
Copyright © 2019 The Korean Neurosurgical Society  136

Review Article
J Korean Neurosurg Soc 62 (2) : 136-143, 2019
https://doi.org/10.3340/jkns.2018.0101 pISSN 2005-3711   eISSN 1598-7876

Hemorrhagic Moyamoya Disease : A Recent Update
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Moyamoya disease (MMD) is a progressive cerebrovascular disease with unknown etiology, characterized by bilateral steno-
occlusive changes at the terminal portion of the internal carotid artery and an abnormal vascular network formation at the base of 
the brain. MMD has an intrinsic nature to convert the vascular supply for the brain from internal carotid (IC) system to the external 
carotid (EC) system, as indicated by Suzuki’s angiographic staging. Insufficiency of this ‘IC-EC conversion system’ could result not 
only in cerebral ischemia, but also in intracranial hemorrhage from inadequate collateral anastomosis, both of which represent 
the clinical manifestation of MMD. Surgical revascularization prevents cerebral ischemic attack by improving cerebral blood flow, 
and recent evidence further suggests that extracranial-intracranial bypass could powerfully reduce the risk of re-bleeding in MMD 
patients with posterior hemorrhage, who were known to have extremely high re-bleeding risk. Although the exact mechanism 
underlying the hemorrhagic presentation in MMD is undetermined, most recent angiographic analysis revealed the characteristic 
angio-architecture related to high re-bleeding risk, such as the extension and dilatation of choroidal collaterals and posterior 
cerebral artery involvement. We sought to update the current management strategy for hemorrhagic MMD, including the outcome 
of surgical revascularization for hemorrhagic MMD in our institute. Further investigations will clarify the optimal surgical strategy to 
prevent hemorrhagic manifestation in patients with MMD.
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INTRODUCTION

Moyamoya disease (MMD) is a progressive cerebrovascular 

disease with unknown etiology, characterized by bilateral ste-

no-occlusive changes at the terminal portion of the internal 

carotid artery (ICA) and an abnormal vascular network for-

mation at the base of the brain33). MMD has an intrinsic na-

ture to convert the vascular supply for the brain from internal 

carotid (IC) system to the external carotid (EC) system, as in-

dicated by Suzuki’s angiographic staging established in 

196910,11,33). Insufficiency of this ‘IC-EC conversion system’ 

could result not only in cerebral ischemia, but also in intracra-

nial hemorrhage from inadequate collateral anastomosis 

(‘moyamoya vessels’), both of which represent the clinical 

manifestation of MMD10).

In light of this dynamic pathology of MMD, EC-IC bypass 

such as superficial temporal artery-middle cerebral artery 

(STA-MCA) bypass potentially has a perfect concept to com-

pliment this ‘IC-EC conversion system’ and thus prevents ce-

rebral ischemia and/or hemorrhage10,11). In fact, STA-MCA by-
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pass is generally employed as the standard surgical treatment 

for ischemic MMD based on the guideline recommenda-

tion30,36). Regarding hemorrhagic MMD, it has been a contro-

versy whether surgical revascularization could reduce the risk 

of re-bleeding, while recent multicenter randomized control 

trial strongly suggested that EC-IC bypass reduces the risk of 

re-bleeding in hemorrhagic MMD patients28). Based on these 

observations, we sought to focus on the currents status of re-

vascularization surgery especially for hemorrhagic MMD in 

this review article. We further discuss the characteristic angio-

architectures of these patients and thus sought to clarify the 

optimal surgical strategy for the high risk patients with hem-

orrhagic MMD.

DIAGNOSIS OF MMD

Modern diagnostic criteria
Original diagnostic criteria of definitive MMD included 

steno-occlusive change at ICA bilaterally, which is associated 

with abnormal vascular network formation at the base of the 

brain30). While considering the increasing number of the 

MMD patients with unilateral involvement16) as well as the 

evidence that substantial number of unilateral cases could 

progress to the bilateral presentation25,26), diagnostic criteria of 

MMD was revised in 2015 to include patients demonstrating 

both bilateral and unilateral involvement of terminal ICA ste-

nosis associated with the compensatory development of the 

abnormal vascular network formation at the base of the 

brain36). Diagnostic criteria also stated that definitive diagno-

sis of MMD requires catheter angiography in unilateral cases 

and/or cases with atherosclerotic changes while bilateral cases 

could be promptly diagnosed by either catheter angiography 

or magnetic resonance (MR) imaging/angiography36).

