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Progressive Shrinkage of Involved Arteries in Parallel with Disease Progression in

Moyamoya Disease

Shusuke Yamamoto', Daina Kashiwazaki', Naoki Akioka', Naoya Kuwayama’, Kyo Noguchi’, Satoshi Kuroda’

OBJECTIVE: Recent three-dimensional constructive inter-
ference in steady state (3D-CISS) studies have shown that the
involved arteries decrease not only their own luminal caliber
but also outer diameter in moyamoya disease (MMD). This
study was aimed to clarify how the outer diameter of the
involved arteries serially change during disease progression
in MMD using qunatitaive 3D-CISS imaging.

METHODS: This study included 8 hemispheres of 7 pa-
tients with MMD whose Suzuki angiographic stage spon-
taneously progressed during follow-up. Using 3D-CISS, the
outer diameter was quantified serially in supraclinoid
portion of internal carotid artery (C1), the horizontal portion
of middle and anterior cerebral arteries (M1 and Af,
respectively) before and after the spontaneous disease
progression, and also 3—12 months later.

RESULTS: In 7 hemispheres with early disease stage
(stage 1—3) at initial presentation, the involved arteries
decreased in their outer dimater in parallel with luminal
stenosis during spontaneous disease progression in the C1
(P = 0.005), M1 (P < 0.0001), and A1 portions (P = 0.0048).
In the remaining 1 hemisphere with stage 4 at initial pre-
sentation, 3D-CISS imaging showed no significant change
in the outer diameter of C1, M1, and A1 segments during
disease progression.

CONCLUSIONS: Using quantitative 3D-CISS imaging, this
study clearly shows that the involved arteries serially

decrease in their own outer diameter in parallel with
luminal stenosis during spontaneous disease progression in
early stages of MMD (stage 1—3). This phenomenon has not
been reported previously and may result from the pathog-
nomic mechanisms underlying the development of MMD.

INTRODUCTION

oyamoya disease (MMD) is a unique cerebrovascular
M disorder characterized by progressive occlusion in the

terminal portion of the internal carotid artery (ICA) and
its main branches, the anterior cerebral artery, and middle cere-
bral artery (MCA). The diagnosis of MMD is based on the findings
of cerebral angiography or magnetic resonance angiography
(MRA), which means that the diagnosis completely depends on
the narrowing of the internal lumen of the involved arteies.”” As a
result, it is often difficult to distiguish adult patients with MMD
from those with intracranial arterial stenosis.>* However, ac-
cording to recent studies with noninvasive three-dimensional
constructive interference in steady state (3D-CISS) imaging, the
involved arteries also specifically decrease in their outer diameter
as well as their internal caliber in MMD.5® Kuroda et al.” reported
that the outer diameter decreased in response to luminal stenosis
in MMD but not in atherosclerotic M1 stenosis. Furthermore, the
degree of this arterial shrinkage correlates well with the Suzuki
angiographic stage. As a result, MMD may pathognomonically
be characterized by both luminal stenosis and arterial shrinkage
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in a progressive fashion. On the other hand, a similar study has
shown that patients with quasi-MMD (moyamoya syndrome) can
be divided into at least 2 different subgroups: those with arterial
shrinkage and those without.> This novel concept of arterial
shrinkage is important in discussing the pathophysiology of
MMD and reviewing the diagnosis criteria of MMD.

Based on these observations, this study aimed to clarify how the
outer diameter of the involved artery serially changes during dis-
ease progression in MMD, using quantitative 3D-CISS imaging.

METHODS

Patients
Between March 2012 and December 2017, 92 patients were admitted
to our hospital and were diagnosed with MMD. Of these patients, this

study identified 8 hemispheres of 7 patients that met the following
criteria: 1) bilateral-type MMD; 2) spontaneous disease progression
during the follow-up period; and 3) 3D-CISS imaging before and after
spontaneous disease progression. Spontaneous disease progression
is defined as the progression of Suzuki angiographic stage in the
nonoperated hemispheres’ or that occurring in the operated
hemispheres >1 year after surgery. There were 4 children and 3
adults. There were 2 males and 5 females. All were radiologically
diagnosed with MMD based on the guideline for the diagnosis of
MMD set by the Research Committee on Moyamoya Disease of the
Ministry of Health, Welfare, and Labor of Japan." As shown in
Table 1, clinical diagnosis at initial presentation included transient
ischemic attack in 5 patients and ischemic stroke in 2. Of these
patients, 5 underwent superficial temporal artery (STA) to MCA
anastomosis and encephaloduromyoarteriopericranial synangiosis

