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Chapter 9
Moyamoya Disease-Standards 
and Advances in Revascularization 
Procedure and Peri-operative Management

Miki Fujimura

9.1  �Introduction

Moyamoya disease (MMD) is a chronic, occlusive cerebrovascular disease with 
unknown etiology characterized by progressive stenosis at the terminal portion of 
the internal carotid artery (ICA) and the abnormal vascular network formation at the 
base of the brain [1]. MMD is known to have a characteristic nature to convert the 
vascular supply for the cerebral tissue from intracranial/internal carotid (IC) system 
to extracranial/external carotid (EC) system, the so called IC-EC conversion system 
[2, 3], which is well documented by Suzuki’s angiographic staging in the initial 
report of MMD [1]. The Suzuki’s angiographic staging may not reflect the severity 
of MMD but it well describes the exact self-compensatory pathophysiology of this 
entity, including its long-term temporal profile [3]. Insufficiency of this “IC-EC 
conversion system” could clinically lead to cerebral ischemia and/or intracranial 
hemorrhage from the fragile vascular networks, the so called moyamoya vessels.

While considering the basic pathology of MMD as a gradual conversion of the 
vascular supply from IC to EC system, extracranial-intracranial bypass such as 
superficial temporal artery-middle cerebral artery (STA-MCA) bypass may have a 
perfect concept to complement the “IC-EC conversion system” of MMD [3]. In fact, 
STA-MCA bypass has been established as a preferred surgical procedure for 
ischemic-onset MMD patients by improving cerebral hemodynamics [2–4]. 
Furthermore, recent evidence indicates that STA-MCA bypass has a potential role 
for preventing re-bleeding in hemorrhagic-onset MMD patients [5, 6]. In this chap-
ter, the author sought to demonstrate the standard surgical procedure of STA-MCA 
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bypass with indirect pial synangiosis for adult MMD and its pitfall during the early 
postoperative period, introducing the characteristic peri-operative hemodynamic 
condition of adult MMD patients after surgery, such as local cerebral hyperperfu-
sion and intrinsic hemodynamic ischemia by watershed shift phenomenon, defined 
as a paradoxical cerebral blood flow (CBF) decrease at the adjacent cerebral cortex 
near the site of the anastomosis.

9.2  �Surgical Indication of STA-MCA Bypass for MMD

9.2.1  �Concept of Surgical Revascularization for MMD

Concept of the revascularization surgery for MMD includes not only the vascular 
reconstruction by STA-MCA anastomosis, but also the consolidation for the 
future neovascularization by indirect pial synangiosis [2, 3]. Surgical procedures 
of indirect pial synangiosis include lots of variations such as encephalo-duro-
arterio-synangiosis (EDAS), encephalo-myo-synangiosis, encephalo-duro-myo-
synangiosis (EDMS), and multiple burr hole surgery [4, 7, 8]. The concept of the 
revascularization surgery, either direct or indirect bypass procedure, is to facilitate 
the physiological conversion of the vascular supply for the brain from IC system 
to the EC system [2, 4]. Now it is well-known that the STA-MCA bypass not only 
prevents recurrent stroke by improving CBF in ischemic MMD patients, but also 
could ameliorate the hemodynamic stress to the vulnerable collateral anastomosis 
including choroidal anastomosis, and thus reduce the risk of re-bleeding from the 
affected vessels in hemorrhagic-onset patients with adult MMD [5, 6, 9, 10].

