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Abstract To evaluate the hemodynamic contributions of
collateral flow in adult patients with moyamoya disease,
neurological deterioration or fluctuation during admission,
Suzuki grade, various collateral routes, lesion volume,
cerebral blood flow (CBF), and their associations were
analyzed. Thirty patients (60 cerebral hemispheres, mean
age 45 &£ 25 years, and 73.3 % female) who were diag-
nosed with moyamoya disease or syndrome were enrolled
over 3 years. Moyamoya stages from each hemisphere
were stratified according to the Suzuki’s criteria through
six-vessel angiography into internal carotid arteries (ICAs),
external carotid arteries (ECAs), and vertebral arteries
(VAs). Collateral routes were categorized into the circle of
Willis, leptomeningeal, and transdural. The volume of
ipsilateral infarction was analyzed by magnetic resonance
imaging. CBF volume was measured using color-coded
duplex sonography. Suzuki’s grade was inversely corre-
lated with flow volume of the ICAs (p < 0.001), whereas
no association was found with that of the ECAs
(p = 0.445) or VAs (p = 0.096). Among hemispheres
with > grade 3 (n = 36), patients with transdural ECA
collateral flow had less neurological deterioration or fluc-
tuation (0.0 vs. 30.8 %, p = 0.047), smaller lesion volume
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(24 £ 3.6 vs. 27.6 £ 59.3 mL, p = 0.041), lower ICA
flow (88.4 £ 45.9 vs. 146.2 £ 121.7 mL/min, p = 0.022),
higher ECA flow (205.7 £ 77.7 vs. 135.9 £ 52.7 mL/min,
p = 0.046), and a higher ECA/ICA flow volume ratio
(31.8 £292.8 vs. 1.7 £ 1.9, p = 0.024). Our results sug-
gest that ICA flow volume is inversely correlated with
Suzuki grade, and that transdural ECA collaterals appear to
be an important detour in adult patients with advanced
stage moyamoya disease, suggesting a protector against an
impending ischemic attack.

Keywords Moyamoya disease - Cerebrovascular disease -
Collateral flow - Leptomeningeal - Transdural

Introduction

Moyamoya disease (MMD) or syndrome (MMS) is a
cerebrovascular condition associated with progressive
stenosis or occlusion of the intracranial internal carotid
arteries (ICAs) and their proximal branches [1]. The dis-
ease is associated with reduced blood flow through the
major cerebral vessels leading to hemodynamic compen-
sation and neovascularization of collateral routes, such as
small vessels near the apex of the carotid, leptomeningeal
anastomosis from the anterior and posterior circulation, and
transdural anastomosis from the external carotid artery
(ECA) [2-4]. Successful compensatory collateralization
has been considered a defensive measure against ischemic
and hemorrhagic stroke [5, 6].

Conventional criteria proposed by Suzuki et al. addres-
sed the diagnosis and grading of MMD in terms of vascular
morphology using cerebral angiography [4]. However, this
morphological classification does not fully reflect the
hemodynamic compromise and is not perfectly correlated
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with clinical symptoms and impeding stroke risk [5, 7, 8].
As a consequence, a recent study suggested new criteria
that include the status of the vasculature, brain lesions, and
cerebrovascular reserves [5, 7-9].

We performed a multimodal investigation, including
cerebral angiography, magnetic resonance imaging (MRI),
and color-coded duplex sonography in adult patients with
MMD to clarify hemodynamic compensation in terms of
disease progression and its implications for the develop-
ment of ischemic stroke. We then examined the signifi-
cance of incorporating arterial collateral flow status into the
conventional Suzuki grading system to better predict neu-
rological deterioration or fluctuations during admission.