Modern supportive diagnostic tools
Definitive diagnosis of MMD is not always easy, especially 

in patients with early stage of Suzuki’s angiographic grad-

ing33), when abnormal vascular network is not yet evident. 

Furthermore, one may wonder that revision of the diagnostic 

criteria might lead to the misdiagnosis of atherosclerotic pa-

tients with unilateral involvement to the definitive MMD, es-

pecially in elderly patients with intracranial arterial stenosis. 

To resolve these critical issues, it is essential to understand the 

diagnostic value of high resolution MR wall imaging focusing 

on vascular wall anatomy characteristic in MMD. Kaku et 

al.21) proposed the constrictive remodeling theory that the 

outer diameter narrowing of the affected intracranial major 

arteries was the early characteristic of MMD, as demonstrated 

by three-dimensional (3D) constructive interference in steady-

state (CIISS) MR imaging. Similar observation on 3D CIISS 

MR imaging in the diagnosis of MMD was reported by Kuro-

da and colleagues27). Ryoo and colleagues31) reported that 

MMD was characterized by concentric enhancement on distal 

ICA and shrinkage of MCA, while atherosclerosis represented 

focal eccentric enhancement at the symptomatic segment of 

intracranial arteries. Yuan et al.40) also reported that the vas-

cular wall-thinning and the arterial outer diameter narrowing 

shown by high resolution MR imaging could be the early 

morphological changes characteristic to MMD. Taken togeth-

er, the high resolution MR wall imaging may provide the im-

portant information for the accurate diagnosis of MMD, es-

pecially in the early angiographic stage and/or elderly patients 

with atherosclerosis. Alternatively, genetic analysis on the sus-

ceptibility gene, such as ring finger protein (RNF) 213 gene 

(RNF213) in the 17q25-ter region, would also provide sup-

portive information for the diagnosis of MMD among East 

Asian population, although the exact function of RNF213 is 

still undetermined9,22).

REVASCULARIZATION SURGERY FOR HEMOR-
RHAGIC MMD

Concept of revascularization surgery
Concept of surgical revascularization for MMD includes 

both microsurgical reconstruction by STA-MCA bypass and 

the consolidation for future vasculogenesis by indirect pial 

synangiosis such as encephalo-duro-myo-synangiosis (EDMS) 

and encephalo-duro-arterio-synangiosis11,18). Both procedures 

attempt to convert the vascular supply for the brain from IC 

system to the EC system. In hemorrhagic MMD patients, 

combined revascularization procedure could complement ‘IC-

EC conversion system’, ameliorate the hemodynamic stress to 

the inadequate collateral anastomosis at the base of the brain, 

and thus reduce the risk of re-bleeding from the affected ves-

sels10,11).
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Japan Adult Moyamoya (JAM) trial and guideline 
recommendation

Direct revascularization surgery such as STA-MCA bypass 

is established as an effective procedure for the MMD patients 

with ischemic symptoms, providing long-term favorable out-

comes18). In fact, the most recent guideline for MMD in Japan 

recommends direct revascularization surgery for the patients 

with MMD manifesting as cerebral ischemic symptoms (rec-

ommendation grade B)30,36). Regarding hemorrhagic-onset pa-

tients, there had been a controversy whether surgical revascu-

larization has potential role for reducing the risk of re-bleeding. 

The JAM trial was a unique randomized controlled trial, which 

examined the efficacy of direct EC-IC bypass for hemorrhagic 

MMD28). The inclusion criteria of JAM trial included all of the 

following items. 1) Adult (aged from 16 to 65 years old), 2) 

timing of bilateral revascularization within 1 to 12 months af-

ter the onset, 3) independent activity of daily living (modified 

Rankin Scale of 0 to 2), and 4) absence of major brain damage. 

