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ABSTRACT

Moyamoya disease is a disorder characterized by bilateral progressive

steno-occlusion of the terminal internal carotid arteries with associated develop-

ment of a fragile network of basal collateral vessels. It most commonly presents in

children, but is also frequently seen in adults, especially in the third or fourth

decade of life. Adults afflicted with this disease have very different clinical

characteristics as compared with children. For example, adults more commonly

present with hemorrhage than cerebral ischemia, while children present with

cerebral ischemia nearly 75% of the time and very rarely present with hemorrhage.

This significantly impacts treatment considerations for the adult-onset moyamoya

patient, as cerebral revascularization, though well accepted in the context of

cerebral ischemia, is relatively controversial for the prevention of rehemorrhage.

The purpose of this article is to review the pertinent general features of moyamoya

disease, examine the clinical characteristics associated with the adult-onset form

of this disease, and provide a detailed discussion regarding the indications,

operative techniques, and outcomes of direct and indirect revascularization surgical

procedures.
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Moyamoya disease is a chronic occlusive

vasculopathy of unknown etiology that was first

described by Takeuchi and Shimizu in 1957. It is

characterized by the spontaneous progressive occlu-

sion of the supraclinoid internal carotid arteries and

the circle of Willis, leading to the formation of

extensive arterial collaterals at the base of the brain.

The term moyamoya—Japanese for ‘‘puff of

smoke’’—was coined by Suzuki and Takaku1 in

1969 in reference to the angiographic appearance

of these fine basal collaterals, and has since become

the accepted term to define the disease throughout

the world.

Moyamoya disease, which is most common

in Asian populations, is characterized clinically by

the onset of one or more cerebral ischemic events
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(particularly in children) and/or the development of

one or more cerebral hemorrhages (particularly in

adults). Though many medical strategies for the

treatment of this disease have been investigated,

none has proven effective. Currently, the mainstay

of treatment involves the use of direct and/or

indirect surgical techniques for cerebral revascular-

ization. The purpose of this article is to review the

pertinent clinical characteristics of patients with

adult-onset moyamoya disease (including diagnos-

tic criteria, pathology, epidemiology, clinical pre-

sentation, and neuroimaging), and to provide a

detailed discussion regarding the indication, opera-

tive technique, and outcome of the various surgical

revascularization techniques utilized for the treat-

ment of these patients.

DIAGNOSTIC CRITERIA

Strict guidelines for the diagnosis of moyamoya

disease have been established by the Research

Committee on Moyamoya Disease of the Ministry

of Health and Welfare in Japan.2 Definite diagnosis

of moyamoya disease requires the following: bilat-

eral steno-occlusive changes in the terminal internal

carotid artery (ICA) and/or proximal portions of

the anterior or middle cerebral arteries, abnormal

vascular networks in the vicinity of the steno-

occlusive disease, and no accompanying systemic

disorders. Probable diagnosis of moyamoya disease

is established if the steno-occlusive disease and

associated abnormal vascular network are noted

unilaterally, with progression to definite moyamoya

disease (i.e., bilateral lesions) seen in 7 to 50% of

patients.3,4 Finally, the term quasi-moyamoya dis-

ease or moyamoya syndrome is typically used to

refer to patients who display steno-occlusive lesions

and associated collaterals in other areas of the brain

or who have systemic disorders that account for the

observed vasculopathy (e.g., arteriosclerosis, auto-

immune disease, Down syndrome, von Recklin-

ghausen’s disease, previous head irradiation, or

meningitis).

