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key words pediatric moyamoya disease, angiographical classification, cerebral ischemia,
cerebral hemodynamics, surgical revascularization
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W& DTN TEAS, 1995 FIERENAE

ERWITEIE (AP OFWEETIIMRIL

VD I R BT L
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MRA 12 & - T b B AT & 13 o 72 1112,
U, OB, Rl i i &

L

MRA score & MRA grade DE

(ICA, MCA, ACA, PCA @ % MRA score DEFFELE D 5 MRA grade % 4
WA (CHK I3 & )

MRA score

ICA

normal

stenosis of Cl
discontinuity of C1 signal
invisible

MCA

normal

stenosis of M1
discontinuity of M1 signal
invisible

ACA

normal A2 and its distal
A2 and its distal signal decrease or loss
invisible

PCA

normal P2 and its distal
P2 and its distal decrease or loss
invisible

N = O = OlWw N = O(Ww N~ O

MRA grade (Sum of MRA score) : grade 1 (1~2),

grade 2 (3~4),

grade 3 (5~7), grade 4 (8~ 10)
ICA: internal carotid artery, MCA: middle cerebral artery,

ACA: anterior cerebral artery, PCA: posterior cerebral artery

x£2 RMBSIRERAICE D (HAORIAE
(stage I~VI) & MRARIASHE (grade 1~4) L DMK (Crik13 & k)

MRA Suzuki's AG stage
grade I i} I v \' VI
rade 1 00 00
Bre 00 00
0000
grade 2 O 0000 O
' 0/0)0]0)
0000
grade 3 O/ONENO000
0000
grade 4 Q0 O(g) OO
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Rilat Ltlat suwp

IRl Stage O

.2 EAEVIR
RS, EREROMNE MRI,

~20)i§1-ﬁz75 P2 57z, SEE AT Tl
AWMELICENEEMWIIERENS.

%3 3D-SSP M Z-score lFICL B EYEVRNE
FERESTAR (3EXREEEM) (CMK17 R TLE)
resting CBF DMZX-activated CBF

normal  Z (rest) <2 Z (DMX) <2

mild 7 (rest) <2 Z (DMX) > Z (rest) + 2

severe 7 (rest) >2 Z (DMX) >Z (rest) + 2

3D-SSP: 3-dimensional stereotactic surface
projections

resting or rest: ZHFHE
DMX-activated or DMX: acetazolamide £ 1 Ff
7: mean Z-score in the affected territories

sER P/ NBORMBNRT — & ~N— R (B

360, 2R 86, TFIPERIL1L5 £ 295 &/AE
EYEVHEIOFAOMEIRL T — % &£ % Z-score
JRHT I X BERI LI Lo & 2 A, ANREY TV

GV T 7 I B D G Bz BV L C S A 7 R T
A A SN TWS (1), 4~ 0k Bl Ol
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RtMed LtMed