Table 1. Summary of Clinical Characteristics and Outer Diameter of Involved Arteries in 8 Hemispheres of 7 Patients with Moyamoya

Disease
Outer Diameter (mm)
Age Diagnosis on Suzuki Basilar
Case (Years)/Sex Admission Included Side Examination Period Angiographic Stage c1 M1 A1 Artery
1 14/F TIA R Initial examination 1 29 1.7 1.7 3
Just after progression 4 24 1.3 0.9 1383
5 months after progression 5 1.8 0.9 0.8 32
2 50/F Ischemic stroke L Initial examination 4 25 18 12 2.8
Just after progression 6 25 1.4 1.3 29
6 months after progression 6 25 (1F3 12 3.0
3 36/F Ischemic stroke L Initial examination 3 26 1.8 1.1 25
Just after progression 4 26 1.4 1.1 25
4 months after progression 4 22 1.1 1.1 26
4 12/M TIA L Initial examination 2 2.7 2.3 15 2.6
Just after progression 4 22 1.7 15 27
3 months after progression 5 1.8 1.0 1.1 2.7
5 8/M TIA L Initial examination 1 2.7 19 1.0 29
Just after progression 3 2.2 1.7 0.9 29
6 months after progression 4 19 (I3 0.9 27
6 1M/F TIA L Initial examination 2 22 18 1.2 25
Just after progression 3 23 1.7 12 23
7 months after progression 3 2.3 1.1 0.9 2.5
7 6/M TIA R Initial examination 3 19 1.7 1.6 25
Just after progression 6 16 0.8 0.7 24
4 months after progression 6 12 0.8 0.7 24
L Initial examination 2 24 2.1 1.5 25
Just after progression 4 2.0 1.8 1.1 24
8 months after progression 6 17 1.3 0.9 2.5
F, female; TIA, transient ischemic attack; R, right; L, left; M., male.
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Figure 1. Plotted graphs show the serial change of
outer diameters of C1, M1, and A1 portions associated
with disease progression of Suzuki angiographic stage
in 8 hemispheres. In all but 1 hemisphere with stage 4
at initial presentation (case 2), the outer diameters of
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>1 of 3 segments become smaller in parallel with
progression of Suzuki angiographic stage. All 7
hemispheres were categorized into Suzuki stage 1-3
at initial presentation.

(EDMAPS) on the symptomatic side.”” After surgery, the patients
were medically followed up in the outpatient clinic, because the
contralateral side was free from any cerebrovascular events. Serial
MRA showed disease progression on the nonoperated hemisphere
in all 5 patients during follow-up (cases 1, 2, 4, 5, and 6). Another

patient was included in this study because the disease stage rapidly
progressed on the symptomatic side when she was waiting for sur-
gical revascularization (case 3). The remaining 1 patient who under-
went STA-MCA anastomosis and EDMAPS on bilateral hemispheres
was included because the disease stage bilaterally progressed at a

WORLD NEUROSURGERY 122: E253-E261, Fesruary 2019

WWW.JOURNALS.ELSEVIER.COM/WORLD-NEUROSURGERY E255


www.journals.elsevier.com/world-neurosurgery

SHUSUKE YAMAMOTO ET AL.

ORIGINAL ARTICLE

PARALLEL SHRINKAGE OF INVOLVED ARTERIES IN MOYAMOYA DISEASE

Outer diameter (mm)
3.0

25

20

-—C1
15

—

M1

—

1.0 A1
1

—

0.5

0.0
- Just after disease
Initial . 3-12 months later
progression

Figure 2. Plotted graph shows the serial changes of outer diameters of
C1, M1, and A1 portions of 8 hemispheres. The bars represent standard
deviation. All involved arteries decreased in their outer diameter during
disease progression in a stepwise fashion.

long interval (<1 year) after STA-MCA anastomosis and EDMAPS on
both sides (case 7). As a result, in this study, serial changes in the
outer diameter were evaluated in 8 hemispheres of 7 patients before
and after spontaneous disease progression (Table 1).