9.2.2  �Best Surgical Indication of STA-MCA Bypass for MMD

Current surgical indication for MMD in our institute is highlighted in Table 9.1. 
STA-MCA bypass has been reported a preferred surgical procedure for the ischemic-
onset MMD patients, which provides long-term effect of stroke prevention and the 
improvement of the outcome of cognitive impairment [2, 4, 7, 8]. Although there is 
no multicenter randomized control trial to evaluate the efficacy of STA-MCA 
bypass for ischemic-onset MMD patients, multiple meta-analyses indicated the 
effectiveness of STA-MCA bypass for MMD patients with ischemic symptoms [11, 
12]. Indirect revascularization procedure such as EDAS is also recommended for 
pediatric MMD, but simultaneous use of direct bypass procedure has been consid-
ered as an essential item for adult patients [4, 7]. As for the hemorrhagic-onset 
MMD patients, there had been a controversy whether STA-MCA bypass could have 
a potential role for preventing re-bleeding, but the Japan Adult Moyamoya (JAM) 
Trial, a randomized controlled trial which investigated the impact of STA-MCA 
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bypass for preventing re-bleeding in hemorrhagic MMD patients, strongly sug-
gested the efficacy of STA-MCA bypass for preventing re-bleeding in hemorrhagic-
onset MMD patients [5, 6]. The inclusion criteria of JAM trial represented as 
follows. (1) Adult patient (aged from 16 to 65 years old), (2) STA-MCA bypass 
within 1–12 months after the onset of hemorrhage, (3) independent activity of daily 
living (modified Rankin Scale of 0–2), and (4) absence of major cortical damage 
[5]. The initial report of JAM trial indicated that the annual re-bleeding tares of the 
surgically treated group (2.7%) was significantly lower than that in non-surgical 
group (7.6%/year, p = 0.042) [5]. Moreover, the second report of JAM trial with the 
pre-specified subgroup analysis further suggested that annual re-bleeding rate of the 
MMD patients with posterior hemorrhage was as high as 17.1% per year, and STA-
MCA bypass significantly reduced the risk of re-bleeding in patients with posterior 
hemorrhage (p  =  0.001) [6]. Taken together, ischemic-onset MMD and/or adult 
MMD patients with posterior hemorrhage may have a best surgical indication for 
STA-MCA bypass on the affected hemisphere.

9.2.3  �Controversy Issues of the Surgical Indication for MMD

STA-MCA bypass for asymptomatic MMD patients is currently not recommended 
because the natural history of this patient population is undetermined [4, 7]. To 
address this critical question, Asymptomatic Moyamoya Registry (AMORE); a 
multicenter observational study is currently undertaken in Japan to clarify the natu-
ral history of asymptomatic patients with MMD [13]. Alternatively, more recent 
supplemental analysis of JAM trial indicated that the development of choroidal 
anastomosis, which is defined as dilatation and extension of choroidal collateral 
toward the medullary arteries, was significantly associated with posterior hemor-
rhage in MMD patients [9], and choroidal anastomosis is a strong indicator for 

Table 9.1  Current indication of STA-MCA bypass for moyamoya disease

Type of the onset Required items for surgical indication

Ischemia Ischemic symptoms (TIA, minor completed stroke)
Hemodynamic compromise (decreased CBF/CVR)
Independent ADL (mRS 0-2)
Absence of major brain damage

Hemorrhage Adult (16–65 years old)
Within 1 year after hemorrhage (1–12 months)
Independent ADL (mRS 0-2)
Absence of major brain damage
Posterior location of the hemorrhagic site

TIA transient ischemic attack, CBF cerebral blood flow, CVR cerebrovascular reactivity, ADL 
activity of daily living, mRS modified Rankin Scale
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hemorrhagic presentation [10]. Choroidal anastomosis was also found to be more 
prominent in hemorrhagic-onset MMD patients as compared to ischemic-onset 
patients [14]. More surprisingly, another supplemental analysis of JAM trial exam-
ined the effect of choroidal anastomosis on de novo hemorrhage in adult MMD, and 
the authors found that annual de novo bleeding risk of the non-hemorrhagic/choroi-
dal anastomosis-positive hemisphere was as high as 5.8% per year [15]. These 
results raise the question whether asymptomatic hemispheres with choroidal anas-
tomosis should be treated by STA-MCA bypass for reducing the substantial risk of 
de novo hemorrhage. This issue should be solved by future prospective multi-
center study.

