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ABSTRACT

Object: Moyamoya vasculopathy (MMV) is characterized bygressive stenosis of
the intracranial arteries. MMV currently has no ative treatments, and cerebral
ischemia and hemorrhage are the major outcomesudiicn of the stroke risk of each

patient due to the progression of intracranialretstenosis is clinically important.

Methods: We prospectively reviewed patients with intracraragerial stenosis and
already-diagnosed MMV. High-resolution magnetic oremce imaging (HR-MRI)
using contrast agent is the novel vessel wall imagiVWI) technique for directly
evaluating vascular walls and intracranial arteigedse. All patients underwent
HR-VWI and MR angiography at the time of regiswwati and follow-up MR
angiography. Fisher’s exact tests were used tsasssociations between the degree of

wall enhancement, and between stable and progeeisgracranial arterial stenosis.

Results: A total of 24 patients (17 female; mean age, 36.116.8 years, 3-67 year)

with MMV were consecutively recruited to this studgrogression of stenosis was
shown in 6 lesions (66.6%) on strong enhancemenkesibns (12.5%) on mild
enhancement, and 1 lesion (4.3%) on lack of enmect Arterial vessel wall
enhancement in MMV patients correlated closely wpttogression of intracranial

arterial stenosis (p=0.002).

Conclusions: Arterial vessel wall enhancement in MMV patientssvetosely related to
progression of intracranial arterial stenosis. I®jr@nhancement of the intracranial
vessel wall was associated with intracranial aatestenosis progression, and lack of

enhancement correlated with the stability of imaacl arterial stenosis.

INTRODUCTION



Moyamoya vasculopathy (MMV) is characterized by goessive stenosis of the
intracranial internal carotid artery (ICA) and foximal brancheSMMV can manifest
as moyamoya disease (MMD), unilateral MMD or quds#D. MMD is usually
idiopathic and bilateral. Unilateral MMD is defined MMD with unilaterally affected
vessels and no association with any other undeylgonditions. Angiographic findings
of bi- or unilateral MMD associated with a definitenderlying disease, such as
hyperthyroidism, or trisomy 21, are usually catézgd as quasi-MMDB:® Prevalences
of MMD, unilateral MMD and quasi-MMD have been refgaol as 5.22/100,000,
0.66/100,000 and 0.34/100,000, respectiteGerebral ischemia and hemorrhage are
the major outcomes of MM¥2 In particular, pediatric MMD is clinically charastzed
by the onset of one or more cerebral ischemic ev@t curative treatment is available
for MMV. Surgical revascularization therapies candetively considered as secondary
prevention for patients with symptomatic MMV.

Intracranial magnetic resonance (MR) vessel wakgmg (VWI) is one emerging
technique for evaluating the morphologies of atbelerotic plaques, arterial walls, and
surrounding structures. Although various techniqdes VWI have already been
reported, high-resolution MR imaging (HR-MRI) usiogntrast agent is a new VWI
technique for directly evaluating the vascular waid intracranial artery diseaSe.
Intracranial artery atherosclerosis, MMD, vascslitiand reversible cerebral
vasoconstriction syndrome can also be diagnoseddéfetentiated using HR-MRI.
Previous studies of carotid artery stenosis patidmve shown that vessel wall
enhancement may reflect inflammation or neovasmaaion associated with disease
stability and worsened clinical outcontes: Wang et al. recently reported that

intracranial vessel wall enhancement is associatdéld acute ischemic infarction in



patients with MMV/?

There are some MMV patients cases that intracraiakial stenosis was progressed
and this led transit ischemic attack or cerebréroiion for a long time follow up
period. It is clinically important to evaluate thpossibility of progress intracranial
arterial stenosis before ischemic stroke event$ @dgtur. Using contrast-enhanced
HR-MRI VWI, we evaluated the progression of inteatal arterial stenosis in patients
with MMV.

MATERIALSAND METHODS

Study design

The study protocol was approved by Medical Resektbits Committee of Nagoya
University Hospital (approval number: 2016-0547]).atients or their legal
representatives provided written informed cons@nir. study was carried out in
accordance with the relevant guidelines and reguiat Patients with MMV were
recruited in this study. After approval of the stymotocol by the hospital research
ethics board, we prospectively reviewed patientk witracranial arterial stenosis who
had been diagnosed with MMD or quasi-MMD at Nagbyaversity Hospital between
April 2016 and June 2017. MMD or quasi-MMD wereghased by the Research
Committee on Moyamoya Disease of the Ministry o&lig Welfare, and Labor, Japan
criteria. This diagnostic criteria requires alltbé following findings: (1)

steno-occlusive lesions around the terminal postiointhe internal carotid arteries; (2)
moyamoya vessels at the basal ganglia appearialgresmal vascular networks on
MRA; (3) findings 1 and 2 are present bilateraifyfihdings 1 and 2 are shown
bilaterally or unilaterally on conventional angiaghy, those cases can be diagnosed