Radiologic Examinations

Magnetic resonance imaging (MRI), MRA, and cerebral angiog-
raphy were performed in all 7 patients with MMD. MRI was obtained
using a clinical 1.5-T or 3-T MRI unit (Magnetom Avanto or Verio
[Siemens AG, Erlangen, Germany]) with a standard 12-channel
head coil. Tr-weighted images, T2-weighted images, T2*-
weighted images, fluid-attenuated inversion recovery images, and
diffusion-weighted images were obtained to locate ischemic and
hemorrhagic lesions in the brain parenchyma. In this study, 3D-
CISS images were obtained to evaluate the outer diameter of the
intracranial arteries. Parameters for the 3D-CISS at 1.5 T were as
follows: repetition time, 9.94 milliseconds; echo time, 4.97 milli-
seconds; flip angle, 70°; matrix size, 256 x 250; slice thickness, 0.7
mm; field of view, 160 mm; voxel size, 0.6 X 0.5 X 0.7 mm; number
of excitations, 1: scan time, 4 minutes 16 seconds. Parameters for
the 3D-CISS at 3 T were as follows: repetition time, 6.59 millisec-
onds; echo time, 2.77 milliseconds; flip angle, 40°; matrix size,
307 X 307; slice thickness, 0.6 mm; field of view, 160 mm; voxel size,
0.5 X 0.4 X 0.6 mm; number of excitations, 1: scan time, 4 minutes
24 seconds.” Using [**3I]-IMP single-photon emission computed
tomography (SPECT), cerebral blood flow, and cerebrovascular
reactivity to acetazolamide were also assessed on admission in all 7
patients.

Study Protocol

At initial presentation, the outer diameter of involved arteries was
measured at the site where the outer diameter was smallest in the
involved arteries before spontaneous disease progression. As a
result, the outer diameter was quantified at the C1 segment just
proximal to the bifurcation and at the M1 and A1 segments around
3—5 mm distal to the origins in most patients.* During follow-up,

3D-CISS imaging was repeated together with conventional MRI/
MRA at 6-month intervals or when the patients developed any
cerebrovascular events. Once spontaneous disease progression was
identified on MRA or cerebral angiography during follow-up, the
outer diameter was quantified again. Furthermore, 3D-CISS imag-
ing with conventional MRI/MRA was repeated 3—12 months later
after spontaneous disease progression was noted. As a result, 3D-
CISS imaging was obtained 3 times in each patient. The outer
diameter of the basilar artery (BA) was also quantified as the control
in this study (Table 1). The outer diameter of C1, M1, A1, and BA was
measured by 2 observers (S.Y. and D.K.).

Statistical Analysis

All data were expressed as mean =+ standard deviaition. Continuous
data were compared by 1-factor analysis of variance followed by a
Tukey post hoc test among 3 groups. Values of P < o0.05 were
considered statistically significant. The intraclass correlation coef-
ficient (ICC) is a measure of the consistency of quantitative mea-
surements made by 2 different observers and ranges from o (no
association between the 2 measurements) to 1 (perfect agreement
between the 2 measurements).

RESULTS

Radiologic Findings

On initial MRI, 7 of 8 hemispehres had neither cerebral infarction
nor intracranial hemorrhage. The remaining 1 hemispehre had
asymptomatic cerebral infarction. On initial cerebral angiography,
the hemorrhages were graded as stage 1 in 2 hemispheres, stage 2
in 3, stage 3 in 2, and stage 4 in 1 according to Suzuki angio-
graphic staging.

The findings on 3D-CISS imaging are summarized in Table 1. Of 6
nonoperated hemispheres (case 1—6), 5 developed cerebrovascular
events during follow-up, including transient ischemic attack in 3
and ischemic stroke in 2 as a result of spontaneous disease pro-
gression. Disease progression was noted on follow-up MRI/MRA
without any cerebrovascular event in the remaining 1 hemisphere.
Two operated hemispheres (case 7) developed no cerebrovascular
events after surgical revascularization and disease progression was
noted on follow-up MRI/MRA. Suzuki angiographic stage advanced
to stage 3 in 2 hemispheres, stage 4 in 3, stage 5 in one, and stage 6
in 2.