The 80 patients were enrolled and randomized to non-surgical 

and surgical group who underwent bilateral direct EC-IC by-

pass. The result showed that the annual risk of re-bleeding was 

2.7% in surgical group, and was significantly lower than that 

in non-surgical group (7.6%/year, p=0.042), although the re-

sult represented marginal significance28). Then pre-specified 

subgroup analysis of the JAM trial further indicated that pa-

tients with posterior hemorrhage demonstrated a much higher 

re-bleeding rate (17.1% per year) compared to those with ante-

rior hemorrhage, and EC-IC bypass significantly reduced the 

risk of re-bleeding in patients with posterior hemorrhage 

(p=0.001)34). Based on these observations, the most recent 

guideline for MMD recommends direct revascularization 

surgery for hemorrhagic MMD patients with posterior hem-

orrhage (grade B)36).

OUTCOME OF REVASCULARIZATION SURGERY 
FOR MMD PATIENTS SATISFYING JAM CRITE-
RIA 

 

Based on the JAM criteria, we attempted revascularization 

surgery for the hemorrhagic MMD patients since 2014, in 

principal for the affected hemispheres with posterior hemor-

rhage. Surgical indication for hemorrhagic MMD in our insti-

tute is specified in Table 1. Among 172 consecutive revascu-

larization surgeries performed from 2014 to 2018 by single 

surgeon (M.F.), 16 patients with hemorrhagic MMD aged 

from 22 to 65 (mean, 39.5 years old) underwent STA-MCA 

bypass with EDMS for 18 hemispheres. The sites of the hem-

orrhage at the initial onset were para-ventricle area in nine, 

temporal lobe in four, thalamus in two, and frontal lobe (sub-

arachnoid hemorrhage) in one patient. The sites of the anasto-

mosis were M4 segment of frontal lobe in 14, parietal lobe in 

three, and temporal lobe in one patient. There was no surgical 

complication including peri-operative cerebral infarction and 

cerebral hyperperfusion syndrome in 18 consecutive surger-

ies. None of the 16 patients developed re-bleeding in the hemi-

sphere operated on during the follow-up period of 22.4 

months. These results indicated that direct revascularization 

surgery for hemorrhagic MMD patients satisfying JAM crite-

ria is a safe and effective management, although further eval-

uation with long-term follow-up in necessary to validate this 

strategy. Representative case of a 45-year-old woman with re-

peated hemorrhage in the bilateral hemispheres had been con-

servatively followed up in our institute. In light of the posteri-

or location of the hemorrhage on the left hemisphere (Fig. 1), 

she underwent left STA-MCA bypass with EDMS without 

complication. The stump of STA was anastomosed to the M4 

segment of left MCA with the temporary occlusion time of 21 

minutes (Fig. 2). Post-operative MR angiography demonstrat-

ed STA-MCA bypass with thick high signal intensity, and ce-

rebral blood flow (CBF) was normalized after surgery (Fig. 3). 

MECHANISM UNDERLYING HEMORRHAGIC 
PRESENTATION IN MMD

Angiographic characteristics of MMD patients 
with posterior hemorrhage

Since the first supplemental study of JAM trial indicated the 

Table 1. Surgical indication for hemorrhagic Moyamoya disease

1. Adult (16 to 65 years old)

2. Within 1 year after hemorrhage (1–12 months)

3. Independent ADL (mRS 0–2)

4. Absence of major brain damage

5. Posterior hemorrhage

ADL : activity of daily living, mRS : modified Rankin Scale
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extremely high annual re-bleeding rates in MMD patients 

with posterior hemorrhage34), it was important to understand 

the characteristic angiographic pattern of this patient popula-

tion. To address this critical issue, JAM trial group attempted 

comprehensive analysis of the angiographic findings in hem-

orrhagic MMD patients who were enrolled to JAM trial. They 

focused on the abnormal collaterals at the base of the brain, 

and classified them into three types : lenticulostriate anasto-

mosis, thalamic anastomosis, and choroidal anastomosis15). 

Then the development of each collateral anastomosis was 

compared between MMD patients with anterior hemorrhage 

and those with posterior hemorrhage. The results showed that 

choroidal anastomosis was developed in 35 of 75 hemorrhagic 

hemispheres of 75 patients (46.7%). The development of cho-

roidal anastomosis, as characterized by dilatation and exten-

sion of anterior choroidal artery beyond the level of lateral 

ventricle, as well as the PCA involvement were significantly 

associated with posterior hemorrhage, suggesting that choroi-

Fig. 2. Intra-operative view of microsurgical revascularization. Surgical view before (A), during (B), and after left superficial temporal artery-middle cerebral 
artery bypass (C and D). Indocyanine green video-angiography demonstrated apparently patent bypass with favorable distribution of bypass flow (D).