MMD); and (4) known diseases with similar angiodragdindings are excluded, such



as atherosclerosis or irradiation to the head. &maluded all moyamoya disease
patients and quasi-moyamoya disease patients, lihthegpatients who have
atherosclerotic arterial changes in MR angiograpbie excluded. All patients
underwent HR-MRI and MR angiography (MRA) at theei of registration, and
follow-up MRA within 6 months. Two independent raldigists blinded to clinical and
vessel wall MRI data reviewed consecutive luminaties performed for all MMD
subjects. For the detection of enhancement, a Tightexl MRI sequence without
contrast (precontrast) was used for comparison thigtcontrast-enhanced sequence
(postcontrast). Comparing T1-weighted pre- andquogtast imaging, lesions were
assessed for the presence and intensity of enhamtenine degree of enhancement of
MMV was then qualitatively graded depending on algntensity on post-contrast

images compared to the corresponding pre-contresges®**

grade 0, no
enhancement (Figure 1); grade 1, mild enhancematht signal intensity of the vessel
wall less than that of the pituitary infundibulufidgure 2); and grade 2, strong
enhancement, with signal intensity of the conteagtanced vessel wall similar to or
greater than that of the infundibulum (Figure 8jrdcranial arterial stenosis
progression was evaluated on MRA. If the steneston was extended from proximal
MCA to distal MCA on follow up MRA, we assessed th&zacranial arterial stenosis
progression as “progressed”. On the other hantigiktenotic lesion was not extended
on follow up MRA, we assessed the intracranialretstenosis progression as “stable”.

Standard protocol time-of-flight MRA was referenaglden assessing VWI lesions. The

artery involved was also documented for each lesion

Imaging protocol



Patients were scanned using a 3-T Siemens SkyraddRner (Siemens Healthcare,
Ehrlangen, Germany). The MR VWI protocol includedree-dimensional (3D)
time-of-flight MRA (in-plane resolution, 0.5x0.5lice thickness, 0.8 mm; repetition
time/echo time, 23.0/3.81 ms; flip angle,”;1@eld of view, 200x200 mm; time, 4:11
min), T1 (0.5x%0.5 in-plane resolution; slice thieks, 5 mm; repetition time/echo time,
500/11 ms; averages, 4; matrix, 384x384 npixels|dfief view, 200x200 mm;
Generalized Auto calibrating Partial Parallel Aggtion (GRAPPA) factor, 1; turbo
factor, 1; time, 1:38 min), pre- and postcontragthfresolution VWI performed in
multiple planes to obtain at least two planes fachelesion, axial and orthogonal 3D
T1-weighted high-resolution VWI (in-plane, 0.6x04#jces, 0.8 mm; field of view,
200200 mm; matrix, 320x320; repetition time/ecimoet 580/5.6 ms; averages, 1,
GRAPPA factor, 2; turbo factor, 40; time, 4:16 miapd 3D T2-weighted Sampling
Perfection with Application optimized Contrast ugidifferent flip angle Evolution
(SPACE) (0.5x0.5 mm in-plane resolution; slice khiess, 1.0 mm; field of view,
200x200 ms; repetition time/echo time, 4000/545 shiee oversampling, 37.5%; slices,
104; matrix, 384x384 mm; turbo factor, 555; tim&23min) sequences.

Statistical methods

SPSS for Windows version 20.0 (IBM, Chicago, IL,A)Svas used for all statistical
analyses. Fisher’s exact tests were used to aassssiations between the degree of
wall enhancement, and between stable and progecssikacranial arterial stenosis.
Binary logistic regression analysis was used temenhe the risk factor for intracranial
arterial stenosis. Data are given as odds ratid8sjQvith 95% confidence intervals
(Cls). Inter- and intra-reader agreement for grgdihe intracranial vessel wall

enhancement was assessed using Cohen’s Kappaiartsysre reader consensus to



settle disagreements. A k value of less than 0.48 eonsidered poor agreement; a k
value of 0.4-0.75 was characterized as fair to gmgrdement; a k value of greater than
0.75 indicated excellent agreement. StatisticahiB@gance was set at the level of
P<0.01.

