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Cerebral Hemodynamics in Moyamoya Disease:
Correlation between Perfusion-Weighted MR

ORIGINAL ] X
researcH | Imaging and Cerebral Angiography
0. Togao BACKGROUND AND PURPOSE: In Moyamoya disease, the relationship between cerebral hemodynamics
F. Mihara and angiographic findings has not been fully evaluated. The purpose of this study is to evaluate hemody-
T. Yoshiura namics in Moyamoya disease with perfusion-weighted MR imaging (PWI) and cerebral angiography.
A. Tanaka METHODS: Twenty patients with Moyamoya disease were the subjects. Mean transit time (MTT) derived
T. Noguchi from PWI was calculated in the medial frontal lobes, the posterior frontal lobes, the occipital lobes, and the
) basal ganglia. From the angiographies, we classified the degrees of internal carotid artery (ICA) and
Y. Kuwabara posterior cerebral artery (PCA) stenoses as well as the degrees of Moyamoya vessels and leptomeningeal
K. Kaneko anastomosis (LMA). MTT in each region was compared with the angiographic findings.
T. Matsushima RESULTS: MTT positively correlated with the degree of ICA stenosis in the medial frontal (P < .01),
H. Honda posterior frontal (P < .001), and occipital (P < .001) lobes, as well as in the basal ganglia (P < .001).

MTT correlated with the degree of PCA stenosis in the medial frontal (P < .001), posterior frontal (P <
.001), and occipital (P < .001) lobes, as well as in the basal ganglia (P < .001). MTT correlated with the
degree of Moyamoya vessels in the medial frontal (P < .05) and posterior frontal (P < .01) lobes. A
multivariate analysis revealed that ICA and PCA stenoses and Moyamoya vessels were independent
factors that prolonged MTT.

CONCLUSION: Both ICA and PCA stenoses may influence overall cerebral perfusion in Moyamoya

M oyamoya disease is a rare cerebrovascular occlusive dis-
order most often found among the Japanese.' This dis-
ease is angiographically defined as progressive steno-occlusion
of the bilateral internal carotid arteries (ICAs) with character-
istic abnormal vascular networks, so-called Moyamoya ves-
sels, at the base of the brain.'” Hemodynamics in Moyamoya
disease are rather complex. Steno-occlusive change can occur
not only in the ICA but also in the posterior cerebral artery
(PCA).** Leptomeningeal anastomosis (LMA) from posterior
circulation and transdural anastomosis from the external ca-
rotid artery (ECA), as well as Moyamoya vessels, could de-
velop to supply the ischemic brain."** The importance of pos-
terior circulation in Moyamoya disease has recently become
recognized.®® Only a few reports have investigated the rela-
tionship between cerebral angiography findings and hemody-
namic status in Moyamoya disease.’® By using dynamic sus-
ceptibility contrast perfusion-weighted MR imaging (DSC-
PWI), Yamada et al demonstrated that PCA steno-occlusive
change was significantly related to cerebral hemodynamics in
Moyamoya patients but ICA was not.°

In Moyamoya disease, as in other chronic steno-occlusive
cerebrovascular diseases, the steno-occlusive change in the
main cerebral arteries decreases the cerebral perfusion pres-
sure (CPP), and collateral circulation maintains cerebral
blood flow (CBF).>!°

The mean transit time (MTT) and its reverse ratio have been
used as indices for CPP in focal ischemia.'"'* Quantitative mea-
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disease. The development of Moyamoya vessels may indicate hemodynamic impairment.

surement of the MTT by using a deconvolution algorithm can be
a sensitive and reliable indicator of the cerebral perfusion reserve
capacity, and it provides important information for the manage-
ment of patients with occlusive cerebrovascular diseases.'*™"”

We evaluated the relationship between angiographic find-
ings and the regional MTT obtained by DSC-PWI in 20 pa-
tients with Moyamoya disease.