A

C

B

D

Fig. 1. A : Representative finding of T2*-weighted magnetic resonance 
(MR) imaging of a 45-year old woman with hemorrhagic MMD. Among 
the multiple hemorrhages, posterior hemorrhage was evident on the 
left hemisphere (arrows). B : MR angiography demonstrating terminal 
internal carotid artery stenosis and abnormal vascular network 
formation bilaterally.

A B
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dal anastomosis might be considered a potential source of 

posterior hemorrhage at high risk of re-bleeding13). In fact, 

subsequent supplemental analysis of a non-surgical cohort in 

the JAM trial showed that the re-bleeding rate was as high as 

13.1% per year in the choroidal collateral-positive group as 

compared with 1.3% in the choroidal collateral-negative group 

(p=0.008)14).

Intrinsic angio-architecture in hemorrhagic 
MMD patients 

Before JAM trial, it has been reported that dilatation and/or 

extension of choroidal artery could be one of the characteristic 

angiographic findings of hemorrhagic MMD. Irikura et al.20) 

reported the high prevalence of choroidal artery dilatation in 

hemorrhagic MMD patients by their comparative angio-

graphic study between hemorrhagic and ischemic MMD pa-

tients. Morioka and colleagues29) further attempted a compar-

ative angiographic study in a larger series including 37 

ischemic and 70 hemorrhagic MMD patients, and found a 

significant association between hemorrhagic manifestation 

with dilatation and abnormal branching of anterior choroidal 

artery. In fact, more recent high resolution MR imaging stud-

ies suggested that these collateral vessels were the source of the 

hemorrhage15). Based on these observations, JAM trial group 

attempted a case-control study which compared the data set 

of the JAM trial with the angiographic data of the adult MMD 

patients presenting with ischemia. As a result, hemorrhagic 

MMD patients showed a significantly higher proportion of 

choroidal anastomosis (<0.001) and thalamic anastomosis 

(p=0.043) compared to ischemic MMD patients1). The result 

also showed that Suzuki’s angiographic staging was signifi-

cantly higher in hemorrhagic MMD patients than that in the 

ischemic-onset patients (p<0.038). These results indicated that 

the characteristic pattern of abnormal vascular anastomosis at 

the base of the brain was apparently distinct between each on-

set-type of MMD1). Angiographic characteristics associated 

with hemorrhage in MMD are summarized in Table 2.

SURGICAL COMPLICATIONS AND PERIOPERA-
TIVE MANAGEMENT

Potential complications of surgical revasculariza-
tion for MMD

Surgical complications of MMD include peri-operative ce-

rebral ischemia and cerebral hyperperfusion syndrome3,5,7,18,24). 

Perioperative cerebral ischemia could be caused by at least 

three distinct mechanisms; ‘watershed shift phenomenon’17,37), 

thrombo-embolism at the site of the anastomosis7), and me-

chanical compression of the brain surface by swollen temporal 

Table 2. Angiographic characteristics associated with hemorrhage in 
Moyamoya disease

1. Hemorrhagic presentation

1) Development of thalamic and/or choroidal collaterals

2) Higher Suzuki’s angiographic staging

2. Posterior hemorrhage

1) Development of choroidal collateral

2) Posterior cerebral artery involvement

ADL : activity of daily living, mRS : modified Rankin Scale

Fig. 3. A : Postoperative MR angiography demonstrating STA-MCA bypass as thick high signal intensity (arrow). B : N-isopropyl-p-[123I] iodpamphetamine 
single-photon emission computed tomography seven days after left STA-MCA bypass demonstrating marked improvement in cerebral blood flow on the 
hemisphere operated on (dotted circles). STA-MCA : superficial temporal artery-middle cerebral artery.

A B
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muscle used for indirect bypass procedure4). Among them, 

‘watershed shift’ is a characteristic pathophysiological phe-

nomenon in MMD patients, which is an intrinsic hemody-

namic ischemia at the adjacent cortex to the STA-MCA bypass 

for MMD17,37). Retrograde blood supply from STA-MCA by-

pass may interfere with the anterograde blood f low from 

proximal MCA, and thus result in the temporary decrease in 

CBF at the cortex supplied by the adjacent branch of MCA17). 