RESULTS

Characteristics of patientswith MMV

Between April 2016 and June 2017, a total of 24ep& with MMV (17 female; mean

age, 36.1*+ 16.8 years, 3-67 year) were consecutively reatuitethis study. Of the

48 sides in these 24 patients, 16 sides showedigranischemic attack, 3 showed
hemorrhagic stroke, 9 showed ischemic stroke, @dv@re asymptomatic. Patients
with symptomatic intracranial stenosis underwenfie8la MRI/MR angiography at a
median interval of 66 months after symptom onsedtieAt characteristics are
summarized in Table 1. Intracranial vessel walhgsgs in the terminal ICA (internal
carotid artery) and/or M1 segment of the MCA (meddérebral artery) was identified in
all patients. After contrast administration, 9 sid&8.8%) showed grade 2 enhancement
and 16 sides (33.3%) displayed grade 1 enhanceffaie 2). All patients underwent
follow-up 3-Tesla MR angiography within 6 monthsindl lesions (18.8%) showed
progression of stenosis (Figure 4).

Relationship between intracranial vessel wall enhancement and progression of
intracranial arterial stenosis

Progression of stenosis was shown in 6 lesion¥%p.0n grade 2 enhancement, 2
lesions (12.5%) on grade 1 enhancement, and Inl€4i8%) on grade O enhancement
(Table 3; p=0.002).

Univariate and multivariaterisk factor for intracranial arterial stenosis



Univariate risk factor for intracranial arteriababsis was assessed. ORs and p value of
all variables tested are listed in Table.4 Onlyseésvall enhancement was identified to
be a risk factor for intracranial arterial stenogiable.4). To rule out possible
collinearities, multivariate analysis was perform&gssel wall enhancement was of
significant independent predictive value (p=0.00&ble.4).

Reproducibility

Inter-reader agreement between the two readersrfoancement of the MMV vessel
wall was good (weighted = 0.917).

Therelationship to radiographical progression and clinical feature

There were some patients to be taken a revasatianztherapy due to the progression
of intracranial arterial stenosis. Their cerebidalod flow at rest state was significantly
down and some clinical neurological deficit, inchgl transit ischemic attack, was
shown.

DISCUSSION

This investigation found that arterial vessel wathancement in MMV patients was
closely related to progression of intracranial atestenosis. Grade 2 enhancement of
the intracranial vessel wall was associated witfagranial arterial stenosis progression
within 6 months, and grade 0 enhancement correlatédthe stability of intracranial
arterial stenosis.

The main pathological changes of the narrow segnmeMMYV are fibrous thickening
of the intima, irregular undulation of the interredhstic lamina, medial thinness, and a
decrease in outer diamefér’® The cause of fibrous thickening of the intima was
proliferation of the cells making up the vessel lwattivation of angiogenesis, and

matrix accumulation. HR-MRI studies of patients lwitMMD have recently



demonstrated constrictive remodeling in affectegireents, concentric enhancement of
symptomatic segments, intimal hyperplasia, and ai¢dinning**°-22

The pathophysiological mechanisms underlying cehtigptake in the intracranial
arterial walls of MMV remain obscure. Previous séschave indicated that intracranial
vessel wall enhancement reflects disease actiMitgler contrast-enhanced HR-MRI,
aneurysmal wall enhancement was related to thergsraustate, with circumferential
aneurysmal wall enhancement observed more frequentl unstable (ruptured,
symptomatic, or undergoing morphological modifioa)i aneurysms than in stable
(incidental and nonevolving) aneurysfigiao et al. showed that contrast enhancement
of intracranial atherosclerotic plaque is assodiatgh the likelihood of recent ischemic
events and may serve as a marker of stabflit@ontrast enhancement of the
atherosclerotic lesion may occur with more geneedlior focal inflammation of the
vessel wall, together with neovascularization ando¢helial contrast leakagépor as a
result of vasa vasorum in the plague. Skarpathi®takal. reported that pathological
enhancement of a vessel plaque supplying a steskieoty has been observed within 4
weeks of ischemic stroke, and the strength of ecdraent is closely related to the time
between stroke and assessment of the vessefWalle degree of enhancement is
thought to correlate closely with the level of afimatory activity, presumably as a
result of neovascularization and increased endathgermeability’® Wang et al.
reported that strong enhancement of the intradrareasel wall is independently
associated with acute ischemic infarction in pasiewith MMV.*?> Chmelova et al.
found that angiogenetic factors in the intima amdoular endothelial growth factor
(VEGF) in the endothelium of moyamoya-affected raete showed greater expression

than in controls® This suggests an active angiogenetic processeiretihanced vessel
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wall in patients with MMV. Meanwhile some reporteve shown that adult-onset
autoimmune diseases are associated with MMV ingbedipopulations, but not adults,
potentially lending credence to the hypothesis ith#ammation is involved in the
pathogenesis of MMY¥ 2° These results suggested that enhancement of riamiat
vessels in patients with MMV may indicate activegiagenetic process and
inflammatory response in patients with MMV.