Subjects and Methods

Patients

From September 1995 to March 2004, a total of 29 patients with
Moyamoya disease were studied by both DSC-PWI and cerebral an-
giography in our radiology department. Of these 29 patients, we ex-
cluded 3 patients who had previously undergone intracranial-ex-
tracranial revascularization surgery and 3 patients for whom the
interval between PWI and cerebral angiography was longer than 3
months. One patient who had an extensive infarcted lesion (>8 cm in
diameter) in the left hemisphere on MR imaging was also excluded.
The remaining 20 patients were included in this study. The diagnosis
of Moyamoya disease was made by the angiographic appearance of
ICA stenosis or occlusion and characteristic collateral arteries, so-
called Moyamoya vessels, at the base of the brain. The patients in-
cluded 7 men and 13 women ranging in age from 5 to 48 years
(mean * SD, 22.3 * 14.1 years). The subjects’ clinical types were as
follows: transient ischemic attack (TIA) type, 15 patients; hemor-
rhagic type, 4 patients; asymptomatic type, one patient. The interval
between PWI and cerebral angiography was 18 * 30 days (range,
0-289 days). In all patients, clinical status had been stable throughout
the period between PWIand cerebral angiography, and no new stroke
or exacerbation of TIA had occurred in that period. Informed consent
was obtained from each patient and his or her family. This study was
approved by our institutional review board. The clinical features and
radiologic findings of the subjects are summarized in Table 1.
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Table 1: Clinical data and image findings

Patient No./ Clinical Duration from Duration from Infarct or

Age (y)/Sex Type Major Clinical Symptoms Onset of Disease Last TIA Hemorrhage on MRL Image
1/5/M TIA Weakness of bilateral limbs 11 mo 2 mo Negative
2/6/F TIA Weakness of left limbs 1y 3 mo Negative
3/7/F TIA Involuntary movement of right hand 10 mo Tw Negative
4/9/F TIA Weakness of right limbs 2y 3 mo Bilateral frontoparietal cortex
5/10/M TIA Weakness of right hand 5 mo 5 mo Negative
6/10/F TIA Weakness of left hand 5y 4 mo Negative
7/11/F TIA Weakness of right limbs 1y 1 mo Left frontal cortex, left basal ganglia
8/13/M TIA Weakness of bilateral lower limbs 10y 4 mo Right frontal white matter
9/15/M TIA Weakness of bilateral limbs 7y 1y Right frontal cortex
10/17/M TIA Weakness of bilateral limbs 5y 1w Negative
1/17/F TIA Weakness of right limbs 3y 1 mo Left frontotemporoparietal white matter
12/26/M H Headache 21y — Bilateral frontoparietal white matter
13/28/F TIA Weakness of bilateral limbs 14y 1 mo Negative
14/31/F H Weakness of right hand 3y — Left basal ganglia
15/34/F None Hemorrhage of bilateral ocular fundus 7y — Negative
16/36/F TIA Weakness of right limbs 2 mo 2 mo Left frontal cortex, left basal ganglia
17/37/F TIA Weakness of right hand 6 mo 1 mo Left frontoparietal white matter
18/41/F H Headache 4 mo — Right temporal subcortex
19/45/F H Headache 3 mo — Right thalamus
20/48/M TIA Weakness of bilateral limbs 22y 1 wk Left frontal cortex, right basal ganglia

Note.—TIA indicates transient ischemic attack; H, hemorrhagic.

Dynamic Susceptibility Contrast-Enhanced MR Imaging
Protocol

Dynamic susceptibility contrast-enhanced MR imaging studies
were performed with a 1.5T MR unit, Magnetom Vision (Siemens
Medical Systems, Erlangen, Germany), by using a single-shot gradi-
ent-echo type of echo-planar sequence with a standard head coil. The
imaging parameters were as follows: TE = 54 milliseconds; flip an-
gle = 90°; acquisition matrix = 128 X 128; field of view = 230 X 230
mm; and section thickness = 5 mm. Gadopentetate dimeglumine at
0.05 mmol/kg body weight was administered as a bolus through the
anticubital vein at a rate of 2 mL/s, followed by a 20-mL saline
flush.'®'* The contrast agent was injected manually. A single axial
plane at the level of the striatum was scanned every 1 second, from 10
seconds before to 50 seconds after contrast injection. To allow for
equilibration of image magnetization, the first 3 images were ex-
cluded from the data analysis. T1-weighted images, T2-weighted im-
ages, and MR angiographies were also obtained.