PATHOLOGY

Autopsy studies of moyamoya disease reveal that

the terminal ICA and proximal anterior and

middle cerebral arteries are severely narrowed

or occluded by an extensive fibrocellular intimal

thickening.5–7 The intima is typically a laminated

structure with duplication or triplication of the

internal elastic lamina. Other associated findings

include frequent mural thrombi and occasional lipid

deposits, but inflammatory cells are conspicuously

absent. Accumulating evidence suggests that

smooth muscle cell proliferation and phenotypic

modulation may underlie these observed vessel

changes.7

The basal moyamoya collaterals themselves

have unique pathological characteristics. Some are

thin-walled and dilated, while others are thick-

walled and stenotic.6 The presence of the latter

indicates that the arterial obstructive changes seen

in moyamoya patients are not limited to the circle of

Willis. Even extracranial vessels have been shown to

have some degree of intimal thickening. Those basal

collaterals that are thin and dilated are often asso-

ciated with significant vessel fibrosis and marked

attenuation of the media, changes that may predis-

pose moyamoya patients to microaneurysm forma-

tion. The presence of microaneurysms, increased

hemodynamic stress, and vessel wall necrosis are all

considered likely etiologies for the cerebral hemor-

rhages that often occur in adult-onset moyamoya

disease.8,9 Common locations for such hemorrhages

include the basal ganglia, thalamus, and ventricular

system, all of which have great proximity to these

fragile basal collateral vessels.

EPIDEMIOLOGY

Moyamoya disease was initially thought to exclu-

sively involve Japanese and Korean popula-

tions,2,10,11 but its presence within non-Asian

populations has been increasingly recognized

in recent years.12,13 Overall, the incidence of
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moyamoya disease is considerably lower than that

of other common cerebrovascular diseases (e.g.,

lacunar infarctions in adults). In Japan, an annual

incidence of 0.35 per 100,000 population and a

prevalence of 3.16 per 100,000 population have

been reported.2,10 In the United States, these sta-

tistics are not available but are felt to be much

lower.11,13

A bimodal age distribution is seen in most

series, with a large peak in the first decade of life

and a second smaller peak in the fourth decade of

life.14–17 A female predominance occurs throughout

all age groups, with most reporting a female:male

ratio of �3:2.10,15 Finally, although no specific

pattern of inheritance has been determined thus

far, familial occurrence appears relatively common.

For example, in Japan �8 to 10% of moyamoya

patients have affected family members.10,18–20 In

the United States, however, familial occurrence

appears less common (�2%).13

CLINICAL PRESENTATION

The clinical presentation of moyamoya disease dif-

fers considerably between pediatric and adult pa-

tients. In children, by far the most common

presentation is cerebral ischemia. Approximately

40% of those under 10 years of age will present

with a transient ischemic attack (TIA), while nearly

30% will present with cerebral infarction.21 Other

common pediatric presentations include headaches

and seizures, while cerebral hemorrhage is distinctly

uncommon in children.

By contrast, cerebral hemorrhage is the most

common clinical presentation in adults. Up to 66%

of adult-onset moyamoya patients present with

hemorrhage, the majority of which are intraventri-

cular or periventricular in location.21 Such hemor-

rhages are often repetitive in nature, with an annual

rate of rebleeding of �7%.22 The morbidity and

mortality associated with these hemorrhages has

been substantial. In one series, only 45% of patients

made a good neurological recovery following

their presenting hemorrhage, and 7% died from

their initial bleed.22 Repeat cerebral hemorrhage,

which often occurs apart from the original

bleeding site, carried an even graver prognosis,

with only 20% of patients making a good neurolo-

gical recovery and nearly 30% expiring due to their

rebleed.22

Adult-onset moyamoya disease can also pre-

sent in a nonhemorrhagic fashion, cerebral ischemia

(either TIA or infarction) being the next most

common presentation for an adult. Precipitating

factors may include pregnancy, hypertension, or

degenerative changes within collateral vessels.

The most common locations for infarction are

within the ‘‘watershed’’ territories between the ante-

rior, middle, and posterior cerebral arteries. Some

have noted that the majority of adults who present

with cerebral ischemia are relatively young (less

than 30 years old), while older patients (greater

than 30 years old) present almost exclusively

with cerebral hemorrhage.23 These investigators

concluded that young adults may represent a

moyamoya population in transition (i.e., they are

equally predisposed to cerebral ischemia and

hemorrhage).23

These trends regarding the presentation of

adult-onset moyamoya disease have come predomi-

nantly from the Asian literature. Some early studies

examining non-Asian patient populations suggest

that differences in presentation may occur based

on ethnicity. For example, Chiu and colleagues12

reviewed their series of 32 patients with moyamoya

disease, only 6% of whom were of Asian descent.