Stence et al. recently reported that the strongmecgment of intracranial vessel walls is
related to stenosis progression in pediatric ptieith intracranial arteriopathiésHe
concluded that if strong vessel wall enhancememteiected in children with arterial
ischemic stroke, more aggressive therapies suchktasids or antivirals could be
considered to ameliorate the risk of worseningrampathy.

Regardless of symptomatic or asymptomatic, the latipn of intracranial arterial
stenosis progression with MMD was about 20%, anfl dfathose patients occurred
TIA/cerebral infarction or intracranial hemorrhageSo to evaluate intracranial arterial
stenosis progression with MMD is quite importarmticilly.

The present study has some limitations. One oflithgations of our study was the
small size of the cohort. The other limitations air study were the existence of
confounders. When we are talking about the undeglyimechanisms of
contract-enhancement, there are quite a lot ofazorders. Larger cohorts are needed to
prospectively follow presumably stable intracrangaterial stenosis with MMV to
confirm the clinical use of contrast HR-MRI VWI pwedict clinical instability, before
contrast HR-MRI VWI can be introduced into routicimical practice.

To the best of our knowledge, the natural histarg arogress of MMV, as seen with

contrast-enhanced studies, have not yet been issi@hl The exact mechanisms
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accounting for intracranial vessel wall enhancententain unknown. More studies of

molecular contrast agents may be helpful to elueidais mechanism. We continue to

investigate more intracranial arterial stenosisepés and follow up them. If the degree
of vessel wall enhancement will change in the ®itaew findings may be obtained.

CONCLUSIONS

Arterial vessel wall enhancement in MMV patientsswé#osely related to progression of

intracranial arterial stenosis. Strong enhancerogtite intracranial vessel wall was

associated with intracranial arterial stenosis grsgjon, and lack of enhancement
correlated with the stability of intracranial arédistenosis.
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Figure 1. Grade 0 enhancement of MM V.

A) A transverse-section post-contrast T1-weighsadropically reconstructed turbo spin
echo acquisition image does not show the enhanderh&A and MCA stenosis
bilaterally. B) MRI CISS (Constructive Interferenkcesteady State) image can confirm

the intracranial vascular structure precisely.

Figure 2. Grade 1 enhancement of MM V.

A) A transverse-section post-contrast T1-weighsadropically reconstructed turbo spin
echo acquisition image shows the mild vessel wdlaecement of left MCA stenotic
lesion, but less than that of pituitary infundibmligwhite arrowhead). B) MRI CISS

image can confirm the intracranial vascular strrecfurecisely.

Figure 3. Grade 2 enhancement of MM V.

A) A transverse-section post-contrast T1-weighsadropically reconstructed turbo spin
echo acquisition image shows the strong vesselemfihncement of left MCA stenotic
lesion. This enhancement is greater than thattoitary infundibulum (white
arrowhead). B) MRI CISS image can confirm the ictaaial vascular structure

precisely.

Figure 4. Enhancement of theintracranial vessel wall was associated with
progression of intracranial arterial stenosisfor moyamoya vasculopathy
A 3-year-old girl without vascular risk factors pemted with transit ischemic attack

(TIA) localized to the left middle cerebral artdiMCA) territory. left-transit-ischemic

attack-caused-by-left-middle-cerebral-artery- (MG#nosis. She had already been
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diagnosed moyamoya disea8@.Transverse time-of-flight magnetic resonance
angiography (TOF-MRA) shows distal internal caratitery (ICA) stenosis bilaterally,
and proximal anterior cerebral artery (ACA) and M&AnosisB) MRI CISS image

can confirm the intracranial vascular structurecgaly.C) A transverse-section
post-contrast T1-weighted isotropically reconsteddiurbo spin echo acquisition image
shows enhancement of only a left MCA stenosis @vaitowhead). Enhancement in the
left MCA lesion exceeds that of the pituitary inflioulum (grade 2 enhancement),
whereas no enhancement is evident in the rightriatearotid artery (grade O
enhancementp) Six months after first vessel wall imaging, TOF-MRAows

progression of only left MCA stenosis
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Table 1. Demographics of patientswith moyamoya vasculopathy