Methods
Patient selection

We retrospectively analyzed patients who were admitted to
a stroke unit due to a transient ischemic attack and non-
hemorrhagic stroke in a tertiary care stroke center between
October 2009 and June 2012. Among them, we collected
patients with cerebral vascular abnormalities suggesting
MMD using conventional four-vessel angiography. Based
on the guidelines for diagnosing MMD set by the Research
Committee on moyamoya disease (Spontaneous Occlusion
of the Circle of Willis) of the Ministry of Health and
Welfare of Japan [1], patients were consecutively collected
into our MMD database if they had (a) stenosis or occlu-
sion at the terminal portion of the ICA and/or at the
proximal portion of the anterior and/or the middle cerebral
arteries (MCAs) and (b) abnormal vascular networks
(moyamoya vessels) in the vicinity of the occlusive or
stenotic lesions in the arterial phase. Comprehensive
imaging analyses were decided in a consensus meeting of
stroke neurologists blinded to the clinical course.
Inclusion criteria for this study were: (a) admission to
the stroke unit within 48 h of symptom onset and (b) non-
hemorrhagic stroke or transient ischemic attack diagnosed
as MMD in cases of bilateral cerebrovascular changes
without identifiable systemic condition(s) or moyamoya
syndrome (MMS) in cases of a unilateral change with
abnormal vascular networks or bilateral changes without
abnormal vascular networks [1]. Exclusion criteria were
(a) patients <16 years old; (b) patients with extra- or
intracranial atherosclerotic stenosis (i.e., stenosis of mid to
distal MCA and/or anterior cerebral artery); (c) patients
with unilateral stenosis of proximal vessels around the
Willis circle without an abnormal vascular network; and
(d) patients who had not completed necessary studies, such
as four-vessel cerebral angiography, brain MRI, and duplex
sonography. Patients were evaluated according to an
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institutional protocol that included clinical manifestations
and general demographics.

Hospital course

The National Institutes of Health Stroke Scale (NIHSS)
score was analyzed independently from admission to the
stroke unit to discharge by trained neurologists and stroke
nurses to assess clinical progression. Neurological deteri-
oration within 1 week was defined as an increase of >2
points on the NIHSS occurring >24 h after index stroke or
symptom onset [10]. Neurological fluctuation was defined
as a change in the NIHSS, either an increase followed by
2-point decrease in the NIHSS episodically or vice versa.
Neurological deterioration or neurological fluctuation was
determined as an “unstable course during admission”. All
patients underwent a vital sign check, routine blood tests,
echocardiography and continuous electrocardiographic
monitoring to evaluate the presence of atrial fibrillation.

Brain MRI and angiographic parameters

Brain MRI scanning (1.5-T, GE Medical, Milwaukee, WI,
USA) was conducted with conventional T2-weighted MRI
and diffusion weighted imaging (DWI) in the axial plane
with a 5-mm slice thickness. We checked the status of
ischemic lesions in all hemispheres: acute infarction on
DWI, old infarction on T2 or fluid-attenuated inversion
recovery images, or a combination of acute and old lesions.
Whole lesion volume in each hemisphere with acute and old
infarctions was measured by multiplying lesion area per
slice by section thickness (slice thickness + interslice gap).
During the admission period, Patients underwent six-
vessel cerebral angiography, including bilateral common
carotid arteries (CCAs) (ICAs and ECAs) and vertebral
arteries (VAs). All images, including computed tomography
(CT) and conventional angiography, were reviewed, and the
vascular stage was identified in monthly adjudicated meet-
ings according to the Suzuki’s original drawings (Supple-
mental Figure 1) [4]. The Suzuki’s vascular grade was
defined on the six-vessel angiography. Stage 1: narrowing of
carotid fork (only the carotid fork stenosis is observed);
stage 2: initiation of basal moyamoya (all the main cerebral
arteries are dilated); stage 3: Intensification of moyamoya
(remarkable moyamoya vessels on the vase of the brain, the
detection of the middle and anterior cerebral arteries is
observed); stage 4: minimization of moyamoya (the defec-
tion of the posterior cerebral artery is observed); stage 5:
reduction of moyamoya (all the main cerebral arteries
missing); stage 6: disappearance of moyamoya (cerebral
blood flow supplied only form external carotid artery).
Primary collateral flow via the fetal variant posterior
communicating artery (PcoA) or hyperplastic PcoA was
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designated based on a previous computed tomography
angiography method [11]. The routes of arterial collaterals,
including leptomeningeal and transdural collaterals from
the ECAs were also investigated. Leptomeningeal collat-
eral pathways from the posterior circulation were consid-
ered if there was any retrograde filling of MCA territory on
a VA angiogram [8, 12]. A transdural collateral from the
ECAs was designated as any intracranial filling of blood
flow on an ECA angiogram. This study was approved by
the Institutional Review Board of Ajou University
Hospital.

Cerebral blood flow volume parameters

The patients were placed in a supine position during a
10-min rest period and extracranial arteries on both sides
were explored with a 7.0-MHz linear array transducer and
5-MHz pulsed Doppler of a color-coded ultrasound system
(LOGIQ S6; GE Medical, Yokogawa, Japan). Their mea-
surements were taken 1-2 cm above the carotid bulb in the
ECA and ICA, in the C4-C5 intertransverse segment of the
VA, and 1.5-2 cm below the carotid blub in the CCA.
Luminal diameter of the vessels was measured using a
color-coded image of the vessel, and angle-corrected time-
averaged flow velocity was determined as the integral of
the mean flow velocities of the sample volume over at least
four complete cardiac cycles. Hemispheric cerebral blood
flow (CBF) volume was determined as the sum of the ICA
and VA flow volumes on the same side. Total CBF volume
was defined as the sum of each hemispheric volume
[11, 13]. All parameters were measured by a well-trained
ultrasonographer and an expert physician who were blinded
to the imaging findings.