In the 26 adult patients from this series, only

3 presented with cerebral hemorrhage and 23 pre-

sented with cerebral ischemia. Definitive conclu-

sions regarding the effect of ethnicity, however,

must await larger-scale analysis.

NEUROIMAGING

Cerebral angiography is the principal imaging study

utilized for the diagnosis of moyamoya disease. The
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characteristic angiographic findings are traditionally

described in stages, as the disease progresses

toward total ICA occlusion and complete cerebral

perfusion through external carotid and vertebral

collateralizations.24 Known as the six-stage classifi-

cation of Suzuki (see Table 1), angiographic

progression is detailed from early carotid narrowing,

to the formation of basal moyamoya vessels, to

the disappearance of these collateral vessels

and maintenance of the cerebrum by the

external carotid and vertebral systems. Vault moya-

moya vessels can also be seen, with dural and pial

collaterals developing secondary to reduced blood

flow.

Noninvasive imaging techniques have also

proven useful in the diagnosis of moyamoya disease.

Magnetic resonance imaging (MRI) and magnetic

resonance angiography (MRA) often demonstrate

the characteristic cerebrovascular findings of steno-

occlusive carotid disease and basal moyamoya

vessels.25 When these findings are identified bilat-

erally on MRI or MRA, a cerebral angiogram is not

required to establish the definite diagnosis of moya-

moya disease.

Once the diagnosis is confirmed, other ima-

ging modalities may provide additional useful

information. For example, studies such as xenon-

enhanced computed tomography, single photon

emission tomography, and positron emission tomo-

graphy can be utilized to measure regional cerebral

blood flow and metabolic distribution. These

measurements are used to detect regional perfusion

instability, which may suggest likelihood for

further clinical progression. They may also be used

postoperatively to measure the effect of surgical

revascularization.

TREATMENT

Medical Therapy

Various medical regimens have been investigated

for the treatment of moyamoya disease, includ-

ing aspirin, steroids, vasodilators, mannitol, low-

molecular-weight dextran, and antibiotics, all of

which have thus far proven ineffective.26 Although

several case reports have documented symptomatic

improvement in a small number of ischemic moya-

moya patients after intravenous infusion of calcium-

channel blockers such as verapamil, nimodipine, or

nicardipine,27–29 the efficacy of this approach has

not been well validated to date. In general, medical

therapy has been considered largely ineffective, and

as a result surgical revascularization has become the

mainstay of treatment for patients with moyamoya

disease.

Surgical Revascularization

INDICATIONS

The efficacy of cerebral revascularization for redu-

cing the incidence of strokes and TIAs in both

pediatric and adult patients presenting with cerebral

ischemia has been generally accepted for many

years. Although it has never been validated in a

prospective, randomized clinical trial, this assertion

has been repeatedly supported by multiple large case

series.30–34 Due to the overwhelming acceptance of

the efficacy of surgical revascularization for this

patient population, it is unlikely that a clinical trial

will ever be initiated.

The effect of cerebral revascularization on the

risk of cerebral hemorrhage in moyamoya patients,

however, is not nearly as well accepted. For exam-

ple, it is unclear whether childhood revasculariza-

tion for moyamoya disease significantly affects the

Table 1 Suzuki Stages of Moyamoya Disease24

Suzuki Stage Angiographic Finding

I Narrowing of carotid arteries

II Initial appearance of moyamoya vessels

III Intensification of moyamoya vessels

IV Minimization of moyamoya vessels

V Reduction of moyamoya vessels

VI Disappearance of moyamoya vessels

30 SKULL BASE: AN INTERDISCIPLINARY APPROACH/VOLUME 15, NUMBER 1 2005



incidence of cerebral hemorrhage once such patients

reach adulthood. It is also unclear whether cerebral

revascularization in the context of adult-onset

hemorrhagic moyamoya disease affects the risk of

subsequent rebleeding. The latter is critical to many

adult moyamoya patients, as hemorrhage is the

most common presenting event.