Stagell  [VR=-30% T RestCBF<15 mimin/dl

EH (7 r—’ztc ) TR DRI SPECT & 2 B 1% () SEE FRATIER 17
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Cerebral hemodynamics and metabolism in adult moyamoya disease:
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Purpose: The extent of the hemodynamic and metabolic impairments in adult patients with
moyamoya disease is still controversial. The aim of the present study was to evaluate the
hemodynamic and metabolic status in relation to the development of basal moyamoya vessels
(BMVs). Methods: The cerebral blood flow (CBF), cerebral metabolic rate of oxygen (CMRO>),
oxygen extraction fraction (OEF), and cerebral blood volume (CBV) were measured using PET in
ten patients with ischemic adult moyamoya disease (mean age, 36.6 years) and six age-matched
normal controls (mean age, 33.3 years). The cerebrovascular reserve (CVR) after acetazolamide
(ACZ) loading was also estimated using iodine-123 N-isopropyl-p-iodo amphetamine single
photon emission computed tomography (‘23I-IMP SPECT). Results: Based on the angiographic
findings, eleven cerebral hemispheres with well-developed BMV (extensive BMV hemispheres)
and nine cerebral hemispheres with diminished BMV (diminished BMV hemispheres) were
identified. The main routes of collateral circulation in extensive BMV hemispheres were BMVs and
leptomeningeal anastomoses. On the other hand, in diminished BMV hemispheres, transdural
anastomosis was predominant, and leptomeningeal anastomoses were less developed. In cortices
distal to the occluded internal carotid artery, the extensive BMV hemispheres exhibited a
significantly lower CBF, CMRO,, CBF/CBV, and CVR (p < 0.05) and a significantly higher CBV
and OEEF than in diminished BMV hemispheres and controls (p < 0.05). Except for the CBF in the
white matter, the mean hemodynamic and metabolic parameters of the diminished BMV hemi-
spheres were not significantly different from those of the controls. Conclusion: The extensive
development of basal moyamoya vessels is a sign of severe hemodynamic impairment in adult
patients with ischemic moyamoya disease. The results may not apply to adults with hemorrhagic
onset.

Key words: adult moyamoya disease, collateral circulation, PET, cerebral blood flow, cerebral
metabolism
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MOYAMOYA DISEASE is a cerebrovascular disease charac-
terized by the spontaneous and progressive occlusion of
the terminal portion of the bilateral internal carotid arter-
ies (ICA), proximal parts of the anterior cerebral artery
(ACA), and the middle cerebral artery (MCA) with a
spontaneously developed collateral vascular network.!-
Most pediatric patients demonstrate extensive devel-
opment of basal moyamoya vessels and present with
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Table 1 Patient characteristics

Patient Age

Duration from

No. y/Sex Subtype Major clinical symptoms onset of disease Infarct on MRI
1 31/F TIA Weakness of Rt limbs 22y Lt WM lacunar
2 37/F TIA Weakness of limbs 28y Negative
3 21/F TIA Syncope 3 mo Lt WM lacunar
4 37/M CI Lt hemianopsia 3 mo Rt occipital
5 42/F AS None None Negative
6 47/F CI Weakness of Lt limb 3 mo Rt precentral area
7 29/F ClI Lt hemianopsia 23y Rt parietooccipital
8 35/F TIA Weakness of Rt limbs, aphasia 1 mo Lt LN lacunar
9 32/F AS Headache 8y BG-WM lacunar
10 50/M Cl Rt hemianopsia Sy Lt occipital

TIA, transient ischemic attack; CI, cerebral infarction; AS, Asymptomatic: indicates asymptomatic carotid artery
disease; BG, basal ganglia; WM, white matter; LN, lentiform nucleus; Lt, left; Rt, right.

Fig. 1 Representative findings of the cerebral angiography in moyamoya disease. Left panel: Typical
angiographic image of extensive basal moyamoya vessels development type. Nether middle-nor
anterior cerebral arteries are visible, and moyamoya vessels with retrograde filling of long-penetrating
medullary arteries developed (white arrowhead). Right panel: Typical angiographic image of dimin-
ished basal moyamoya vessels type. Branches of the internal carotid artery and basal moyamoya
vessels are not seen. Transdural anastomosis (arrow) developed instead.

ischemic evgmts.4 Previous studies have indicated a de-
crease in cerebral blood flow (CBF) and CBF in response
to carbon dioxide inhalation.’” Compensating mecha-
nisms, such as an increase in cerebral blood volume
(CBV) and the oxygen extraction fraction (OEF) have
been found in the territory of the occluded arteries.’
Cerebral oxygen metabolism was maintained in the
normal range.?”