MR Imaging Data Analysis

All DSC MR imaging data were transferred to a Linux worksta-
tion, and images of the perfusion parameters were generated by using
the image-analytical program of Dr. View/Linux (Asahi Kasei Joho
System Co., Tokyo, Japan). First, smoothing of the MR images was
performed with a 5 mm X 5 mm uniform smoothing kernel before
the data analysis. The maximum concentration was calculated pixel
by pixel before arterial input function (AIF) sampling.'® To reduce
the partial volume effect, only pixels with a signal intensity—intensity
reduction of >99.5% of the maximum value were extracted automat-
ically in each region of interest. The mean concentration time curve of
these pixels was then used to determine the AIF, which was obtained
from circular regions of interest (2 mm in diameter) placed manually
on the ipsilateral middle cerebral artery (MCA) or PCA branch at the
level of the basal ganglia. The MTT calculation is highly dependent on
the choice of AIF. We therefore measured AIF from the MCA to
calculate MTT in the anterior circulation territory, and AIF from the
PCA to calculate MTT in the posterior circulation territory (Fig 14).'”

The signal intensity in each voxel in the brain parenchyma was
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converted to transverse relaxation rate. The signal intensity time
curves S(t) were then converted into concentration time curves
(C,,(1)) on a pixel-by-pixel basis by using the following equation:

S(t)
1) C,(t) = *Iﬂ(i)/TE,

So

where S, denotes the precontrast baseline signal intensity, S(¢) is the
signal intensity at time t after injection of the contrast agent, and TE is
the echo time. C,,(t) was then deconvoluted with AIF[C,(t)] by using
a fast Fourier transformation, and C(t) was obtained. This approach
has been described in detail by Wirestam et al'® and Ostergaard et al."”

The cerebral blood volume (CBV) was calculated by the following
equation:

E3

C,(t)dt

kYo
2) CBV=—"4—_—

p 0
f C(t)dt

where p is the attenuation of the brain tissue (p = 1.04 g/cm’) and ky;
(0.73) is a factor correcting for the difference in hematocrit between
the capillaries (H,,

0.45).2° The CBF was calculated as

= 0.25) and the large arterial vessels (H,,, =

art

k
3) CBF = ;” Conaws

where C,

max

is the peak height of C(¢). In addition to the AIF, the
venous output function (VOF) was obtained from regions of interest
placed on the superior sagittal sinus, which is large enough to allow
for VOF sampling without a partial volume effect.*** The VOF is
used to correct for partial volume effects in the AIF due to the rela-
tively small caliber of the MCA or PCA. This VOF correction was
performed by multiplying the AIF with [AIF/[VOF.*> The MTT was
calculated based on the ratio of CBV/CBF in the PWI.

CBV

4) MTTZE.



Kaneko et al demonstrated that CBF and CBV obtained by the same
method as ours were significantly higher than those obtained by '°O-

positron-emission tomography (PET).'* In their study, the normal-
ization factors between PWT and '>O-PET were estimated as 0.73 for
CBF and 0.49 for CBV in the gray matter.'* Therefore, we also apply
this normalization factor in the calculation of MTT.

The regions of interest were placed on cortical regions in the me-
dial frontal lobes in the anterior cerebral artery (ACA) distribution, in
the posterior frontal lobes in MCA distribution, and in the occipital
lobes in PCA distribution as well as in the putamen in each cerebral
hemisphere (Fig 1). The regions of interest in the cortical regions were
35 X 10 mm in diameter, and those in the putamen were 20 X 10 mm.
Areas of infarction were not included in these regions of interest.