Outer Diameter Change During Disease Progression

Using 3D-CISS, the outer diameter of involved arteries (C1, M1, and
A1 segments) was serially quantified in 8 hemispheres before and
after spontaneous disease progression (Table 1). The ICC was 0.896
between the 2 observers. This high ICC value shows excellent
agreement between the 2 observers in measurement of outer
diameter of C1, M1, A1, and BA using 3D-CISS. In all but 1 patient
with stage 4 at initial presentation (case 2), the outer diameter of
>1 of 3 segments decreased in response to spontaneous disease
progression (Table 1, Figure 1). All 7 hemispheres were
categorized into Suzuki stage 1—3 at initial presentation. The
outer diameter of their Cr, M1, and Ar segements was
quantitatively determined before, just after, and several months
after spontaneous disease progression. As shown in Figure 2, the
outer diameter of their C1 segment decreased from 2.49 + 0.33
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Figure 3. Serial magnetic resonance angiography (MRA) (A, E, 1) and
three-dimensional constructive interference in steady state (3D-CISS)
imaging (B—D, F—H, J—L) of 36-year-old woman with bilateral moyamoya
disease (MMD) with ischemic stroke in left frontal cortex (case 3). (A) On
MRA at initial presentation, the internal carotid artery (ICA) is occluded on
the right side and the terminal portion of the ICA (C1) to proximal portion of
the middle cerebral artery (MCA) (M1) is severely stenosed and the
anterior cerebral artery is occluded on the left side, graded as stage 5 and
3, respectively. On 3D-CISS imaging at initial presentation, the outer
diameters of C1 (B), M1 (C), and A1 (D) on the left side are 2.61, 1.83, and
1.09 mm, respectively (arrows). (E) On MRA performed just after

spontaneous progression of disease stage on the left side, the ICA is
occluded on the left side, graded as stage 4 on the left side. On 3D-CISS
imaging performed just after progression of disease stage on the left side,
the outer diameters of C1 (F), M1 (G), and A1 (H) are 2.55, 1.35, and 1.09
mm, respectively (arrows). () On MRA performed 2 months after the
progression of disease stage on the left side, no further disease
progression is seen, graded as stage 4 on the left side. On 3D-CISS
imaging performed 2 months after the progression of disease stage on the
left side, the outer diameters of C1 (J), M1 (K), and A1 (L) are 2.18, 1.11,
and 1.06 mm, respectively (arrows).

mm to 2.17 + 0.32 mm (P = 0.22), and then to 1.83 + 0.37 mm
(P = o0.005). The difference between the initial and final
examinations was 0.66 + 0.37 mm. The outer diameter of their
M1 segment decreased from 1.89 £+ 0.21 mm to 1.46 + 0.35 mm
(P = o.015), and then further decreased to 1.08 + 0.18 mm
(P < o.0001). The difference between the initial and final
examinations was 0.82 £ 0.20 mm. The outer diameter of their
A1 segment decreased from 1.36 £+ 0.28 mm to 1.05 £ 0.24 mm
(P = 0.052) and then further decreased to 0.91 & 0.15 mm (P =
0.0048). The difference between the initial and final examinations
was 0.45 £ 0.37 mm. Therefore, the involved arteries decreased in

their outer diameter in parallel with spontaneous disease
progression. Representative cases are shown in Figures 3 and 4.

As shown in Figure 1, the involved arteries further decreased in
their outer diameter between the second and third examination in
3 of 8 hemispheres, although their disease stage did not change
for the same period (case 3-L, case 6-L, and case 7-R).

In the remaining patient with stage 4 at initial presentation
(case 2), 3D-CISS imaging showed no significant change in the
outer diameter of C1, M1, and A1 segment (Figure 1). In addition,
the outer diameter of the BA showed no significant change in this
study in all 7 patients (Table 1).
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Figure 4. Serial magnetic resonance angiography (MRA) (A, E, ) and
3D-CISS imaging (B—D, F—H, J—L) of 12-year-old boy with bilateral
moyamoya disease with transient ischemic attack (case 4). (A) On MRA at
initial presentation, the internal carotid artery (ICA) is occluded on the right
side, graded as stage 4. The terminal portion of the ICA to the proximal
portion of the middle cerebral artery (MCA) and anterior cerebral artery
(ACA) are severely stenosed but the distal parts of the MCA and ACA are
opacified on the left side, graded as stage 2. On three-dimensional
constructive interference in steady state (3D-CISS) imaging at initial
presentation, the outer diameters of C1 (B), M1 (C), and A1 (D) on the left
side are 2.66, 2.25, and 1.48 mm, respectively (arrows). (E) On MRA