Statistical analysis

Pearson’s correlation analysis was conducted between
Suzuki grade and each of the hemodynamic parameters
obtained by duplex sonography to investigate the association
between Suzuki grade and collateralization. Correlation
analyses between Suzuki grade and MRI lesion volume were
done using Spearman’s rank correlation analysis because the
lesion volumes were not normally distributed (p < 0.001 by
Kolmogorov—Smirnov test). The MRI lesion patterns in
relation to angiographic severity were analyzed using the >
test. A receiver operating characteristics (ROC) curve
analysis with a subsequent analysis of area under the curve
was applied to identify the performance of each arterial
collateral pathway for predicting the clinical course. A
p value <0.05 was considered significant. All statistical
analyses were performed using SPSS ver.18 for Windows
software (SPSS Inc., Chicago, IL, USA).

Results
General characteristics and clinical presentation

Among the 2731 patients who were admitted with ischemic
stroke, 75 consecutive patients were recruited for our
MMD database through screening CT or MR angiography.
Among them, 45 patients were excluded according to the
protocol. Reasons for exclusion were: admitted >48 h after
stroke onset (n = 13), pediatric MMD patients (n = 10),
hemorrhagic stroke (n = 8), only unilateral intracranial or
extracranial stenosis without basal moyamoya vessels
(n = 7), incomplete work-up (n = 5), and other stroke
etiologies (n = 2). Table 1 shows the demographics of the
30 patients (22 females and eight males; mean age,
44.6 £ 12.7 years) included in the study. Among them, 22
patients were diagnosed with MMD and eight were diag-
nosed with MMS. Seven patients had unilateral involve-
ment and 23 patients had bilateral involvement of their
hemispheres. The Suzuki grade distribution in the 60
hemispheres was: normal in seven hemispheres; grade 1 in
four; grade 2 in twelve; grade 3 in seventeen; grade 4 in
thirteen; and grade 5 in seven hemispheres. Among the 30
patients, 5 patients experienced neurological deterioration
or fluctuation, and among the 60 hemispheres, this type of
unstable clinical course was seen in 8 hemispheres (2
unilateral, 3 bilateral hemispheric symptoms).

Angiographic grading, clinical presentation,
and collaterals

Two authors (JMH and YHH) used Suzuki’s diagrams
(Supplemental Figure 1) to come to an inter-rater consensus
with high agreement (k = 0.937, p < 0.001). Suzuki grade
was correlated with ipsilateral lesion volume on MRI
(Spearman’s rank correlation: p < 0.001, p = 0.516). All
comparisons were performed according to the dichotomized
stage groups, comparing the lower stage (Suzuki <3) and
higher stage (Suzuki >3) groups (Table 2). The higher stage
group was more likely to have an unstable clinical course
compared to that in the lower stage group (22.2 vs. 0.0 %,
p = 0.013). The higher stage group also had variable lesion
patterns on MRI, including acute lesions only, old lesions
only, and acute and old lesions (p = 0.026). In addition,
whole lesion volume was larger in the higher stage than that
in the lower stage group (27.6 & 59.3 vs. 2.4 £ 3.6 mL,
p = 0.041). Leptomeningeal collaterals from the posterior
circulation was observed more frequently in the lower stage
group than those on the higher stage group (75 vs. 25 %), and
ECA collaterals were present only in higher stage hemi-
spheres (27.8 %), as expected based on the conventional
Suzuki grading system (Table 2).
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Table 1 General demographics, presence of cerebral lesions, and angiographic grading according to laterality