Cerebral Angiography

The cerebral angiography was performed by using a system of
stereoscopic biplane digital subtraction angiography (DFP-200A;
Toshiba Medical Systems, Tokyo, Japan). In all 20 patients, angio-
grams of bilateral ICAs and ECAs, as well as unilateral or bilateral
vertebral arteries (VAs), were obtained by using the transfemoral
Seldinger’s catheterization technique. A dose of about 10 mL of ioxa-
glate was injected into each vessel. Two board-certified radiologists
(T.Y. and O.T.), who were blinded to the patients’ clinical informa-
tion and MR findings, met and discussed their findings of the cerebral
angiographies on the printed films and reached a consensus for each
film. According to the resulting consensus findings of cerebral an-
giography of 40 hemispheres in the 20 patients, we applied a staging
system to determine the degrees of steno-occlusive vascular change
for both anterior and posterior circulation. The degree of the devel-
opment of Moyamoya vessels at the base of the brain and that of
leptomeningeal collateral vessels were also evaluated. We classified
steno-occlusive lesions of the distal ICA as well as those of the proxi-
mal regions of both ACA and MCA into 6 angiographic stages,
adapted from Suzuki’s classification'-?: stage 1, mild narrowing of the
carotid artery bifurcation only (<50% reduction in diameter); stage
2, moderate to severe stenosis of the carotid artery bifurcation (=50%
reduction in diameter); stage 3, partial disappearance of the terminal
segment of the ICA and of the proximal regions of the ACA and MCA;
stage 4, occlusion of the ICA bifurcation, the main trunk of the ACA,
and the MCA left faint traces within the Moyamoya vessels at the base

Fig 1. Regions of interest drawn in a PWI (A) and MTT
map (B). The regions of interest were placed on cortical
regions in the medial frontal lobe in the ACA distribution,
in the posterior frontal lobe in the MCA distribution and in
the occipital lobes in the PCA distribution as well as in the
putamen in each cerebral hemisphere. To calculate the
MTTs in the frontal lobes, as well as in the basal ganglia,
an AIF (blue dot) was obtained from an ipsilateral MCA
branch to represent anterior circulation. In calculating MTT
in the occipital lobe, an AlF (yellow dot) was obtained from
an ipsilateral PCA branch. This MTT map (B) was calcu-
lated with the AIF obtained from the right MCA branch.

of the brain; stage 5, occlusion of the ICA
bifurcation and absence of the ACA and
MCA, but subtle anterograde blood flow to
ACA and MCA branches through the basal
Moyamoya vessels remained; stage 6, com-
plete occlusion of the ICA and disappear-
ance of all ACA and MCA branches. We also
staged PCA steno-occlusive lesions into 4
stages: stage 1, no occlusive change in the
PCA; stage 2, mild stenosis (<50% reduction in diameter) of the PCA
with good visualization of distal branches; stage 3, moderate to severe
(=50% reduction in diameter) stenosis of the PCA with poor visual-
ization of distal branches; stage 4, occlusion of the PCA with almost
no visualization of distal branches. The development of basal Moya-
moya vessels was also graded into 4 stages: stage 1, no Moyamoya
vessels were seen; stage 2, Moyamoya vessels were localized in the area
around the ICA bifurcation, and each vessel was fine and had little
contrast; stage 3, Moyamoya vessels had intermediate extension and
thickness; stage 4, Moyamoya vessels extended a great deal and each
one was thick and strongly opacified. The degree of development of
the leptomeningeal collateral circulation to ICA distribution from the
PCA and from the posterior pericallosal arteries was classified into 4
grades: stage 1, no leptomeningeal collateral circulation; stage 2, lep-
tomeningeal cortical branches were found in one of 3 lobes; stage 3,
collateral arteries extended to 2 of 3 lobes; stage 4, leptomeningeal
collateral arteries extended to all 3 lobes.

Statistical Analysis

We evaluated the relationship between each region of interest’s
MTT and each angiographic finding by using univariate and multi-
variate analyses. The univariate analyses of the relationship between
each region of interest’s MTT and the angiographic stages of ICA,
PCA, development of Moyamoya vessels, and LMA were performed
by using the Spearman rank correlation test. Multiple linear regres-
sion was used in the multivariate analysis. The multivariate analysis
model included all angiographic factors (stages of ICA, PCA, Moya-
moya vessels, and LMA), patient age, and clinical type (TIA type = 1,
hemorrhagic type = 2). A P value < .05 was considered statistically
significant in this study. All statistical analyses were performed with
StatView version 5.0 (SAS Institute Inc., Cary, NC).