9.3  �Surgical Procedure of STA-MCA Bypass for Adult MMD

9.3.1  �Standard Procedure of Direct/Indirect 
Combined Revascularization

Intra-operative finding of the representative case of an adult patient with 
hemorrhagic-onset MMD is shown (Fig. 9.1). Under general anesthesia, the head 
is positioned at 80° by three-point fixture. Skin incision is usually made along 
with the donor STA approximately 8–10 cm in length, a skin flap is inverted by 
L-shape when I use of parietal STA as donor or by question-marked incision 
(frontal STA as donor). Craniotomy is performed around the Sylvian fissure end, 
and the stump of the STA is prepared as semi-fish mouth shape with 1.6  mm 
(Fig. 9.1). Then the stump of STA is anastomosed by 10-0 or 11-0 nylon monofila-
ment suture to the M4 segment of the MCA, approximately 0.6 mm in diameter 
(Fig. 9.1). After reperfusion, the patency of STA-MCA anastomosis is confirmed 
by intra-operative indocyanine green (ICG) video-angiography and Doppler ultra-
sonography (arrows in Fig. 9.1). The STA-MCA bypass is followed by indirect 
pial synangiosis with EDMS. The inner layer of the free bone flap is routinely 
drilled out for avoiding postoperative compression of the brain surface by the 
temporal muscle pedicle, and a wide bone window is made on the side of EDMS 
flap insertion [16]. The temporal muscle is usually split out into two layers. The 
bone flap is fixed both by two pieces of titanium plates (ThinFlap®, SHINOBI®) 
and a bio-absorbable plate; LactoSorb® (82% Poly-L-Lactic Acid and 18% Poly-
Glycolic Acid). The author has been employing this combined revascularization 
procedure since 2004, with long-term favorable outcomes. The bypass could be 
visualized by standard MR angiography of 1.5 or 3 T (arrow in Fig. 9.2) without 
affecting brain parenchyma. Serial CBF measurement by 123I-IMP SPECT indi-
cated typical temporal profile of postoperative hemodynamic change, as charac-
terized by the relatively localized CBF increase near the site of the anastomosis 
on postoperative day (POD) 1 (arrow in Fig. 9.2) and subsequent favorable distri-
bution of CBF in a wider territory of the ipsilateral ACA/MCA territories on POD 
7 (Fig. 9.2).
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Fig. 9.1  (a) Representative pre-operative finding of magnetic resonance (MR) angiography (a) and 
MR imaging with fluid attenuated inversion recovery (b) of a 38-year-old woman with hemorrhagic-
onset MMD.  Intra-operative view of direct/indirect combined revascularization. Surgical view 
before (c), during (d), and after left STA-MCA bypass (e, f). Indocyanine green video-angiography 
demonstrated apparently patent bypass with favorable distribution of bypass flow (arrow in f)

a b

Fig. 9.2  Postoperative MR angiography demonstrated that the right STA-MCA bypass was patent 
(arrow in a). Serial CBF measurement by N-isopropyl-p-[123I] iodoamphetamine single-photon 
emission computed tomography (123I-IMP SPECT) (b) indicating typical temporal profile of post-
operative hemodynamic change, as characterized by the relatively localized CBF increase near the 
site of the anastomosis on POD 1 (arrow) and subsequent distribution of CBF in a wider territory 
of the ipsilateral MCA territory
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Table 9.2  Surgical complications of STA-MCA bypass for moyamoya disease

1.	 Peri-operative cerebral ischemia

     (a)  Thrombo-embolism from anastomosis site
     (b)  Watershed shift ischemia (paradoxical CBF decrease near local CHP)
     (c)  Cortical compression by swollen temporal muscle pedicle (combined surgery)
2.	 Cerebral hyperperfusion syndrome

     (a)  Focal neurological deterioration (BP-dependent worsening)
     (b)  Epileptic seizure
     (c)  Hemorrhagic conversion (intracerebral hemorrhage)
3.	 Others

     (a)  Chronic subdural hematoma
     (b)  Wound problem
     (c)  Cardio-pulmonary complication during BP lowering

BP blood pressure, CBF cerebral blood flow

9.4  �Intrinsic Peri-Operative Hemodynamics and Optimal 
Peri-Operative Management