Case Age/sex Clinical MRI Suzuki’s Initial Maximum Unstable clinical Hospital mRS at
manifestations (L/R) lesion (L/R) grading (L/R) NIHSS NIHSS course stay, day 3-month
56/F Aphasia/none Yes/no 4/4 9 9 Yes 17 1
31/F Headache with facial palsy Yes/no 2/1 0 0 No 7 1
and dysarthria/headache
with weakness
3 38/F Headache Yes/yes 4/3 0 0 No 0
4 44/F Headache and weakness No/no 2/3 0 0 No 1
5 46/F Weakness with dysarthria Yes/yes 4/1 2 2 No 0
6 40/F Weakness/none No/no 3/0 0 0 No 10 0
7 43/M None/weakness No/no 0/3 1 1 No 0
8 52/F Weakness/none Yes/no 4/2 1 1 No 0
9 72/F Weakness/weakness Yes/no 4/4 0 3 Yes 18 3
10 64/M Headache Yes/no 4/4 0 0 No 0
11 43/F Headache No/no 0/4 0 0 No 4 0
12 36/F Headache No/no 2/0 0 0 No 4 0
13 24/F Aphasia/none Yes/no 3/2 3 3 No 18 0
14 61/F Weakness and seizure/none No/no 2/0 0 0 No 1
15 33/ M Headache/headache with Yes/yes 2/3 4 4 No 1
weakness
16 48/F Weakness and seizure/none Yes/yes 3/3 2 2 No 8 0
17 42/M Aphasia/none Yes/no 5/0 0 5 Yes 33 2
18 59/F Aphasia/dysarthria Yes/yes 3/3 8 8 No 11 0
19 36/F Aphasia and chorea/none Yes/yes 5/5 0 0 No 6 1
20 47/F Dizziness and dysarthria Yes/yes 3/3 0 0 No 0
21 46/F Weakness/none Yes/no 2/2 0 0 No 4 0
22 57/F Weakness/none Yes/no 3/1 2 2 No 11 0
23 47/M Weakness/dysarthria with Nol/yes 2/4 0 0 No 6 0
facial palsy
24 48/'M None/weakness Yes/yes 4/3 1 8 Yes 24 2
25 27/M Syncope No/no 1/3 0 0 No 5 0
26 39/F None/weakness Yes/yes 5/5 0 0 No 17 0
27 40/M None/weakness Nolyes 0/2 0 0 No 11 0
28 66/F Seizure Yes/no 3/5 0 0 No 5 0
29 41/F None/weakness Nol/yes 2/4 0 0 No 6 1
30 21/M Aphasia/none Yes/no 5/3 9 12 Yes 24 3

L left, R right, NIHSS National Institute of Health Stroke Scale, mRS modified Rankin Scale; Unstable clinical course is a deterioration or

fluctuation of at least 2 points of NIHSS scores

Angiographic grading and cerebral blood flow
volume parameters

Suzuki grade was inversely correlated with ICA flow volume
(r=— 0547, p<0.001) and hemispheric flow volume
(r=—-0417, p = 0.001). However, ECA flow volume
(r =0.100, p = 0.445) and VA flow volume (r = 0.130,
p = 0.322) were not associated with Suzuki grade. The ECA-
to-ICA (r = 0.218, p = 0.094) and VA-to-ICA volume ratios
(r = 0.217,p = 0.096) were not correlated with Suzuki grade
(Table 2). The changes in ICA, ECA, and VA flow volumes
according to the Suzuki grade are shown in Fig. 1.
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Hemodynamic contribution by transdural
collaterals

In the higher stage hemispheres (Suzuki grade >3), com-
parison of variables between the transdural and no transdural
groups was performed to investigate the hemodynamic
contribution of transdural collaterals (Table 3). Hemi-
spheres with transdural collaterals (n = 10) had significantly
smaller infarction volumes on MRI (27.6 + 59.3 wvs.
24 £+ 3.6 mL, p = 0.041) than those without transdural
collaterals (n = 26), and none of the patients with transdural
collaterals had an unstable clinical course.
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Table 2 Le's10n pat.t erns and Characteristic Lower stage on hemisphere Higher stage on hemisphere P
hemodynamic contributors
: . . (n=24) (n = 36)
according to hemispheric
Suzuki grading [lower stages General
(0-2) vs. higher stages (>3)]
Age, years 42.3 +£10.8 46.1 £ 13.8 0.254
Sex, female 18 (75.0) 26 (72.2) 0.812
Unstable clinical course 0 (0.0) 8 (22.2) 0.013
Lesion pattern 0.026
No lesion 18 (75.0) 10 (27.8)
Acute lesion only 4 (16.7) 7 (19.4)
Old lesion only 2 (8.3) 12 (33.3)
Acute and old combined 0 (0.0) 7 (19.4)
lesions
Whole lesion volume, cm’® 1.37 £ 5.60 20.57 + 51.41 0.033
Collateral flow routes
Leptomeningeal 18 (75.0) 9 (25.0) <0.001
pCoM hyperplasia 3 (12.5) 9 (25.0) 0.196
Transdural 0 (0.0) 10 (27.8) 0.005
Flow volume (ml/min)
ICA 252 + 84 131 + 109 <0.001
ECA 158 £ 58 152 £ 69 0.715
VA 113 £+ 56 119 £ 78 0.749
ECA/ICA flow volume ratio 0.70 4 0.38 9.73 + 69 <0.001

pCoM posterior communicating artery

(ml/min)