Results

The stage distribution of stenotic or occlusive lesions in the
ICA system of the 40 hemispheres was as follows: stage 1, 6
hemispheres; stage 2, 3 hemispheres; stage 3, 9 hemispheres;
stage 4, 13 hemispheres; stage 5, 6 hemispheres; stage 6, 3
hemispheres. Of the 20 patients, 5 (25%) were found to have
steno-occlusive lesions in one or both PCAs. Eight PCAs
(20%) of the 40 sides showed steno-occlusive change. The
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Table 2: Mean MTT in each region and ICA stage

ICA Stage
1(n=106) 2(n=23) 3(n=29) 4 (n=13) 5(n=106) 6(n=3) r
Medial frontal 91+31 108 =21 116 £29 13.8 £ 6.1 174 £33 147 =24 521
Posterior frontal 8626 8710 11.8 £5.1 141 £50 200 =57 16.1 =48 64
Occipital 93+28 93=x10 108 26 11.7+33 18929 154 6.3 587
Basal ganglia 8.6+28 74 +11 96+29 10.7 £35 15.1 =38 144 +25 58
Note.—MTT indicates mean transit time; ICA, internal carotid artery.
* P< 05" P< .01 P< 001; based on Spearman rank correlation test.
Table 3: Mean MTT in each region and PCA stage
PCA Stage
1(n=32) 2(n=1) 3(n=15) 4(n=2) r
Medial frontal 11945 16.4 16.7 =26 202 +22 56
Posterior frontal 115+43 23.1 190 =46 246 +20 60°
Occipital 107 =28 14.5 18.0 = 3.1 226 +0.2 64
Basal ganglia 98 +32 14.4 13124 196 =10 53
Note.—MTT indicates mean transit time; PCA, posterior cerebral artery.
* P< 05" P< 01;% P<0.001; based on Spearman rank correlation test.
Table 4: Mean MTT in each region and stage of Moyamoya vessels
Moyamoya Vessels
1(n=29) 2(n=22) 3(n=05) 4(n=4) r
Medial frontal 11.0+37 124 =37 146+79 19.0 =25 35%
Posterior frontal 11345 116 =38 16.4 =71 241 +15 477
Occipital 120+ 42 11.3+38 13.2 6.0 173 £38 24
Basal ganglia 10535 102 =31 11.3+6.6 147 =31 15
Note.—MTT indicates mean transit time.
* P< 05" P< 01, % P< .001; based on Spearman rank correlation test.
Table 5: Mean MTT in each region and stage of leptomeningeal anastomosis
LMA
1(n=4) 2(n=28) 3(n=28) 4 (n = 20) r
Medial frontal 154 +58 13.0 £ 56 125 +53 128 £ 4.1 —.05
Posterior frontal 16.2 = 10.0 151 +6.5 11344 13.0 £49 —.10
Occipital 15389 149 +52 107 =21 113+29 -22
Basal ganglia 13774 116 =34 95+28 105 =33 —.16

Note.—MTT indicates mean transit time; LMA, leptomeningeal anastomosis.
* P< 05" P< 01,* P< 001 based on Spearman rank correlation test.

stage distribution of the 40 PCAs of the 20 patients was as
follows: stage 1, 32 arteries; stage 2, 1 artery; stage 3, 5 arteries;
and stage 4, 2 arteries. The grade distribution of the Moya-
moya vessels was as follows: stage 1, 9 hemispheres; stage 2, 22
hemispheres; stage 3, 5 hemispheres; and stage 4, 4 hemi-
spheres. The grade distribution of the leptomeningeal vessels
was as follows: stage 1, 4 hemispheres; stage 2, 8 hemispheres;
stage 3, 8 hemispheres; stage 4, 20 hemispheres.