Several reports examining the efficacy of

direct cerebral revascularization for the treatment

of hemorrhagic moyamoya disease have now been

published, providing some insight into the question

of surgical effectiveness for these patients (see

Table 2).35–40 Three of these reports, all of which

were nonrandomized and retrospective in nature,

directly compared revascularization to conservative

management. Two noted trends toward reduced

rate of rebleeding following surgical interven-

tion,37,39 and one documented a statistically signif-

icant reduction in rebleeding for patients treated

with superficial temporal artery to middle cerebral

artery (STA-MCA) bypass.40 These encouraging

but inconclusive results have provided the necessary

foundation for the initiation of the Japan Adult

Moyamoya Trial, which was designed as a multi-

center, prospective randomized trial of extracranial-

intracranial bypass for the treatment of adult moya-

moya patients who present with cerebral hemor-

rhage.41 It is hoped that results from this study will

ultimately provide guidance to the appropriate

therapy for adult-onset hemorrhagic moyamoya

patients. In the interim, recommendations are left

to the individual practitioner.

Our criteria for cerebral revascularization in

adult moyamoya patients are similar to those of

Okada and associates38 and are as follows: (1)

Patients who present with infarction or cerebral

hemorrhage are assessed on their ability to perform

activities of daily living. Surgical intervention is only

recommended for those found to be in good neu-

rological condition. (2) On computed tomography,

infarctions are less than 2 cm in maximal diameter

and all previous hemorrhages have completely re-

solved. (3) The angiographic stage of disease is

Suzuki stage II to IV. (4) The timing of operation

is at least 2 months after the most recent attack.

Surgery for an asymptomatic patient or for an

asymptomatic hemisphere is rarely offered.

ANESTHETIC CONSIDERATIONS

Anesthetic complications can be a major source of

perioperative morbidity in moyamoya patients, ow-

ing primarily to the tenuous blood supply present in

these individuals. Special care must therefore be

taken to minimize these risks. Patients are placed

under general anesthesia with a combination of

inhaled and intravenous agents. Great efforts are

made to minimize the cerebral metabolic oxygen

consumption rate (CMRO2) and maintain adequate

cerebral blood flow (CBF). Painful stimuli from

sources such as intubation and surgical incision that

may increase CMRO2 are kept to a minimum

with adequate general anesthesia. CBF is main-

tained by meticulously avoiding hypotension and by

assuring that partial pressure of carbon dioxide

levels remain between 35 to 40 mm Hg throughout

the procedure.

During direct arterial bypass procedures

where temporary cerebral artery occlusion is re-

quired, certain neuroprotective measures are also

taken. For example, mild hypothermia (33 to 35�C)
is maintained throughout the surgical procedure.

Also, barbiturate-induced burst suppression and

mild hypertension during arterial cross clamping

are utilized routinely. Finally, mannitol is typically

avoided, as brain relaxation can cause the cortical

surface to fall away from the dural edge and poten-

tially place tension on a bypass graft.

DIRECT REVASCULARIZATION

Direct cerebral revascularization in the context of

moyamoya disease generally involves the connection

of the STA to theMCA, in an effort to immediately

revascularize the MCA territory and eventually

reduce fragile moyamoya collateral vessels in

the cerebral hemisphere. Though the efficacy of

direct arterial bypass for arteriosclerotic disease

remains unproven,42 this approach has been an

effective therapeutic modality for moyamoya

disease (at least in those presenting with cerebral

ischemia).30,31,33,34 In comparison to indirect
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revascularization procedures, the direct STA-MCA