300 Suzuki’s grade = I/ICA : r=-0.547, p<0.001
Suzuki’s grade = ECA : r=0.100, p=0.445
Suzuki’'sgrade= VA : r=0.130, p=0.322

250
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Fig. 1 Relationships between Suzuki grade and cerebral flow
volumes in internal carotid arteries (ICAs), external carotid arteries
(ECAs), and vertebral arteries (VA) on the duplex sonographic
studies. ICA flow volume gradually decreased but significantly
associated with a progression of Suzuki stage, whereas ECA and VA
flow volume was not associated with the Suzuki staging

Patients with transdural collaterals had a lower ICA
flow volume (88.4 +45.9 vs. 146.2 & 121.7 mL/min,
p = 0.022) and a higher ECA flow volume (205.7 &+ 77.7 vs.
135.9 + 52.7 mL/min, p = 0.046) than those without trans-
dural collaterals. No difference in VA flow volume was
detected between the two groups. Patients with transdural

collaterals had a higher prevalence (60.0 vs. 11.5 %,
p = 0.003) of an ECA-to-ICA flow volume ratio >2 com-
pared to those without transdural collaterals (31.78 + 92.83
vs. 1.67 = 1.94, p = 0.024) (Table 3).

A ROC analysis was performed for Suzuki grade alone
and for Suzuki grade combined with the status of each
arterial collateral route to determine the usefulness of
arterial collaterals for predicting the clinical course. Fig-
ure 2 shows that the area under the curve values was
highest for Suzuki grade combined with status of the
transdural ECA collaterals (0.904), regardless of com-
bining with leptomeningeal (0.779) or direct PcoA col-
laterals (0.845). More than half of the patients with higher
stage hemispheres (60 %) had an ECA-to-ICA volume
ratio >2.

Discussion

Our study findings show that modified Suzuki’s staging
(incorporating hemodynamic status) is needed to predict
the clinical deterioration after admission through emer-
gency room in patients with various acute symptoms. This
kind of clinical deterioration is especially more common
in patients with a higher Suzuki stage hemisphere (>stage
3) and without transdural collateral flow. In addition,
ECA-to-ICA flow ratio with a bedside ultrasonogram can
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Table 3 Characteristics and
hemodynamic contributors
according to the presence of
transdural collateral circulation
in higher stage hemispheres

Characteristic

No transdural collateral
hemisphere (n = 26)

Transdural collateral )4
hemisphere (n = 10)

Suzuki’s grading

3

4

5
Unstable clinical course
Lesion patterns

No lesion

Acute lesion only

Old lesion only

Acute and old lesion
combined

Whole lesion volume, mL
(n = 32)

Flow volume (ml/min)
ICA
ECA
VA

ECA/ICA flow volume
ratio

ECA/ICA flow volume

0.048
11 (42.3) 0
12 (46.2) 8 (80.0)
3(11.5) 2 (20.0)
8 (30.8) 0 (0.0) 0.047

0.296

7 (26.9) 3 (30.0)
7 (26.9) 0 (0.0)
8 (30.8) 4 (40.0)
4 (15.4) 3 (30.0)
27.56 + 59.27 2.40 + 3.63 0.041
146.2 £ 121.7 88.4 + 459 0.022
135.9 + 52.7 205.7 & 77.7 0.046
117.4 £ 79.9 116.4 £+ 75.8 0.972
1.67 + 1.94 31.78 £ 92.83 0.024
3(11.5) 6 (60.0) 0.003

ratio >2

pCoM posterior communicating artery, /CA internal carotid artery, ECA external carotid artery, VA ver-

tebral artery

0.8 —

be helpful to easily recognize such important transdural
collateral detours.

Hemodynamic changes according to disease
progression

Our results show that blood flow in the ICA and total blood

> o= flow in each hemisphere were inversely correlated with
3 Suzuki grade, which is consistent with the findings of
é recent four-vessel angiography and transcranial Doppler
< 04 studies [7, 14]. In contrast, our results of blood flow from
o~ Fo—— the posterior circulation and the ECAs varied according to

Fr— the angiographic stage. This hemodynamic compensation

02— — Suzuki's grade —Transdural 0.904 seemed to vary based on the progression of MMD. Nev-

‘ — Suzukls grade — Feom hyperplasia| 0.845 ertheless, higher graded patients (Suzuki grades 3-5)