In contrast, the severity of the hemodynamic and meta-
bolic impairments in adult patients remains controversial.
Kuwabara et al. found no significant reduction in CBF or
the cerebral metabolic rate of oxygen (CMROy) in four
adult patients. Misery perfusion was not detected either.®
Taki et al. found a decrease in the CBF/CBV ratio, an
index of perfusion pressure, in nine adult patients.’ In
both of these studies, the CMRO; did not decrease in

116 Rishu Piao, Naohiko Oku, Kazuo Kitagawa, et al

193

the cortical gray matter, basal ganglia, or white matter. On
the other hand, Morimoto et al. found a decrease in the
cortical CBF and CMRO; and an increase in the CBV and
OEF in five patients who later underwent superficial
temporal artery to middle cerebral artery (STA-MCA)
bypass surgery.!? The discrepancies among these studies
may be caused partly by a selection bias in the patients, the
severity of the primary steno-occlusive ICA lesion, or the
development of collateral circulation.

The aim of the present study was to clarify the extent of
the hemodynamic and metabolic impairments in adult
patients with ischemic moyamoya disease by examining
collateral circulation using cerebral angiography. Pa-
tients with well-developed basal moyamoya vessels
(BMVs) were compared with those with diminished basal
moyamoya vessels.
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PATIENTS AND METHODS

All the patients were seen at the Osaka University Medi-
cal School Hospital between March 2000 and April 2003.
Eighteen consecutive patients diagnosed as having
moyamoya disease were selected. Pediatric patients, pa-
tients with a cerebral infarction measuring more than 3
cm in diameter in the ICA territory (based on magnetic
resonance imaging [MRI] images), patients with intra-
cerebral hemorrhage and patients with a history of head
surgery were excluded from the study. Patients were also
excluded if they had experienced a clinical stroke event
within one month prior to the start of the study.

A total of ten patients with moyamoya disease (two
males, eight females; mean + SD age, 36.6 £ 9.1 years,
range 21 to 50 years) were finally enrolled in the study. All
patients had undergone a digital subtraction angiography
(DSA) and MRI examination. Four patients had transient
ischemic attacks (TIAs), one patient suffered from head-
ache, one patient had asymptomatic carotid artery dis-
ease, and four patients had minor cerebral infarctions.
Table 1 shows the clinical features and MRI findings of
these ten patients. All patients were clinically diagnosed
as definite cases of moyamoya disease based on the
Criteria for the Diagnosis of Moyamoya Disease (Minis-
try of Health and Welfare of Japan, 1996).!! We evaluated
the angiographic findings of all 20 hemispheres in the ten
patients. The hemispheres were divided into two groups
according to the extent of BMV development, extensive
BMYV with retrograde filling of long-penetrating medul-
lary arteries (extensive BMV group; n = 11 hemispheres),

and poor BMV with no retrograde filling of the medullary
arteries (diminished BMV group; n = 9 hemispheres) (Fig.
1). Furthermore, the development of leptomeningeal col-
lateral circulation was evaluated using the classification
system established by Mugikura et al.'? The development
of leptomeningeal anastomosis was classified into four
grades: good, cortical branches in all three (frontal, pari-
etal, and temporal) lobes opacified; moderate, cortical
branches in two lobes opacified; poor, cortical branches in
one lobe opacified; none, no collateral circulation. Six
age-matched normal volunteers (two males and four fe-
males, 33.3 + 6.6 years, range 26 to 43 years) were re-
cruited as a control group. All subjects underwent both
PET and iodine-123 N-isopropyl-p-iodo amphetamine
single photon emission computed tomography ('2I-IMP
SPECT) examinations. A detailed explanation of the
purpose of the study and all the procedures used in the
study was given prior to the enrollment of the subjects in
the study. Written informed consent was obtained from all
the subjects. The study was approved by the Ethical
Committee of Osaka University.