9.4.1  �Ischemic Complication of Combined Revascularization 
Procedure for MMD

Surgical complications of the STA-MCA bypass for MMD generally include peri-
operative cerebral infarction and cerebral hyperperfusion (CHP) syndrome 
(Table 9.2). Peri-operative ischemic stroke could be caused by various factors such 
as intra-operative hypotension and/or hypocapnia by inadequate general anesthesia, 
anemia, and surgical procedure [4, 7]. Peri-operative ischemic complications are 
categorized into three distinct mechanisms; thrombo-embolism at the site of the 
microvascular anastomosis [17], intrinsic hemodynamic ischemia by “watershed 
shift phenomenon” [18–20], and mechanical compression of the brain surface by 
swollen temporal muscle pedicle used for additional indirect pial synangiosis [21]. 
Among them, “watershed shift phenomenon” is a characteristic pathophysiological 
condition after STA-MCA bypass for MMD, which is initially proposed by Professor 
Heros [22]. Watershed shift ischemia is defined as a paradoxical CBF decrease at 
the adjacent cortex near the site of local CHP [18, 19]. Possible mechanism under-
ling watershed shift phenomenon is that retrograde blood supply from STA-MCA 
bypass could conflict with the anterograde CBF from more proximal MCA, result-
ing in the transient CBF decrease at the cortex supplied by the adjacent branch of 
MCA [20]. Clinical outcome of watershed shift ischemia is generally favorable but 
its simultaneous occurrence with CHP could make the peri-operative pathology 
more complex and difficult, since the management of each condition is contradic-
tory [18, 19]. To avoid ischemic complications, it is essential to maintain proper 
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peri-operative hydration and blood pressure control with prompt hemoglobin con-
centration maintenance [4, 7]. Efficacy of the anti-platelet agent during the peri-
operative period is controversial among MMD patients, but recent multiple studies 
strongly suggested the advantage of aspirin administration to reduce the risk of 
peri-operative complication after STA-MCA bypass for MMD [23, 24].

9.4.2  �Significance of Transient Local Cerebral Hyperperfusion 
(CHP) in Adult MMD Patients

CHP syndrome is one of the most serious complications after STA-MCA bypass for 
MMD [16, 25–30]. Excessive local increase in CBF at the site of the STA-MCA 
bypass is known to result in local hyperemia associated with vasogenic edema and/
or delayed intracerebral hemorrhage in MMD, especially in adult patients. Most 
common clinical presentation of local CHP is transient neurological deteriorations 
without causing permanent neurological deficit in most cases [26, 28], but it could 
also lead to epileptic seizure and/or delayed intracerebral hemorrhage in a rare 
occasion [29]. Blood pressure dependent worsening of the focal neurological sign 
has a diagnostic value for CHP syndrome in adult MMD. Although the CHP syn-
drome after low flow bypass including STA-MCA anastomosis was considered rela-
tively rare until the early 2000, we have reported for the first time that the incidence 
of CHP syndrome after STA-MCA bypass was significantly higher in MMD patients 
than that in atherosclerotic occlusive cerebrovascular disease patients undergoing 
same STA-MCA bypass procedure [25]. Representative finding of local CHP is 
shown in Fig. 9.3. 123I-IMP SPECT 1 day after the left STA-MCA bypass with indi-
rect pial synangiosis revealed intense focal increase of CBF at the site of the anas-
tomosis (arrows in Fig.  9.3). Under strict blood pressure control with the 
administration of minocycline hydrochloride and edaravone, a free radial scavenger, 
the patient remained asymptomatic for 7 days, when local CHP was ameliorated by 
123I-IMP SPECT.