performed just after spontaneous progression of disease stage on the left
side, the terminal portion of the ICA to the proximal portion of the MCA is
severely stenosed and the ACA is occluded on the left side, graded as
stage 4 on the left side. On 3D-CISS imaging performed just after
progression of disease stage on the left side, the outer diameters of C1 (F),
M1 (G), and A1 (H) are 2.16, 1.71, and 1.45 mm, respectively (arrows). (l)
On MRA performed 4 months after the progression of disease stage on
the left side, further disease progression is seen, graded as stage 5 on the
left side. On 3D-CISS imaging performed 4 months after the progression of
disease stage on the left side, the outer diameters of C1 (J), M1 (K), and
A1 (L) are 1.83, 1.04, and 1.14 mm, respectively (arrows).

In all 8 hemispheres of 7 patients, cerebral blood flow and cere-
brovascular reactivity to acetazolamide were assessed on admission
using ['*3[]-IMP SPECT. In all 8 hemispheres of 7 patients, [**3[]-IMP
SPECT showed impaired cerebral blood flow and reactivity to acet-
azolamide in the territory of the involved ICA or MCA. There was no
correlation between cerebral blood flow and outer diameter of
involved arteries.

Treatments and Prognosis
All of 6 nonoperated hemispheres underwent STA-MCA anastomosis
and EDMAPS after spontaneous disease progression. Postoperative

courses were uneventful. The courses of the remaining 2 hemi-
spheres that had already undergone STA-MCA anastomosis and
EDMAPS were also uneventful. None developed any iscehmic or
hemorrhagic stroke after surgery. Follow-up cerebral angiography
performed 4—6 months after surgery showed well-developed surgical
collaterals through both direct and indirect bypass in all 8
hemispheres.

DISCUSSION

As discussed, the main aim of this study was to clarify the rela-
tionship between the spontaneous progression of disease stage and
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the change in the outer diameter of involved arteries in MMD. In this
study, 1 patient who underwent STA-MCA anastomosis and
EDMAPS on bilateral hemispheres (case 7) was included, because
the disease stage bilaterally progressed at a long interval (>1 year)
after STA-MCA anastomosis and EDMAPS on both sides. In a pre-
vious study," it was reported that indirect bypass through the deep
temporal artery or middle meningeal artery develops within 3
months in most cases. The progression of stenotic change in the
carotid fork is accelerated after surgery and appears 3—6 months
after surgery. Therefore, we speculated that the progression of
stenotic lesion in the carotid fork of case 7 occurred
spontaneously. As a result, this study clearly shows that the
involved arteries decrease their own outer diameter in parallel
with disease progression in 7/8 hemispheres with early disease
stage (stage 1—3) at initial presentation. Such changes in the
involved artery were not observed in the remaining 1 hemisphere
with stage 4 at initial presentation. These findings strongly
suggest that the arterial shrinkage progresses as luminal stenosis
is advanced. This is the first report showing serial shrinkage of
the involved arteries during disease progression in MMD by
serially observing their outer diameter on 3D-CISS imaging. This
phenomenon may result from progressive pathophysiologic
change of involved arteries in MMD. MMD has pathognomonic
fingings in the carotid fork, including fibrocellular thickening of
the intima, an irregular undulation (waving) of the internal elastic
lamina, and attenuation of the media.”" Intimal thickening
should directly lead to narrowing of the arterial lumen. On the other
hand, the attenuation of the media may decrease the volume of the
arterial wall, causing narrowing of the outer diameter. Therefore,
the present results strongly suggest that degeneration of media
progresses in parallel with progressive intimal thickening in the