SPECT Imaging

We used the split-dose '3 I-IMP SPECT method.!3 A
high-performance, four-head rotating gamma camera
(Gamma View SPECT 2000H, Hitachi Medical Co.,
Tokyo, Japan) was used to perform the SPECT imaging.
This gamma camera was equipped with a low-energy,
general purpose, parallel-hole collimator with a spatial
resolution of 13.0 mm full-width-at-half-maximum
(FWHM). Subjects were asked to lie supine on the

Table 2 Development of basal moyamoya vessels and collateral circulation on angiography

patient No. side site of ICA occlusion leptomeningeal* transdural

extensive BMV 1 Rt cavernous moderate +
1 Lt lacerum poor +

2 Rt communicating moderate +

2 Lt communicating moderate +

3 Rt cavernous good -

3 Lt cavernous good +

4 Rt clinoid poor +

4 Lt ophthalmic poor +

5 Rt communicating good -

6 Rt ophthalmic good +

10 Lt clinoid good +
diminished BMV 5 Lt communicating none -
6 Lt ophthalmic none +

7 Rt cavernous poor ++

7 Lt ophthalmic moderate ++

8 Rt communicating moderate +4

8 Lt communicating moderate ++

9 Rt ophthalmic good +

9 Lt communicating poor ++

10 Rt clinoid good +

BMYV, basal moyamoya vessels; ICA, internal carotid artery; Lt, left; Rt, right; +, indicates thin collateral; ++, indicates rich

collateral; —, none; *, classification of Mugikura et al.
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Fig. 2 Comparison of regional cerebral blood flow (CBF), regional cerebral metabolic rate of oxygen
(CMRQy), regional oxygen extraction fraction (OEF), regional cerebral blood volume (CBV), regional
cerebral blood flow over cerebral blood volume (CBF/CBYV), cerebrovascular reserve (CVR) by the
angiographic types. Data are show as means plus SD. Open column, hatched column, and closed column
indicate normal control, diminished basal moyamoya vessel (BMV) group, and extensive BMV group,
respectively. MCA, middle cerebral artery territory; ACA, anterior cerebral artery territory; BG, basal
ganglia; WM, white matter; *, p < 0.05 vs. normal control; **, p <0.05 vs. normal control and diminished

BMYV group.

scanner bed with their eyes closed in a dimly lit and quiet
room. The subject’s head was immobilized using a head
holder. A built-in light beam was adjusted to the subject’s
orbito-meatal (OM) line so that the system would recon-
struct images parallel to the OM line. The acquisition
started with the intravenous injection of 111 MBq of 2’
IMP (Perfusamine™, Nihon Medi-Physics Co., Ltd.,
Nishinomiya, Japan). Nine minutes later, 1 g of acetazola-
mide (ACZ) (Diamox™, Lederle Ltd., Tokyo, Japan) was
slowly administrated intravenously. At 27 minutes after
the first injection, an additional 111 MBq of 'ZI-IMP was
injected. Data were collected in a continuous rotating
mode in reciprocal directions at 20 seconds per revolution
for 66 minutes from 96 directions. The transaxial images
were reconstructed using a filtered back projection algo-
rithm and a Butterworth prefilter. Resting and vasodilated
perfusion images were obtained using the subtraction
technique. Data were formatted as a 3-dimensional (3D)
dataset with 64 x 64 x 64 cubic voxels, 4 mm per voxel
side.

PET Imaging

A Headtome V/SET 2400W system (Shimadzu Co., Ltd.,
Kyoto, Japan) was used for the PET imaging. Prior to the
emission scan, a Ge-68/Ga-68 transmission scan was
performed for 10 minutes for attenuation correction. All
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scans were performed at a resolution of 3.7 mm FWHM
in the transaxial direction and at 5 mm in the axial
direction. Images were reconstructed using an ordered
subset expectation maximization algorithm (12 iterations
with 4 ordered subsets). The subject’s head was fixed in
place with a head holder and was positioned using light
beams to obtain transaxial slices parallel to the OM line.
Data were formatted as a 3D dataset with 63 slices
(3.17 mm thick) in 128 x 128 matrices. CBF, CMRO;,
OEF and CBV were measured using the conventional O-
15 gas steady-state method.