The results of the univariate analysis of the PWI data and
angiographic findings were as follows: MTT significantly cor-
related with the degree of ICA stenosis in the medial frontal
(r=10.52; P <.01), posterior frontal (r = 0.64; P <.001), and
occipital (r = 0.58; P < .001) lobes as well as in the basal
ganglia (r = 0.58; P < .001) (Table 2). MTT also correlated
with the degree of PCA stenosis in the medial frontal (r = 0.56;
P <.001), posterior frontal (r = 0.60; P < .001), and occipital
(r = 0.64; P <.001) lobes as well as in the basal ganglia (r =
0.53; P < .001) (Table 3). The higher the degree of ICA and
PCA stenosis, the longer MTT was. MTT obtained in the me-
dial frontal (r = 0.35; P < .05) and posterior frontal (r = 0.47;
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Table 6: Standard regression coefficient relating to MTT in each
region

Medial Posterior Basal

Frontal Frontal Occipital Ganglia
ICA 047" 057 0.58* 055*
PCA 0.50" 0.66* 0.78* 0.59*
Moyamoya vessels 0.46" 0.62* 0.32* 0.28
LMA —0.12 —0.19 —0.35% -0.23
Age 0.23 0.15 0.37% 0.38*
Clinical type —0.01 —0.04 0.25 0.14
R? 045" 0.70* 0.73* 052*

Note.—MTT indicates mean transit time; ICA, internal carotid artery; PCA, posterior
cerebral artery; LMA, leptomeningeal anastomosis.
* P< 05 ' P< 01 % P< 001; based on multiple linear regression analysis.

P < .01) lobes was significantly positively correlated with the
degree of Moyamoya vessels (Table 4). There was no correla-
tion between the degree of LMA and MTT obtained in each
region (Table 5).

The results of the multiple linear regression analysis are sum-
marized in Table 6. It was revealed that both the ICA and PCA



stages were independent significant factors that influenced MTT
in each of the 4 regions. The degree of Moyamoya vessels was a
significant factor for MTT in the medial and posterior frontal
lobes, and occipital lobes. The degree of LMA was a negative sig-
nificant factor for MTT in the occipital lobe. The patient’s age was
apositive significant factor for MTT in the occipital lobe and basal
ganglia. Clinical type was not significant in any region. Multicol-
linearity was not observed in any multivariate analysis.
Two representative cases are shown in Figs 2 and 3.

Discussion

Cerebral hemodynamics in Moyamoya disease have been
studied by using PET. According to those reports, patients
with Moyamoya disease have reduced CBF and CO, response,
and increased CBV, MTT, and oxygen extraction fraction
(OEF).**** These hemodynamic changes in Moyamoya dis-
ease were explained by decreases in CPP and associated vaso-
dilation. Schumann et al'' and Gibbs et al*> demonstrated
that, in patients with chronic cerebrovascular occlusive dis-
ease, CBF/CBYV, an inverse equation of MTT, reflects the local
CPP and is correlated with OEF. Kuwabara et al reported that

Fig 2. A 10-year-old boy with Moyamoya disease who
presented with weakness of the right upper extremity.
Right internal carotid arteriogram in posterior-anterior pro-
jection (A) shows that the right proximal anterior cerebral
artery is mildly stenotic (black arrow). No steno-occlusive
change is found in the ICA or MCA. The right ICA is in
stage 1. No Moyamoya vessels are seen. Left internal
carotid arteriograms in posterior-anterior projection (B)
show that the right distal ICA and the anterior and MCAs
are occluded (white arrow). The left ICA is in stage 3.
Marked Moyamoya vessels are seen, and peripheral
branches of the anterior cerebral artery and MCA are
opacified via the collateral vessels (black arrowhead). On
the left vertebral arteriogram in posterior-anterior projec-
tion (C), no steno-occlusive change is found in the bilateral
posterior cerebral artery. The bilateral posterior cerebral
artery is in stage 1. Leptomeningeal collateral vessels from
the left posterior cerebral artery to the anterior circulation
are seen (white arrowhead). MTT map (D) shows the areas
of prolonged mean MTT in the left frontal and temporal
lobes. This map was calculated with the AIF obtained from
a right MCA branch.