To avoid ischemic complications, it is essential to attempt 

proper perioperative hydration, hemoglobin concentration 

maintenance, and routine use of anti-platelet agent30,36). It is 

important to differentiate these distinct pathologies by CBF 

measurement and MR imaging/angiography in the acute stage 

for the accurate diagnosis and prompt perioperative manage-

ment6,36).

Besides peri-operative cerebral ischemia, rapid focal in-

crease in CBF at the site of the anastomosis could result in fo-

cal hyperemia associated with vasogenic edema and/or hem-

orrhagic conversion in MMD3,5,7,8). Now it is well known that 

cerebral hyperperfusion syndrome is one of the most serious 

complications of revascularization surgery for MMD, espe-

cially in adult patients3,5,7,24,30,36). The incidence of cerebral hy-

perperfusion syndrome after STA-MCA bypass was reported 

to be significantly higher in MMD patients than that in pa-

tients with atherosclerotic occlusive cerebrovascular diseases7). 

Because the symptoms due to hyperperfusion become evident 

between 2 to 6 days after surgery in most cases, we recom-

mend routine CBF study within 24 hours after surgery3,7). 

Prognosis of the focal neurological deficit due to hyperperfu-

sion is generally favorable, but it could lead to delayed intrace-

rebral hemorrhage and/or subarachnoid hemorrhage in a rare 

occasion3,7,8). The risk factors for hyperperfusion syndrome in 

MMD were reported as follows : adult-onset5,38), increased 

preoperative cerebral blood volume38), hemorrhagic-onset5), 

operation on the dominant hemisphere6,19), and smaller diam-

eter of the recipient artery6). Therefore, it is particularly im-

portant to manage hemorrhagic MMD promptly to avoid del-

eterious effect of hyperperfusion during the peri-operative 

period.

Peri-operative management 
Concept of the peri-operative management for MMD is to 

afford favorable ‘IC-EC conversion’ without causing deleteri-

ous impact to the affected hemisphere10). Blood pressure low-

ering definitely resolve cerebral hyperperfusion3,5,7), while the 

excessive blood pressure lowering may increase the risk for 

perioperative infarction at the remote area from STA-MCA 

bypass6,36). We have shown that prophylactic blood pressure 

control between 110 to 130 mmHg of the systolic blood pres-

sure in the awake state significantly reduced the incidence of 

cerebral hyperperfusion syndrome after STA-MCA bypass in 

MMD patients2). To further ameliorate the reperfusion injury 

to the affected brain, minocycline hydrochloride and edara-

vone (a free radical scavenger) were reported to reduce the risk 

of hyperperfusion syndrome in MMD patients6,39). We intro-

duced minocycline hydrochloride, a neuro-protective antibi-

otic, to block the deleterious inflammatory cascade caused by 

the activation of matrix metalloproteinase-9 (MMP-9) to pre-

vent both hyperperfusion syndrome and cerebral ischemia at 

the remote area6). This strategy is based on the previous find-

ings that serum level of MMP-9, a type IV collagenase partici-

pating in blood brain barrier disruption in cerebrovascular 

diseases, was significantly elevated in MMD patients com-

pared to the healthy control12,23). By the prophylactic blood 

pressure control combined with minocycline hydrochloride 

administration, the incidence of cerebral hyperperfusion syn-

drome was significantly reduced without increasing the isch-

emic complication6). Nevertheless, concomitant manifestation 

of local cerebral hyperperfusion with cerebral ischemia at the 

remote area, such as contralateral hemisphere and/or adjacent 

cortex affected by ‘watershed shift phenomenon’, is still one of 

the major issues to avoid peri-operative neurological deterio-

ration37). Furthermore, most recent reports suggested the 

complexity of peri-operative pathology after surgical revascu-

larization for MMD such as paradoxical association of local 

vasogenic edema with global cerebral hypoperfusion and/or 

without local hyperperfusion, thus further investigation for 

elucidating the exact mechanism of peri-operative pathology 

is needed in the future study32,35).