. S“z“kf:‘g“de il : 0839 without transdural collateral flow were at risk for an

0.0 - l Slumk'sgnde_ll'emmemngeall o7 impending stroke. Therefore, our clinical and radiological
0.0 02 04 06 08 1.0 findings suggest that a higher Suzuki grade indicates

| - Specificity intracranial shrinkage from anterior circulation, which is

Fig. 2 Receiver operating characteristics (ROC) curves for predict-
ing an unstable neurological course according to various models
incorporating Suzuki staging with various collateral routes. The
model incorporating Suzuki grade and transdural collaterals had the
largest area (0.904) under the ROC curve for an unstable neurological
course during hospitalization
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more vulnerable to impending ischemia [14], depending on
tissue perfusion status from posterior or extracranial col-
lateral compensation (Fig. 3). This point seems to corre-
spond well with Suzuki’s classical perspectives, even in
adult patients with MMD (Supplementary Figure 1).
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Fig. 3 A possible A
hemodynamic compromise
according to the progression of
Suzuki stage: either

a insufficient compensation or
b sufficient collateral
compensation. Development of
a transdural collateral route may
be the most important detour
against impending ischemia in
adult patients with advanced
stage (>3 of the Suzuki stage)
of moyamoya disease

Sufficient collateral compensation

Insufficient collateral compensation

Ischemia

No ischemia

via (Willisian, Leptomengeal, Transdural)

Various collateral routes and the clinical impact
of transdural collaterals

We found a significant difference in the development of
collaterals between the lower and higher stage Suzuki
groups. The main route for the lower stage group was
leptomeningeal collaterals, whereas it was transdural col-
laterals in the higher stage group. Noticeably, no neuro-
logical deterioration or fluctuation episodes were detected
during admission in patients with transdural collaterals,
suggesting that these cerebral detours can prevent ischemic
insults. Our results also suggest that this detour may be a
mainstay for maintaining cerebral perfusion against
ischemic damage in higher staged patients [12].

Cerebral collateral circulation refers to the ancillary web
of vascular channels that stabilize CBF when principal
conduits are not working [15]. This anatomical network is
divided into primary collaterals and secondary collaterals,
in which the latter develop when the primary collaterals are
insufficient [15]. Moreover, the inefficiency of intracere-
bral leptomeningeal collaterals from the posterior circula-
tion can be explained by PCA involvement in higher stage
hemispheres. The degree of leptomeningeal collaterals
from the PCA decreases in the advanced angiographic
stage, as the steno-occlusive lesion extends to the PCA
[2, 7, 16].

A perfusion MRI study reported that intracerebral
anastomoses may not provide adequate blood supply to the
cerebral cortices in adult patients with MMD, even if they
are fully developed [17]. Okada et al. showed that a direct
extracranial-intracranial anastomosis improves CBF in
adult patients with MMD and decreases hemorrhage risk by
reducing the number of basal moyamoya vessels [18].

These observations suggest that the transdural collateral
channel is an alternative route for supplying blood in place
of intracerebral collaterals [17]. Recent studies also point
out the significant role of the ipsilateral ECA to cerebral
perfusion in patients with an occlusion or severe stenosis of
the ICA [19-21].

Individual variations in collateral patterns
and the clinical implications

Unlike pediatric patients with MMD, the collateral devel-
opment patterns in adult patients with MMD are less pre-
dictable [4, 17, 22]. Moreover, inconsistencies have been
reported for the primary and secondary collateral pathways
in adult patients with MMD. In addition to different
methodologies between studies, individual variability in
the circle of Willis in adult patients is a large obstacle to
claim collateral flow compensation [11, 23, 24].

Given the pathophysiological consideration of collater-
als for protecting against ischemic stroke, specific indi-
vidual patterns should be considered when determining
disease severity in patients with MMD. However, the
current morphological criteria focus primarily on the
degree of ICA stenosis and the extent of basal moyamoya
vessels [4] and do not incorporate individual variation with
hemodynamic status or its clinical impact.

Czabanka et al. proposed a new grading system for adult
patients with MMD [9]. This new grading system incor-
porates angiographic severity, MRI lesion pattern, and
cerebrovascular reserve capacity using xenon-CT technol-
ogy. As a result, this system is superior to each single
parameter for predicting clinical manifestations. In our
study, compared to using Suzuki grade alone, use of Suzuki
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grade and collateral flow was able to predict the risk for
impending ischemic stroke and neurological deterioration
better. Therefore, our study results are in agreement with
the study by Czabanka et al. which emphasize the signifi-
cance of collaterals in evaluating patients with MMD.