Prognosis of local CHP is generally favorable, but it could again lead to delayed 
intracerebral hemorrhage and/or intractable seizure in a rare occasion. Kameyama 
and colleagues reported the significance of quantitative CBF analysis in the early 
postoperative period of STA-MCA bypass for adult MMD patients. They indicated 
that pathological threshold of postoperative local CBF increase ratio was 184.5% 
for CHP syndrome and 241.3% for hemorrhagic CHP syndrome [31]. Based on 
these findings, quantitative CBF analysis at the site of the anastomosis could pro-
vide critical information to perform prompt peri-operative management for adult 
MMD patients. Regarding the prediction of CHP after STA-MCA bypass for MMD, 
multiple risk factors were recently reported. The indicators for postoperative CHP 
phenomenon or CHP syndrome are as follows; adult-onset or elderly patient’s age 
[28, 30], onset of hemorrhagic [16, 28], operation on the dominant hemisphere [32, 
33], decreased CBF before surgery [31] or increased cerebral blood volume before 
surgery [30], diameter mismatch between donor and recipient arteries [33], poorer 
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intra-operative distribution pattern by ICG video-angiography or by brain surface 
thermography [34, 35], and lower total protein levels or higher hematocrit concen-
tration in the pre-operative blood examination [36]. Regarding the involvement of 
genetic background, Tashiro et al. found that MMD patients with the RNF213 gene 
polymorphism c.14576G>A [37, 38], have significantly higher risk for prolonged/
delayed CHP [39]. More recently, Nishizawa and colleagues attempted to predict 
CHP after STA-MCA bypass by three-dimensional time-of-flight (3D-TOF) MR 
angiography in adult MMD patients, indicating that the signal intensity of the intra-
cranial major arteries, including the decreased signal intensity of the peripheral cor-
tical arteries on pre-operative 3D-TOF MR angiography could identify adult MMD 
patients at higher risk for CHP after direct revascularization surgery [40]. Based on 
these observations, it is essential to manage adult MMD patients with higher risk of 
CHP under more strict blood pressure to avoid deleterious effect of local CHP dur-
ing the early postoperative period.

9.4.3  �Limitation of the Current Peri-Operative 
Management Strategy

Beneficial effect of the blood pressure lowering is established to counteract with the 
deleterious impact of CHP phenomenon [41], but the excessive blood pressure 
decrease has a substantial risk for peri-operative ischemic stroke at the remote area, 

Fig. 9.3  123I-IMP SPECT after left STA-MCA bypass in 60-year old man, indicating remarkable 
local cerebral hyperperfusion at the site of the anastomosis (arrows)
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either ipsilateral or contralateral hemisphere, from STA-MCA bypass [33]. To man-
age the complex hemodynamic condition in the early postoperative period in MMD 
patients, the author and colleagues previously reported that moderate but prophylac-
tic blood pressure lowering between 110 and 130 mmHg of the systolic blood pres-
sure could significantly reduce the risk of CHP syndrome, without increasing the 
incidence of ischemic complication, after STA-MCA for MMD patients [18, 33, 
41]. Alternatively, the prophylactic use of pharmacological agents was reported to 
be beneficial to prevent CHP syndrome in the previous literatures. Minocycline 
hydrochloride and/or edaravone (a free radical scavenger) significantly reduced the 
incident of CHP syndrome in MMD patients [33, 42]. The author and colleagues 
introduced minocycline hydrochloride, a neuro-protective antibiotic, to prevent both 
CHP syndrome and cerebral ischemia at the remote area [33]. Nevertheless, con-
comitant manifestation of local CHP with cerebral ischemia at the remote area, such 
as contralateral hemisphere and/or adjacent cortex affected by “watershed shift phe-
nomenon,” is still a major issue that can result in peri-operative neurological deterio-
ration [18]. Therefore, mechanism underlying peri-operative pathologies including 
CHP after revascularization surgery should be further investigated in the future study.

9.5  �Conclusion

STA-MCA bypass has a potential role for preventing stroke recurrence and/or re-
bleeding in patients with MMD.  Long-term outcome of STA-MCA bypass for 
MMD is generally favorable, but thorough understanding of the unique pathophysi-
ological condition of MMD and prompt peri-operative management is essential to 
avoid surgical complications including CHP syndrome and concomitant cerebral 
ischemia.
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