k ( It MCA/S 6 214 2.44 537 531
5 60 M k TIA ItMCA/S, 6 232 246 536 475
bil ACA/S
6 63 M nt TIACI rnICA/O, 7 26.3 252 558 5.08
rt PCA/S
7 68 F nn C rt MCA/S, 4 338 3.66 595 576
bil ACA/S
Non-moyamoya-syndrome group
8 57 F t TIA rt ICA/O 8 345 248 456 392
9 61 F It TIA It1ICA/O 8 483 2,62 365 438
10 5 M It TIA ItMCA/S, 6 36.4 299 45.1 401
It VA/S
11 58 M rt none rt MCAO, 8 243 211 50.5  3.57
It VA/S
12 65 F It TIA ItMCA/O 8 335 3.14 57.1 488
13 66 M It none It MCA/O 8 274 2.64 47.7 415
14 62 M It none ItMCA/O 8 27.2 213 465 432
I5 62 M It TIA ItMCA/O 5 338 2.69 416 454
16 63 F rt none rt MCA/S 7 38.7 273 436 445
17 3% M nt TIA tMCA/O 7 50.7 4.00 422 544
18 58 M nn CI rt ICA/O 7 334 2.69 4.1 532
19 70 M rt TIACI rt ICA/S 8 371 238 40.1  4.60
20 65 M nt TIACI rtICA/O 8 42.9 299 422 414
21 78 M It TIA It ICA/S 7 329 2.65 528 4.16

rt = Right; It = left; bil = bilateral; TIA = transient ischemic attack; CI = cerebral infarction; ICA = internal
carotid artery; ACA = anterior cerebral artery; PCA = posterior cerebral artery; VA = vertebral artery; CBF =
cerebral blood flow; CMRO; = cerebral metabolic rate of oxygen; OEF = oxygen extraction fraction; CBV = ce-
rebral blood volume; S = stenosis; O = occlusion.

absence of the basal moyamoya-like vessels, the patients were
classified into 2 groups: the moyamoya syndrome group (n =7; 4
males and 3 females; mean age *+ SD = 67 * 5.3 years) and the
non-moyamoya-syndrome group (n = 14; 10 males and 4 females;
mean age £ SD =65 % 11 years). Figure la, b shows representa-
tive DSA images from the 2 groups. In all groups of patients, no
parent moyamoya-like vessels were found in any region other
&n&gbﬂdmmmmmamtfoﬂhism
ing was reasonably good (« = 0.8). The clinical features of the pa-
tients in each group are shown in table 1.
In addition, the of regional or total vascularity in the
ipsilateral cerebral hemisphere, excluding that of the basal moya-

Moyamoya Syndrome Associated with
Atherosclerosis
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moya-like vessels, was evaluated in each patient by angiography.
We applied a scoring system to access the patency of the ipsilat-
eral MCA and to evaluate the degree of development of the lepto-
meningeal collateral circulation from the ipsilateral anterior ce-
rebral arteries (ACA) or posterior cerebral arteries (PCA). Vascu-
lar patency of the MCA was classified into 4 grades (MCA
vascularity index): grade 0, occlusion of the MCA with almost no
visualization of the distal branches; grade 1, visualization of a
single M2 branch; grade 2, visualization of more than two M2
branches; grade 3, normal MCA. The development of collateral
vessels from the ACA was classified into 5 grades (ACA vascular-
ity index): grade 0, occlusion of the ACA with almost no visual-

Cerebrovasc Dis 2008;26:9-15 11



ization of the distal branches; grade 1, poor visualization of the
distal branches of the ACA; grade 2, almost normal ACA with no
development of leptomeningeal collateral vessels; grade 3, lepto-
meningeal cortical branches found in one lobe; grade 4, lepto-
meningeal cortical branches found in two or more lobes. Devel-
opment of collateral vessels from the PCA was classified into 6
grades (PCA vascularity index): grade 0, occlusion of the PCA
with almost no visualization of the distal branches; grade 1, poor
visualization of the distal branches of the PCA; grade 2, almost
normal PCA with no development of leptomeningeal collateral
vessels; grade 3, leptomeningeal cortical branches found in one
lobe; grade 4, leptomeningeal cortical branches found in two
lobes; grade 5, leptomeningeal cortical branches found in more
than three lobes. These vascularity indices were summed up in
each patient as the total vascularity index in the ipsilateral hemi-
sphere (maximum score: 12).

The extent of development of the basal moyamoya-like vessels
was evaluated in anteroposterior-view DSA images in a plane per-
pendicular to the orbitomeatal (OM) line. The extension index of
the basal moyamoya-like vessels was calculated as the distance
from the root to the top-end of the basal moyamoya-like vessels
divided by the distance from the base of the skull (top of the sella
turcica) to the top of the skull in the same plane (fig. 1c).

PET Imaging

The Headtome V/SET 2400W system (Shimadzu, Kyoto, Ja-
pan) was used for the PET imaging. Prior to the emission scan, a
Ge-68/Ga-68 transmission scan was performed for 10 min for at-
tenuation correction. All scans were performed at a resolution of
3.7 mm full width at half maximum in the transaxial direction
and of 5 mm full width at half maximum in the axial direction.
Images were reconstructed using an ordered subset expectation
maximization algorithm (12 iterations with 4 ordered subsets).
Each subject’s head was fixed in place with a head holder and po-
sitioned using light beams to obtain transaxial slices parallel to
the orbitomeatal line. Data were formatted as a 3D dataset with
63 slices (3.17 mm thick) in 128 X 128 matrices. The cerebral
blood flow (CBF), cerebral metabolic rate of oxygen (CMRO;),
oxygen extraction fraction (OEF) and cerebral blood volume
(CBV) were measured using the conventional 'O gas steady-state
method [8]. The CMRO; and OEF were corrected by the CBV
[9].