Hemodynamic compromise and transdural
collaterals using duplex sonography

The ECA collateral flow can be a pivotal detour for
decreased ICA flow in patients with advanced stage MMD
because a new infarction and neurological deterioration
occurred mostly in our patients with higher stage hemi-
spheres without transdural collaterals.

We used neck duplex sonography to measure the
hemodynamic parameters in patients. Despite that it is
operator dependent and has poor spatial resolution, recent
advances of color coding, angle correction, and spectral
time-averaging have uncovered a new measurement to
analyze volumetric flow more accurately. In this study, a
decrease in ICA flow volume and ECA-to-ICA flow vol-
ume ratio >2 described the existence of ipsilateral trans-
dural collateral flow (60 %). Moreover, serial follow-ups
using this method as a screening tool are practically fea-
sible to predict the progression of ICA stenosis or moy-
amoya severity [25].

Limitations

Our study had some limitations. First, well-designed
prospective studies with a large number of adult patients
with MMD are needed for a balanced interpretation
because our study was retrospective with a relatively small
population. Second, our findings should not be generalized
to all adult patients with MMD because we did not include
the patients who presented with intracranial hemorrhage
(ICH). Further studies are needed to validate our findings in
other populations of patients with MMD and to evaluate
the impact of collaterals in patients with ICH. Finally, a
careful interpretation of our data is needed because ultra-
sonography parameters can be influenced by different
examiners or by individual conditions (e.g., diurnal varia-
tion or caffeine intake). Nevertheless, the ECA/ICA flow
volume ratio could be a valuable screening index to detect
transdural collaterals using this bedside procedure.

Conclusions
We observed that ICA flow and total blood flow

decreased according to the progression of MMD in adult
patients, and that ischemic stroke occurred primarily in
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patients with higher Suzuki stage hemispheres, which was
largely dependent on transdural ECA collaterals. There-
fore, our observations support that investigating and
considering ECA collateral status is necessary for risk
stratification in higher stage group, and the ECA-to-ICA
volume ratio is a useful index for the existence of these
externally directed collaterals. Use of a multimodal
approach, including non-invasive sonographic modalities
to investigate CBF and the presence of transdural collat-
eral flow may be helpful when predicting the clinical
course in patients presenting with acute ischemic symp-
toms associated with MMD.

Compliance with ethical standards
Conflict of interest None of the authors have a competing interest.

Funding This study was supported by the Korean Healthcare Tech-
nology R&D Project, Ministry of Health and Welfare (HI14C1531).

References

1. Fukui M (1997) Guidelines for the diagnosis and treatment of
spontaneous occlusion of the circle of Willis (‘Moyamoya’ dis-
ease). Research committee on spontaneous occlusion of the circle
of Willis (Moyamoya disease) of the ministry of health and
welfare, japan. Clin Neurol Neurosurg 99(Suppl 2):5238-S240

2. Mugikura S, Takahashi S, Higano S, Shirane R, Kurihara N,
Furuta S et al (1999) The relationship between cerebral infarction
and angiographic characteristics in childhood Moyamoya disease.
AJNR Am J Neuroradiol 20:336-343

3. Mugikura S, Takahashi S, Higano S, Shirane R, Sakurai Y,
Yamada S (2002) Predominant involvement of ipsilateral anterior
and posterior circulations in moyamoya disease. Stroke
33:1497-1500

4. Suzuki J, Kodama N (1983) Moyamoya disease—a review.
Stroke 14:104-109

5. Kim JM, Lee SH, Roh JK (2009) Changing ischaemic lesion
patterns in adult moyamoya disease. J Neurol Neurosurg Psy-
chiatry 80:36—40

6. Scott RM, Smith ER (2009) Moyamoya disease and moyamoya
syndrome. N Engl J Med 360:1226-1237

7. Kwag HJ, Jeong DW, Lee SH, Kim DH, Kim J (2008)
Intracranial hemodynamic changes during adult moyamoya dis-
ease progression. J Clin Neurol 4:67-74

8. Yamauchi H, Kudoh T, Sugimoto K, Takahashi M, Kishibe Y,
Okazawa H (2004) Pattern of collaterals, type of infarcts, and
haemodynamic impairment in carotid artery occlusion. J Neurol
Neurosurg Psychiatry 75:1697-1701

9. Czabanka M, Pena-Tapia P, Schubert GA, Heppner FL, Martus P,
Horn P et al (2011) Proposal for a new grading of moyamoya
disease in adult patients. Cerebrovasc Dis 32:41-50

10. Lim TS, Hong JM, Lee JS, Shin DH, Choi JY, Huh K (2011)
Induced-hypertension in progressing lacunar infarction. J Neurol
Sci 308:72-76

11. Hong JM, Lee JS, Shin DH, Yong SW (2011) Hemodynamic
impact of fetal-variant willisian circle on cerebral circulation: a
duplex ultrasonography study. Eur Neurol 65:340-345

12. Derdeyn CP, Shaibani A, Moran CJ, Cross DT 3rd, Grubb RL Jr,
Powers WIJ (1999) Lack of correlation between pattern of



Neurol Sci (2016) 37:1969-1977

1977

13.