early stage of MMD and irregular waving may be accompanied by
this arterial shrinkage specific for MMD (Figure 5). A similar
phenomenon has also been observed previously in vasospasm.
Uchida et al.™ established an animal model of coronary artery
spasm in the beagle and found that the internal elastic lamina
were markedly folded like the “bellows of an old-fashioned cam-
era.” Based on their results, these investigators hypothetized that
this phenomenon would play an essential role in coronary artery
spasm, which caused narrowing of the outer diameter. Further-
more, Sakaki et al.” evaluated the pathologic findings of cerebral
vasospasm caused by aneurysmal subarachnoid hemorrhage
(SAH) and reported that the cerebral arterial wall corresponding
to the angiographic vasospasm showed various structural
changes. The changes were divided into 5 groups as follows: in
group 1, the intraluminal size of the arterial wall was reduced
with medial thickening, marked waving of the internal elastic
lamina, and intimal edema; in group 2, the necrosis of the
smooth muscle cells in the media, partial break of internal elastic
lamina, and the profuse deposition of acid mucopoly saccharides
were observed; in group 3, marked intimal thickening and medial
atrophy were seen; in group 4, a dilatation of luminal size with
improvement of the intimal thickening and remarkable medial
atrophy were noted; and in group 5, regeneration of smooth
muscle cell in the media was observed. Histopathologic change
seen in group 3, including intimal thickening and medial atrophy,
may be similar to that observed in the carotid fork of MMD.
Sakaki et al.”> speculated that medial atrophy resulted from the
necrosis of smooth muscle cells followed by replacement with
collagen fiber. In addition, Takagi et al.”® accessed the arterial
wall of the cortical branch of MCA during bypass surgery for
MMD and found that the media in the MCA developed

Media

Adventitia

Internal lumen

Internal lumen

Outer diameter

Suzuki angiographic stage

Intima

Medial attenuation
Waving of the internal elastic lamina

Intimal thickening

Y

Figure 5. The phenomenon that the involved arteries
decrease their luminal diameter as a result of intimal
thickening and their outer diameter as a result of
medial degeneration and the waving of elastic

lamina during disease progression in early stage of
MMD (stage 1—3). Shrinkage of involved arteries
progresses in parallel with progression of luminal
stenosis.
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caspase-3-induced apoptosis. Medial degeneration and waving of
elastic lamina may be common pathologic findings in MMD and
arterial vasospasm. Recent studies have shown that a subgroup of
patients with intracranial major artery stenosis have a common
genetic variant, ring finger 213 (RNF 213) ¢.14576G>A, known as a
susceptibility gene for MMD."” On the other hand, several studies
have reported the role of genetic polymorphisms in cerebral
vasospasm after aneurysmal SAH. Haptoglobin genotype 2-2 has
been reported to have strong associations with focal and global
cerebrovasospasm after aneurysmal SAH and also to predict poor
functional outcomes and mortality.”® The association between
apolipoprotein E4 and cerebral vasospasm has previously been
observed in rodent models.” Past studies have reported that
platelet-derived growth factor (PDGF)-B associates with cerebral
vasospasm; furthermore, the degree of vessel stenosis directly
correlates with the temporal expression dynamics of PDGF-f, as
shown in a rabbit model of SAH.?® In human patients with SAH,
higher PDGF levels predict greater probability of developing
cerebral vasospasm.*** Considering that arterial shrinkage is a
specific finding in MMD and a similar phenomenon has been
recognized in cerebral vasospasm, such genetic variants or poly-
morphisms may play a key role in clarifying the cause of shrinkage in
the involved arteries in MMD.

In addition, this study shows that the involved arteries further
decrease in their outer diameter between the second and third
examination in 3 of § hemispheres, although their disease stage
does not change for the same period (Figure 1). The finding
strongly suggests that disease progression may occur in a step-
by-step fashion in MMD; intimal thickening may first lead to
luminal stenosis and then medial atrophy may cause arterial
shrinkage.

There are some limitaions to this study. First, the sample size is
small (n = 8) to reach a final conclusion about pathophysiologic
mechanisms in MMD. Therefore, further studies with larger cohorts
are warranted to confirm the present results. Second, intra-observer
variability was not evaluated in this study. Therefore, this factor
should also be analyzed in the future multicenter cohort studies.

CONCLUSIONS

Using quantitative 3D-CISS imaging, this study clearly shows that
the involved arteries decrease their outer diameter serially in
parallel with progressive luminal stenosis during disease pro-
gression in the early stage of MMD (stage 1—3). This phenomenon
has not reported before and may result from pathophysiologic
mechanisms underlying the development of MMD.
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