Data Analysis

The SPECT and PET data were analyzed using an image
analyzing software system (Dr. View Pro 5.0, Asahi
Kasei Joho System Ltd., Tokyo, Japan). The SPECT and
PET image data sets were displayed side by side, and
regions of interest (ROIs) were drawn at corresponding
positions in both images.!* Multiple circular ROIs (20
mm in diameter) were placed in the cortical ribbon, basal

.ganglia, and white matter. ROIs in multiple slices from

the basal ganglia level to the centrum semiovale level
were linked together into four areas: the ACA territory,
MCA territory, basal ganglia territory, and white matter.

The cerebrovascular reserve (CVR) was calculated
from the SPECT data using the following equation: CVR

Annals of Nuclear Medicine



= (ACZ challenge count — resting count) X 100 /resting
count.

All data were expressed as the mean £ 1SD. Differ-
ences in the mean values of the groups were analyzed
using a one-way ANOVA followed by Bonferroni’s mul-
tiple comparison. Differences were considered to be signifi-
cant when the statistical p value was under 0.05.

RESULTS

Table 2 presents the individual findings of cerebral an-
giography. The main routes of collateral circulation in
extensive BMV hemispheres were BMVs and leptome-
ningeal anastomoses. On the other hand, in diminished
BMYV hemispheres, transdural anastomosis was predomi-
nant, while leptomeningeal anastomoses were less devel-
oped. The feeders of those transdural anastomoses in the
ACA territory were the anterior falx artery and middle
meningeal artery, and those in the MCA territory were the
middle meningeal artery. In three diminished BMV hemi-
spheres (Pt No. 5, 6, 9), the left ACA or MCA periphery
was filled by developed basal thin channels. Of these three
hemispheres, one (Pt No. 5) had neither leptomeningeal
nor transdural anastomoses.

Figure 2 shows the CBF, CMRO,, OEF, CBV, CBF/
CBYV, and CVR as measured using PET and SPECT. In
the extensive BMV group, the CBF and CMRO; in the
ACA territory and the MCA territory were significantly
lower than those in the other groups. The regional OEF in
the ACA territory and the MCA territory was significantly
higher in the extensive BMV group than in the normal
controls.

No significant differences in the CBF, CMRO3, or the
OEF in the basal ganglia or white matter were seen among
the groups, except for the CBF in the white matter.

Large differences in the CBV and the CBF/CBYV were
seen among the groups. In all the regions examined, the
extensive BMV group showed a significantly higher CBV
and a lower CBF/CBV than the other groups. The CVR
was significantly lower in the extensive BMV group than
in the normal controls in all the regions examined.

In contrast, no significant differences in any of the PET
measurements were seen between the normal control
group and the diminished BMV group, except for the CBF
in the white matter.

DISCUSSION

The present study on the hemodynamic and metabolic
impairments in adult patients with ischemic moyamoya
disease shows that the hemodynamic status of hemi-
spheres with extensive BMV is different from that of
hemispheres with diminished BMV. Transdural, rather
than intracerebral, collaterals were effective for maintain-
ing cerebral circulation in the territory of the occluded
ICA.
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In contrast to pediatric patients, adult patients with
moyamoya disease often develop intracerebral hemor-
rhage. To evaluate the hemodynamics in adult ischemic
moyamoya disease, the present study excluded patients
with hemorrhagic episode because the hemodynamics in
hemorrhagic cases might be different from those in is-
chemic cases. In some previous papers, it was reported
that CBF and CVR were not impaired in moyamoya
patients with hemorrhagic onset. From this point of view,
the results of this study may not apply to adult hemor-
rhagic moyamoya disease.