CONCLUSION

Recent evidence suggests that surgical revascularization 

such as STA-MCA bypass could powerfully reduce the risk of 

re-bleeding in MMD patients with posterior hemorrhage, who 

potentially have extremely high annual re-bleeding rate (17% 

per year). Outcome of surgical revascularization for hemor-



J Korean Neurosurg Soc 62 | March 2019

142 https://doi.org/10.3340/jkns.2018.0101

rhagic MMD is favorable, while prompt perioperative man-

agement is essential to avoid surgical complications including 

cerebral hyperperfusion syndrome. 

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article was 

reported.

INFORMED CONSENT

This type of study does not require informed consent.

References

  1. Fujimura M, Funaki T, Houkin K, Takahashi JC, Kuroda S, Tomata Y, 

et al. : Intrinsic development of choroidal and thalamic collaterals in 

hemorrhagic-onset moyamoya disease: case-control study of the Japan 

adult moyamoya trial. J Neurosurg, 2018 [Epub ahead of print]

  2. Fujimura M, Inoue T, Shimizu H, Saito A, Mugikura S, Tominaga T : Ef-

ficacy of prophylactic blood pressure lowering according to a standard-

ized postoperative management protocol to prevent symptomatic cere-

bral hyperperfusion after direct revascularization surgery for moyamoya 

disease. Cerebrovasc Dis 33 : 436-445, 2012

  3. Fujimura M, Kaneta T, Mugikura S, Shimizu H, Tominaga T : Temporary 

neurologic deterioration due to cerebral hyperperfusion after superficial 

temporal artery-middle cerebral artery anastomosis in patients with 

adult-onset moyamoya disease. Surg Neurol 67 : 273-282, 2007

  4. Fujimura M, Kaneta T, Shimizu H, Tominaga T : Cerebral ischemia ow-

ing to compression of the brain by swollen temporal muscle used for 

encephalo-myo-synangiosis in moyamoya disease. Neurosurg Rev 32 : 
245-249, 2009

  5. Fujimura M, Mugikura S, Kaneta T, Shimizu H, Tominaga T : Incidence 

and risk factors for symptomatic cerebral hyperperfusion after superfi-

cial temporal artery-middle cerebral artery anastomosis in patients with 

moyamoya disease. Surg Neurol 71 : 442-447, 2009

  6. Fujimura M, Niizuma K, Inoue T, Sato K, Endo H, Shimizu H, et al. : Mi-

nocycline prevents focal neurologic deterioration due to cerebral hyper-

perfusion after extracranial-intracranial bypass for moyamoya disease. 

Neurosurgery 74 : 163-170; discussion 170, 2014

  7. Fujimura M, Shimizu H, Inoue T, Mugikura S, Saito A, Tominaga T : Sig-

nificance of focal cerebral hyperperfusion as a cause of transient neuro-

logic deterioration after extracranial-intracranial bypass for moyamoya 

disease: comparative study with non-moyamoya patients using N-

isopropyl-p-[(123)I]iodoamphetamine single-photon emission computed 

tomography. Neurosurgery 68 : 957-964, 2011

  8. Fujimura M, Shimizu H, Mugikura S, Tominaga T : Delayed intracerebral 

hemorrhage after superficial temporal artery-middle cerebral artery 

anastomosis in a patient with moyamoya disease: possible involvement 

of cerebral hyperperfusion and increased vascular permeability. Surg 
Neurol 71 : 223-227, 2009