MTT was prolonged in both pediatric
and adult patients with Moyamoya dis-
ease and that MTT was related to CO,
response.”>**?° By using PET, Taki et al
found decreased CBF/CBV in patients
with Moyamoya disease.' PET-ob-
tained MTT has been considered a reli-
able parameter for evaluating the he-
modynamic status of patients with
Moyamoya disease.

MTT obtained by PWTI has also been
used to evaluate the hemodynamic sta-
tus of patients with occlusive cerebro-
vascular diseases.'>'* There are 2 major
methods of measuring MTT by using
PWI. One is the deconvolution meth-
0d, 1> 1%1819 3nd the other is the nor-
malized first moment method.'>'*'>?”
MTT values obtained by deconvolution
analysis were reported to be reliable pa-
rameters of cerebral hemodynamics. Kaneko et al reported
that MTT obtained by the deconvolution method correlated
well with the MTT obtained by '?O-PET."* The deconvolution
method requires the AIF obtained from the major cerebral
arteries.'” A crucial problem in Moyamoya disease, however,
is the difficulty of obtaining the AIF because of its extensive
obstruction around the circle of Willis. The normalized first
moment method has been the classic technique to measure
MTT by using PWI without AIF; however, MTT determined
by the normalized first moment method is distinct from the
ideal MTT, because this method is influenced by both the ideal
MTT and the first moment of the AIF."?

In the present study, the univariate analysis showed that
MTT in the medial and posterior frontal lobes, and occipital
lobes, as well as that in the basal ganglia, significantly positively
correlated with the degrees of both ICA and PCA steno-occlu-
sion. Multiple linear regression analysis revealed that the de-
grees of both ICA and PCA stages were the independent sig-
nificant factors that determined the local hemodynamic status
in all 4 regions of interest. We speculate that, in Moyamoya
disease, cerebral perfusion decreases as both ICA and PCA
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stenoses progress. The importance of posterior circulation in
Moyamoya disease has been reported.®® Posterior circulation
is significant because PCA is thought to play an important
collateral role in patients with ICA steno-occlusion, including
Moyamoya patients.®® In Moyamoya disease, PCA involve-
ment would occur at the relatively high ICA stages.®® There-
fore, as the disease progresses, overall cerebral perfusion
would decrease because both anterior and posterior circula-
tion deteriorates. Our results exemplify this theory. Using
PWI, Yamada et al demonstrated that the AR2* peak value
ratio in the cerebral hemisphere decreased and that the AR2*
peak time ratio increased significantly with the progression of
PCA steno-occlusion.® Their results are in accordance with
our study. In the studies of Yamada et al, however, no corre-
lation was observed between these perfusion parameters and
the degree of ICA steno-occlusion, which contradicts our re-
sults. One of the reasons for the discrepancy between our study
and theirs could be the difference in the parameters used in the
evaluation. MTT obtained by the deconvolution method,
which we used in our study, would be more sensitive to hemo-
dynamic status than the simple parameters used in their study.
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Fig 3. A 45-year-old woman with Moyamoya disease who
presented with right thalamic hemorrhage. Right internal
carotid arteriograms in posterior-anterior projection (A)
demonstrated that the right ICA, anterior cerebral artery,
and proximal MCA are occluded (/arge black arrow). The
right ICA is in stage 4. Slightly developed Moyamoya
vessels are seen around the distal ICA (black arrowhead).
The distal MCA is visualized through the Moyamoya ves-
sels. Left common carotid arteriogram in lateral projection
(B) shows that the left ICA is completely occluded in its
proximal portion (white arrowhead). The left internal ICA is
in stage 6. Left vertebral arteriogram in posterior-anterior
projection (C) shows severe stenosis in the bilateral pos-
terior cerebral arteries (white arrows). Moyamoya vessels
are seen in the posterior region of the brain base. Periph-
eral branches of bilateral posterior cerebral arteries are

¢ visualized through Moyamoya vessels. The bilateral pos-

terior cerebral artery is in stage 3. MTT map (D) demon-
) strates extensive areas of prolonged MTT in bilateral
A cerebral hemispheres. This map was calculated with the

AIF obtained from a right MCA branch.