BMYV, leptomeningeal anastomosis between the PCA
and anterior circulation, and transdural anastomosis be-
tween the extracranial and intracranial vessels are the
main routes of collateral circulation in patients with
moyamoya disease. Mugikura et al. reported that lepto-
meningeal collaterals developed most when prominent
BMYVs are present. In the advanced angiographic stage,
the degree of leptomeningeal collaterals from the PCA
decreases as the steno-occlusive lesion extends to the
PCA.!? The transdural anastomoses, represented by eth-
moid moyamoya and vault moyamoya vessels, develop
later in the advanced angiographic stage.!5:1¢

In the present study, we classified the patients into two
subgroups: patients with extensive BMVs and retrograde
filling of long-penetrating medullary arteries and patients
with poor BMVs and no retrograde filling of long-pen-
etrating medullary arteries. The former group corresponded
to stage III and the latter to stage IV (minimization of
moyamoya vessels) and stage V (reduction of moyamoya
vessels) in Suzuki’s angiographic classification.2

The most important finding of the present study was
that the patients with extensive BMV hemispheres ex-
hibited impaired perfusion and metabolism in the corti-
ces whereas patients with diminished BMV hemispheres
did not. The exception was the white matter area in the
diminished BMV group. The mean CBF in the area was
significantly more reduced than that in the normal control
group. This may be explained by the fact that patients in
the diminished BMV group had multiple lacunar infarc-
tions as revealed by MRI.

Our results suggested that intracerebral anastomoses
may not provide an adequate blood supply to the cerebral
cortices, even if they are fully developed. Diminished
BMVs were associated with well-developed transdural
anastomoses in our patients. Based on these findings, we
speculate that transdural collateral channels are more
efficient in supplying blood, than intracerebral anasto-
moses, but develop gradually when BMV is minimized in
adult patients with moyamoya disease. From this point of
view, the formation of BMVs may be accelerated by
persistent cortical ischemia. This speculation is supported
by some previous reports'®!17-19 describing that STA-
MCA anastomosis improved CBF in adult patients with
moyamoya disease. It was also reported that STA-MCA
anastomosis reduced BMVs, as revealed by follow-up
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angiography studies, and decreased the risk of hemorrhage.

The purpose of STA-MCA anastomosis differs accord-
ing to the type of adult moyamoya disease. In patients with
ischemic onset, the purpose of STA-MCA anastomosis is
the suppression of ischemic attacks by improving the
cortical hemodynamic impairment. Such improvement in
the cortical hemodynamics then induces reduction of
BMV. In patients with hemorrhagic onset, things are
different with the purpose of the anastomosis being the
prevention of rebleeding by reducing the hemodynamic
stress on BMV. The anastomosis, instead of BMV, sup-
plies blood to the cortex to reduce BMV, As there is no
evidence about the effect of STA-MCA anastomosis on
the risk of rebleeding, the Japanese adult moyamoya trial
(JAM trial) is now ongoing in Japan.

Cerebral oxygen metabolism is significantly decreased
in extensive BMV hemispheres. Kuwabara et al.8 re-
ported no significant reduction in CMRO; in pediatric
moyamoya patients with BMV. We speculate that the
reduction in oxygen metabolism in adult patients may be
induced by persistent oligemia for several years. Such
metabolic impairment may be improved by the develop-
ment of transdural and leptomeningeal collateral chan-
nels, as found in our subgroup with diminished BMV
hemispheres associated with well-developed transdural
collaterals. This speculation is supported by some previ-
ous reports showing that in pediatric patients, ischemic
symptoms diminished in parallel with the development of
ethmoid and vault moyamoya vessels? and the intelli-
gence of pediatric patients with moyamoya disease could
be improved by revascularization surgery. Even in adult
moyamoya disease, the reduction in CMRO; can be
improved by a successful STA-MCA bypass surgery.!?

In conclusion, severe hemodynamic and metabolic
impairments were found in adult patients with ischemic
moyamoya disease when the extensive development of
basal moyamoya vessels persists. The severity of these
cerebral hemodynamic and metabolic impairments in
adults with ischemic moyamoya disease highly depends
on the type of remaining collateral circulation. Extensive
development of basal moyamoya vessels is a sign of
severe hemodynamic impairment in adults with ischemic
moyarmnoya disease. The results of the present study may
be limited to adult patients with ischemic onset, and may
not apply to those with hemorrhagic onset.
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