  9. Fujimura M, Sonobe S, Nishijima Y, Niizuma K, Sakata H, Kure S, et al. : 

Genetics and biomarkers of moyamoya disease: significance of RNF213 

as a susceptibility gene. J Stroke 16 : 65-72, 2014

10. Fujimura M, Tominaga T : Current status of revascularization surgery 

for moyamoya disease: special consideration for its ‘internal carotid-

external carotid (IC-EC) conversion’ as the physiological reorganization 

system. Tohoku J Exp Med 236 : 45-53, 2015

11. Fujimura M, Tominaga T : Lessons learned from moyamoya disease: 

outcome of direct/indirect revascularization surgery for 150 affected 

hemispheres. Neurol Med Chir (Tokyo) 52 : 327-332, 2012

12. Fujimura M, Watanabe M, Narisawa A, Shimizu H, Tominaga T : In-

creased expression of serum matrix metalloproteinase-9 in patients with 

moyamoya disease. Surg Neurol 72 : 476-480, 2009

13. Funaki T, Takahashi JC, Houkin K, Kuroda S, Takeuchi S, Fujimura M, et 

al. : Angiographic features of hemorrhagic moyamoya disease with high 

recurrence risk: a supplementary analysis of the Japan adult moyamoya 

trial. J Neurosurg 128 : 777-784, 2018

14. Funaki T, Takahashi JC, Houkin K, Kuroda S, Takeuchi S, Fujimura M, et 

al. : High rebleeding risk associated with choroidal collateral vessels in 

hemorrhagic moyamoya disease: analysis of a nonsurgical cohort in the 

Japan adult moyamoya trial. J Neurosurg, 2018 [Epub ahead of print]

15. Funaki T, Takahashi JC, Yoshida K, Takagi Y, Fushimi Y, Kikuchi T, et al. : 

Periventricular anastomosis in moyamoya disease: detecting fragile col-

lateral vessels with MR angiography. J Neurosurg 124 : 1766-1772, 

2016

16. Hayashi K, Horie N, Izumo T, Nagata I : A nationwide survey on unilat-

eral moyamoya disease in Japan. Clin Neurol Neurosurg 124 : 1-5, 

2014

17. Hayashi T, Shirane R, Fujimura M, Tominaga T : Postoperative neurologi-

cal deterioration in pediatric moyamoya disease: watershed shift and 

hyperperfusion. J Neurosurg Pediatr 6 : 73-81, 2010

18. Houkin K, Ishikawa T, Yoshimoto T, Abe H : Direct and indirect revascu-

larization for moyamoya disease surgical techniques and peri-operative 

complications. Clin Neurol Neurosurg 99 Suppl 2 : S142-S145, 1997

19. Hwang JW, Yang HM, Lee H, Lee HK, Jeon YT, Kim JE, et al. : Predic-

tive factors of symptomatic cerebral hyperperfusion after superficial 

temporal artery-middle cerebral artery anastomosis in adult patients 

with moyamoya disease. Br J Anaesth 110 : 773-779, 2013

20. Irikura K, Miyasaka Y, Kurata A, Tanaka R, Fujii K, Yada K, et al. : A 

source of haemorrhage in adult patients with moyamoya disease: the 

significance of tributaries from the choroidal artery. Acta Neurochir 
(Wien) 138 : 1282-1286, 1996

21. Kaku Y, Morioka M, Ohmori Y, Kawano T, Kai Y, Fukuoka H, et al. : 

Outer-diameter narrowing of the internal carotid and middle cerebral 

arteries in moyamoya disease detected on 3D constructive interference 



  Current Management of Hemorrhagic Moyamoya Disease | Fujimura M, et al.