14.

15.

16.

17.

18.

19.

collateralization and misery perfusion in patients with carotid
occlusion. Stroke 30:1025-1032

Oktar SO, Yucel C, Karaosmanoglu D, Akkan K, Ozdemir H,
Tokgoz N et al (2006) Blood-flow volume quantification in
internal carotid and vertebral arteries: comparison of 3 different
ultrasound techniques with phase-contrast MR imaging. AJNR
Am J Neuroradiol 27:363-369

Kim SJ, Son TO, Kim KH, Jeon P, Hyun SH, Lee KH et al (2014)
Neovascularization precedes occlusion in Moyamoya disease:
angiographic findings in 172 pediatric patients. Eur Neurol
72:299-305

Liebeskind DS (2003) Collateral circulation. Stroke 34:2279-2284
Yamada I, Murata Y, Umehara I, Suzuki S, Matsushima Y (1996)
SPECT and MRI evaluations of the posterior circulation in
moyamoya disease. J Nucl Med 37:1613-1617

Piao R, Oku N, Kitagawa K, Imaizumi M, Matsushita K, Yosh-
ikawa T et al (2004) Cerebral hemodynamics and metabolism in
adult moyamoya disease: comparison of angiographic collateral
circulation. Ann Nucl Med 18:115-121

Okada Y, Shima T, Nishida M, Yamane K, Yamada T, Yama-
naka C (1998) Effectiveness of superficial temporal artery-middle
cerebral artery anastomosis in adult moyamoya disease: cerebral
hemodynamics and clinical course in ischemic and hemorrhagic
varieties. Stroke 29:625-630

Dalainas I, Avgerinos ED, Daskalopoulos ME, Papapetrou A,
Papasideris CP, Katsikas V et al (2012) The critical role of the

20.

21.

22.

23.

24.

25.

external carotid artery in cerebral perfusion of patients with total
occlusion of the internal carotid artery. Int Angiol 31:16-21
van Laar PJ, van der Grond J, Bremmer JP, Klijn CJ, Hendrikse J
(2008) Assessment of the contribution of the external carotid
artery to brain perfusion in patients with internal carotid artery
occlusion. Stroke 39:3003-3008

Xu DS, Abruzzo TA, Albuquerque FC, Dabus G, Eskandari MK,
Guterman LR et al (2010) External carotid artery stenting to treat
patients with symptomatic ipsilateral internal carotid artery
occlusion: a multicenter case series. Neurosurgery 67:314-321
Kuwabara Y, Ichiya Y, Otsuka M, Tahara T, Gunasekera R,
Hasuo K et al (1990) Cerebral hemodynamic change in the child
and the adult with moyamoya disease. Stroke 21:272-277

Hong JM, Choi JY, Lee JH, Yong SW, Bang OY, Joo IS
et al (2009) Impact of posterior communicating artery on basilar
artery steno-occlusive disease. J Neurol Neurosurg Psychiatry
80:1390-1393

Schomer DF, Marks MP, Steinberg GK, Johnstone IM, Boot-
hroyd DB, Ross MR et al (1994) The anatomy of the posterior
communicating artery as a risk factor for ischemic cerebral
infarction. N Engl J Med 330:1565-1570

Lee YS, Jung KH, Roh JK (2004) Diagnosis of moyamoya dis-
ease with transcranial doppler sonography: correlation study with
magnetic resonance angiography. J Neuroimaging 14:319-323

@ Springer



	Hemodynamic contribution of transdural collateral flow in adult patients with moyamoya disease
	Abstract
	Introduction
	Methods
	Patient selection
	Hospital course
	Brain MRI and angiographic parameters
	Cerebral blood flow volume parameters
	Statistical analysis

	Results
	General characteristics and clinical presentation
	Angiographic grading, clinical presentation, and collaterals
	Angiographic grading and cerebral blood flow volume parameters
	Hemodynamic contribution by transdural collaterals

	Discussion
	Hemodynamic changes according to disease progression
	Various collateral routes and the clinical impact of transdural collaterals
	Individual variations in collateral patterns and the clinical implications
	Hemodynamic compromise and transdural collaterals using duplex sonography

	Limitations
	Conclusions
	References