Several reports have evaluated the rela-
tionships among angiographic findings
and cerebral hemodynamics in Moya-
moya disease. Yamada et al also re-
ported by using single-photon emis-
sion-CT  that relative CBF in
Moyamoya patients decreased with the
progression of steno-occlusive lesions
of the PCA.” Using the xenon CT-CBF
method, Nogawa et al demonstrated
that CBF was decreased in the anterior
part of the brain at stage 6, the most
advanced stage in Suzuki’s classifica-
tion, and that the CO, response in the
anterior part of the brain tended to di-
minish with progression through Suzu-
ki’s stages.”® Suzuki’s staging system,
however, focuses mainly on the ICA
steno-occlusive change and so cannot
be used to evaluate the steno-occlusive
change of posterior circulation."?
Mugikura et al reported that progressive changes in both the
anterior and posterior circulation are associated with the dis-
tribution and extent of cerebral infarction on CT or MR.®
Although the relationship between the infarction and the ce-
rebral hemodynamic status may not be simple, the results of
Mugikura et al seem to be consistent with ours.

In the present study, the MTT was significantly prolonged
with the development of Moyamoya vessels in the medial and
posterior frontal lobes, and occipital lobes. Piao et al reported
that the extensive development of basal Moyamoya vessels is a
sign of severe hemodynamic impairment in adult patients
with ischemic Moyamoya disease.” Moyamoya vessels would
develop to compensate for the misery cerebral perfusion. We
suppose the reason why LMA is insignificant is that, as PCA
stenosis advances, the LMA from posterior to anterior circu-
lation decreases, and thus a linear relationship between LMA
and MTT would not be obtainable.

Perfusion-weighted MR imaging in Moyamoya disease has
potential intrinsic limitations. The presence of steno-occlu-
sion of the main cerebral arteries and collateral vessels always
leads to the delay and dispersion of the bolus of the contrast



agent. Calamante et al reported that, in Moyamoya patients,
the maps generated with the use of deconvolution can be mis-
leading, resulting in overestimation of the MTT.* They men-
tioned that the main problem is the impossibility of measuring
the true AIF, which is generally estimated from a large artery
that, in practice, may be distant from the tissue that is being
studied. We used the AIF obtained from an MCA or PCA
branch at the level of the basal ganglia, which is fine and nar-
row in patients with Moyamoya disease, and thus the AIF
would be susceptible to signal intensity noise and technical
error. A new method that can compensate for or resolve this
problem is desirable. The other problem is that, in chronic
steno-occlusive disease, the reliability of MTT obtained by the
deconvolution method has not been fully evaluated in Moya-
moya disease, though it has been confirmed to a certain extent
in chronic steno-occlusive disease.'>'* We should have used
the ratio or the difference between affected region and normal
tissue as a parameter that estimates regional cerebral perfu-
sion. In Moymoya disease, however, because both cerebral
hemispheres are extensively affected, we could not obtain such
values.

Our study has several other limitations. Hemodynamic pa-
rameters are known to change with age.”> In Moyamoya dis-
ease, clinical presentation differs between adults and pediatric
patients.*” In the results of our multivariate analysis, MTT
tended to be prolonged in older patients (Table 6). It would
have been better if this study had discussed pediatric and adult
patients in separate groups. Another limitation is that the in-
jection of the contrast agent for PWI was performed manually,
though at a relatively constant rate that was easily reproduc-
ible. Also, transdural collateral vessels from the external ca-
rotid artery system, which play an important role in collateral
circulation in Moyamoya disease, were not evaluated angio-
graphically. This was because transdural anastomosis is so
multifarious that it was not easy to adapt a staging system to
these angiographic findings.

Conclusion

The univariate and multivariate analyses demonstrated
that the degrees of both ICA and PCA steno-occlusive change
were significant factors in the prolongation of MTT in all 4
cerebral regions measured in patients with Moyamoya disease.
These results suggested that both ICA and PCA stenoses influ-
ence the global cerebral perfusion in Moyamoya disease. In the
multivariate analysis, the degree of Moyamoya vessels was a
significant factor in the prolongation of MTT in the medial
and posterior frontal and occipital regions. The development

of Moyamoya vessels would indicate hemodynamic
impairment.
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