Period between symptom onset

Age I nitial Symptom Suzuki stage Diagnosis
PtID Sex and VWI examination (m)
(v)
Right L eft Right L eft
Quasi-MMD
1 24 F TIA TIA 4 3 84
hyperthyroidism

2 48 F None None 3 3 MMD -
3 3 F Cl Cl 3 3 MMD 6
4 18 F TIA TIA 1 - Unilateral MMD 6
5 40 F Cl None 1 - Unilateral MMD 66
6 44 F TIA None 4 5 MMD 312
7 13 F TIA TIA 3 3 MMD 216
8 34 M None Cl 1 1 MMD 13
9 67 M None Cl 3 3 MMD 240
10 47 F Cl TIA 4 3 MMD 6




11 8 TIA None MMD 9
12 14 Cl None Unilateral MMD 15
MMD
13 52 None TIA 28
Ulcerative colitis
14 49 None TIA Unilateral MMD 10
15 48 None TIA Unilateral MMD 72
16 36 None IVH MMD 288
Quasi-MMD
17 67 None Cl 243
Sjogren’s syndrome
18 47 None Cl MMD 23
19 32 None TIA, ICH MMD 420
Quasi-MMD
20 24 TIA TIA 90
Hyperthyroidism
21 27 None None MMD -
22 42 IVH, ICH None MMD 6




23 32 F None TIA, ICH 4 4 MMD 420

24 50 F ICH None 3 4 MMD 1

Pt, patient; M, male; F, female; MRA, magnetic remtce angiography; Cl, cerebral infarction; TlAnsient ischemic attack; IVH,

intraventricular hemorrhage; ICH, intracranial herhage; MMD, moyamoya disease; VWI, vessel wallgmg



Table 2. Reéationship between

intracranial

intracranial arterial stenosis progression

vessd wall

enhan

cement and

Follow-up MRA
Initial VWI enhancement
Pt 1D Intracranial arterial stenosis
Right L eft Right L eft

1 0 2 Progressed Progressged
2 2 1 Progressed Stable
3 0 1 Stable Progressed
4 1 0 Progressed Stable
5 1 0 Stable Stable
6 1 0 Stable Stable
7 1 1 Stable Stable
8 0 2 Stable Progressed
9 1 0 Stable Stable
10 2 0 Progressed Stable
11 0 0 Stable Stable
12 0 0 Stable Stable
13 2 1 Progressed Stable
14 0 0 Stable Stable
15 0 1 Stable Stable
16 1 0 Stable Stable
17 2 0 Stable Stable
18 1 0 Stable Stable




19 0 0 Stable Stable
20 1 2 Stable Progressed
21 0 2 Stable Stable
22 1 1 Stable Stable
23 0 0 Stable Stable
24 2 1 Stable Stable

Pt, patient; MRA, magnetic resonance angiograptWi Wessel wall imaging



Table 3. Relationship between intensity of intracranial vessel wall enhancement and

progression of intracranial arterial stenosis

Follow-up MRA
Intracranial arterial stenosis
Progr essed Stable
n=9 n=39
Grade?2 6 3
Initial VWI
Gradel 2 14
enhancement
GradeO 1 22

MRA, magnetic resonance angiography; VWI, vessdll weaging



Table.4 Univariate and multivariaterisk factor for intracranial arterial stenosis

Risk Factors OR 95% CI p Value

Possiblerelevance for intracranial arterial stenosis
Age 0.976 0.934-1.019 0.271
Sex 5.000 0.567-44.084 0.147
Initial symptom 1.250 0.205-7.615 0.809
Suzuki grade 1.004 0.599-1.685 0.987
Vessel wall enhancement 7.817 2.109-28.969 0.002
Period between symptom onset

0.992 0.980-1.004 0.172
and VWI examination (m)
Analysis of significant factors
Vessel wall enhancement 36.21% 2.761-475.028 0.006
















» Arterial vessel wall enhancement in MMV patients was closely related to

the progression of intracranial arterial stenosis.

» Strong enhancement of the intracranial vessel wall was associated with

the progression of intracranial arterial stenosis.

» The lack of enhancement was associated with the stability of intracranial

arterial stenosis.



ACA (anterior cerebral artery), CI (cerebral infarction), CISS (Constructive

Interference Insteady State), HR-MRI (high-resolusion magnetic resonance

imaging), ICA (internal carotid artery), ICH (intracranial hemorrhage), IVH

(intraventricular hemorrhage), MCA (middle cerebral artery), MMD

(moyamoya disease), MMV (moyamoya vasculopathy), TIA (transient

ischemic attack), TOF-MRA (Transverse time-of-flight magnetic resonance

angiography), VWI (vessel wall imaging)