143J Korean Neurosurg Soc 62 (2) : 136-143

in steady-state MR image: is arterial constrictive remodeling a major 

pathogenesis? Acta Neurochir (Wien) 154 : 2151-2157, 2012

22. Kamada F, Aoki Y, Narisawa A, Abe Y, Komatsuzaki S, Kikuchi A, et al. : A 

genome-wide association study identifies RNF213 as the first moyamoya 

disease gene. J Hum Genet 56 : 34-40, 2011

23. Kang HS, Kim JH, Phi JH, Kim YY, Kim JE, Wang KC, et al. : Plasma ma-

trix metalloproteinases, cytokines and angiogenic factors in moyamoya 

disease. J Neurol Neurosurg Psychiatry 81 : 673-678, 2010

24. Kim JE, Oh CW, Kwon OK, Park SQ, Kim SE, Kim YK : Transient hyper-

perfusion after superficial temporal artery/middle cerebral artery bypass 

surgery as a possible cause of postoperative transient neurological dete-

rioration. Cerebrovasc Dis 25 : 580-586, 2008

25. Kuroda S, Hashimoto N, Yoshimoto T, Iwasaki Y, Research Committee 

on Moyamoya Disease in Japan : Radiological findings, clinical course, 

and outcome in asymptomatic moyamoya disease: results of multicenter 

survey in Japan. Stroke 38 : 1430-1435, 2007

26. Kuroda S, Ishikawa T, Houkin K, Nanba R, Hokari M, Iwasaki Y : Inci-

dence and clinical features of disease progression in adult moyamoya 

disease. Stroke 36 : 2148-2153, 2005

27. Kuroda S, Kashiwazaki D, Akioka N, Koh M, Hori E, Nishikata M, et al. : Spe-

cific shrinkage of carotid forks in moyamoya disease: a novel key finding 

for diagnosis. Neurol Med Chir (Tokyo) 55 : 796-804, 2015

28. Miyamoto S, Yoshimoto T, Hashimoto N, Okada Y, Tsuji I, Tominaga T, et 

al. : Effects of extracranial-intracranial bypass for patients with hemor-

rhagic moyamoya disease: results of the japan adult moyamoya trial. 

Stroke 45 : 1415-1421, 2014

29. Morioka M, Hamada J, Kawano T, Todaka T, Yano S, Kai Y, et al. : An-

giographic dilatation and branch extension of the anterior choroidal and 

posterior communicating arteries are predictors of hemorrhage in adult 

moyamoya patients. Stroke 34 : 90-95, 2003

30. Research Committee on the Pathology and Treatment of Spontaneous 

Occlusion of the Circle of Willis; Health Labour Sciences Research Grant 

for Research on Measures for Intractable Diseases : Guidelines for di-

agnosis and treatment of moyamoya disease (spontaneous occlusion of 

the circle of Willis). Neurol Med Chir (Tokyo) 52 : 245-266, 2012

31. Ryoo S, Cha J, Kim SJ, Choi JW, Ki CS, Kim KH, et al. : High-resolu-

tion magnetic resonance wall imaging findings of moyamoya disease. 

Stroke 45 : 2457-2460, 2014

32. Sakata H, Fujimura M, Mugikura S, Sato K, Tominaga T : Local vasogenic 

edema without cerebral hyperperfusion after direct revascularization 

surgery for moyamoya disease. J Stroke Cerebrovasc Dis 24 : e179-

e184, 2015

33. Suzuki J, Takaku A : Cerebrovascular “moyamoya” disease. Disease 

showing abnormal net-like vessels in base of brain. Arch Neurol 20 : 
288-299, 1969

34. Takahashi JC, Funaki T, Houkin K, Inoue T, Ogasawara K, Nakagawara 

J, et al. : Significance of the hemorrhagic site for recurrent bleeding: pre-

specified analysis in the Japan adult moyamoya trial. Stroke 47 : 37-

43, 2016

35. Tashiro R, Fujimura M, Mugikura S, Niizuma K, Endo H, Endo T, et al. : Para-

doxical association of symptomatic local vasogenic edema with global 

cerebral hypoperfusion after direct revascularization surgery for adult 

moyamoya disease. J Stroke Cerebrlvasc Dis, 2018 [Epub ahead of 

print]

36. Tominaga T, Suzuki N, Miyamoto S, Koizumi A, Kuroda S, Takahashi JC, 

et al. : Recommendations for the management of moyamoya disease: 

a statement from research committee on spontaneous occlusion of the 

circle of Willis (moyamoya disease) [2nd Edition]. Surg Cereb Stroke 
46 : 1-24, 2018

37. Tu XK, Fujimura M, Rashad S, Mugikura S, Sakata H, Niizuma K, et al. : 

Uneven cerebral hemodynamic change as a cause of neurological dete-

rioration in the acute stage after direct revascularization for moyamoya 

disease: cerebral hyperperfusion and remote ischemia caused by the 

‘watershed shift’. Neurosurg Rev 40 : 507-512, 2017

38. Uchino H, Kuroda S, Hirata K, Shiga T, Houkin K, Tamaki N : Predic-

tors and clinical features of postoperative hyperperfusion after surgical 

revascularization for moyamoya disease: a serial single photon emission 

CT/positron emission tomography study. Stroke 43 : 2610-2616, 2012

39. Uchino H, Nakayama N, Kazumata K, Kuroda S, Houkin K : Edara-

vone reduces hyperperfusion-related neurological deficits in adult moy-

amoya disease: historical control study. Stroke 47 : 1930-1932, 2016

40. Yuan M, Liu ZQ, Wang ZQ, Li B, Xu LJ, Xiao XL : High-resolution MR 

imaging of the arterial wall in moyamoya disease. Neurosci Lett 584 : 
77-82, 2015