MRI

All the patients underwent PET and MRI within an interval of
3 months. Scans were obtained on the following scanners: GEN-
ESIS SIGNA 15T (GE Y wa Medical Systems, Tokyo, Japan),
SIGNA EXCITE L.5T (GE Healthcare, Chalfont St. Giles, UK),
and MAGNETOM VISION 1.5T (Siemens, Erlangen, Germany).
The MR protocol included T-weighted 2D fast spin echo se-
quences: (scan parameters: axial plane, FOV 250 mm, matrix
256 X 256 or 512 X 512, slice thickness: 5 mm, interslice gap
1-1.5 mm, TE: 90-131 ms, TR: 4,500-5,000 ms).

Data Analysis

Measurement of these parameters was executed in the ipsilat-
eral MCA area using the automated constant region of interest
(ROI) analysis software, FineSRT [10], which can perform the
analysis using a precise constant 1,394 ROI (both hemispheres),
with excellent objectivity and reproducibility. The MCA area was
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divided into 2 subdivisions: the cortical MCA area (i.c. the ipsi-
lateral cortical MCA branch territory in the frontal, parietal and
temporal lobes) and the basal ganglia, except the caudate nucleus.
Ipsilateral ROl included in each of the two MCA divisions were
selected from the constant 1,394 ROI and averaged. Statistical
ROI analysis was carried out in each of the two subdivisions of the
MCA area. Differences in the mean values among the groups were
analyzed using a one-way ANOVA followed by the least signifi-
cant difference test for ROI analysis, and the Mann-Whitney U
test for other comparisons. Correlational analysis was performed
by determining Spearman’s rank-order correlation coefficient.
Multivariate analysis was carried out by multiple linear regres-
sion analysis. Statistical significance was defined by a p value of
less than 0.05.

Results

There were no significant differences in the clinical
characteristics (age, gender, handedness, history of hy-
pertension, hyperlipidemia and/or diabetes mellitus) or
physiological parameters measured on the day of the PET
study (blood pressure, partial pressure of arterial CO,
and O,, arterial pH, arterial O, saturation, hemoglobin
and hematocrit) between the moyamoya syndrome group
and the non-moyamoya-syndrome group. In the 17
symptomatic patients, there was no significant difference
in the interval from the initial clinical symptoms to the
time of performance of the DSA between the moyamoya
syndrome group (n = 7, 55 = 36 months) and the non-
moyamoya-syndrome group (n = 10, 35 £ 20 months).
Figure 2 shows the CBF, CMRO,, OEF, CBV and CBF/
CBV in the ipsilateral MCA area as measured by PET. The
CBF was significantly lower in the moyamoya syndrome
group than in the non-moyamoya-syndrome group in
the ipsilateral cortical MCA area, and lower in the moya-
moya syndrome group than in the normal controls in the
basal ganglia. There was no significant difference in the
CMRO; between the moyamoya syndrome group and
the non-moyamoya-syndrome group in the whole MCA
area, whereas the CMRO; values in the whole MCA area
were significantly decreased in both the patient groups as
compared with the values in the normal controls. The
OEF was significantly higher in the moyamoya syndrome
group than in the non-moyamoya-syndrome group in
the cortical MCA area, but not in the basal ganglia. How-
ever, no significant difference in the OEF was found in
the whole MCA area between the non-moyamoya-syn-
drome group and the normal controls. Although inter-
group differences in the CBV were not significant as eval-
uated by ANOVA, the CBV in the moyamoya syndrome
group was significantly higher than in the non-moya-
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Fig. 2. Comparison of the regional CBF (a), regional CMRO; (b),
regional OEF (c), regional CBV (d) and CBF divided by CBV
(CBF/CBV; e) by the angiographic type. Data are shown as means
plus 95% confidence intervals. Cortical MCA area = the ipsilat-
eral cortical middle cerebral artery (MCA) branch territory in the
frontal, parietal, and temporal lobes; basal ganglia = the ipsilat-

moya-syndrome group in the cortical MCA area
(p = 0.03) and the basal ganglia (p = 0.04), as determined
by Mann-Whitney’s U test. A significantly reduced CBF/
CBV was found in the moyamoya syndrome group as
compared with the non-moyamoya-syndrome group and
normal controls in the whole MCA area. The atheroscle-
rotic lesions in the ipsilateral hemisphere were more ad-
vanced in severity in the moyamoya syndrome group (ta-
ble 1), and the total vascularity index was significantly
lower in the moyamoya syndrome group than in the non-
moyamoya-syndrome group (p = 0.01; table 1). Collateral
flow from the external carotid artery to the ICA via ret-
rograde flow through the ophthalmic artery was found
only in patient No. 6, There was a weak negative correla-

Moyamoya Syndrome Associated with
Atherosclerosis

eral basal nuclei except for the caudate nucleus. * p < 0.05 (one-
way ANOVA followed by least significant difference test) versus
normal control; ** p < 0.05 (ANOVA, least significant difference
test) versus non-moyamoya-syndrome group and normal con-
trol.

tion between the OEF in the cortical MCA area and the
total vascularity index (p = 0.06). Multivariate linear re-
gression analysis revealed that the OEF in the cortical
MCA area remained significantly higher in the moya-
moya syndrome group, even after controlling for the
ACA, MCA and PCA vascularity indices (p = 0.002). In
the moyamoya syndrome group, there was a significant
correlation between the basal moyamoya-like vessel ex-
tension index and the OEF in the cortical MCA area (r >
0.999, p < 0.001; fig, 3); this correlation remained signifi-
cant even after adjustment for the total vascularity index
(p=0.02).
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