bypass has the distinct advantage of providing

an immediate increase in cerebral blood flow. Yet

some questions regarding its utility still exist, as

indirect bypass procedures can provide effective

revascularization in many patients and likely carry

less risk.43

For the adult moyamoya patient, however,

several lines of evidence support the notion that

direct bypasses, when feasible, may be superior to

indirect techniques. For example, indirect bypass

procedures, though highly effective in chil-

dren,35,44,45 are considerably less predictable in their

ability to provide adequate cerebral collateralization

in adults.35,40,46 One study by Houkin and associ-

ates45 noted that indirect revascularization through

an encephaloduroarteriomyosynangiosis procedure

proved effective in all pediatric patients, while many

adults responded poorly to the procedure. In their

analysis, indirect revascularization was found to be

statistically less effective in adults as compared with

children (p< 0.001, �2 test). These authors also

noted that direct arterial bypass surgery was statis-

tically more effective in adults than children (p<

0.05, �2 test). Finally, some authors have suggested

that direct bypass procedures may reduce hemody-

namic stress across moyamoya vessels to a greater

degree than indirect techniques, and would there-

fore be more likely to reduce hemorrhage risk in the

adult patient.35

Traditional uses for the STA-MCA bypass

have primarily focused on using the parietal branch

of the STA as the donor and the posterior temporal

branch of the MCA (M3 branch) as the recipient

vessel. Others advocate the use of the anterior

branch of the STA as the donor vessel and an M2

branch distal to the MCA bifurcation as the reci-

pient vessel. All patients undergoing cerebral revas-

cularization procedures should have computed

tomography of the head and four-vessel cerebral

angiography with selected external carotid injec-

tions for mapping and sizing of the STA. In

patients with ischemic disease, hemodynamic ima-

ging studies can be obtained to examine the cere-

brovascular reserve.

STA-MCA Bypass Technique

The patient is positioned supine with the head

turned parallel to the operative room floor and a

roll under the shoulder. The positioning of the

patient should place the probable site of anastomosis

at the highest point in the operative field to reduce

the accumulation of cerebrospinal fluid at the ana-

stomotic site.47 Doppler ultrasound is then used to

map the course of the donor branch of the STA. For

a single bypass using the parietal branch, a linear

incision is made over the identified vessel from the

zygoma to the superior temporal line. The use of

Loupe magnification or the operative microscope for

this portion of the procedure is strongly encouraged

to minimize the risk of STA damage. The skin

incision can be started either distally near the super-

ior temporal line (a method we prefer, as inadvertent

damage to the distal STA does not preclude its use

as a donor vessel while more proximal STA damage

might) or proximally over the root of the zygoma.

Incision and dissection over the STA can be per-

formed either sharply or through use of a needle

point cautery (Colorado Biomedical) (Fig. 1).

Figure 1 After opening the skin, the superficial temporal

artery is dissected free along its length with a small 5-mm

cuff using either sharp dissection or needle cautery.
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Regardless of the instrument used, bipolar cautery is

used for the careful cauterization and ligation of the

small arterial branches that emanate from the STA.

Hemostasis must be meticulous, as failure to cauter-

ize branches fully may lead to a postoperative epi-

dural hematoma. A cuff of�5 mm of tissue is left on

the STA to limit the potential for thermal injury

from the cautery device.

Two choices for preparation of the STA as a

donor vessel exist, either early STA ligation or

preservation of the vessel until the time of bypass.

We prefer the latter, as it allows normal arterial flow

up to the time of the anastomosis (see Fig. 2). In

addition, early STA ligation obviates its use as an

onlay graft (see Fig. 3) should a suitable recipient

vessel not be found. A linear incision is then made

in the temporalis muscle, which is elevated in a

subperiosteal fashion. Care is taken to gently

mobilize the intact STA out of the operative field,

allowing a craniotomy to be safely performed

(Fig. 2). The bone flap is centered on the sylvian

fissure at a point approximately 6 cm above the

external auditory canal. Burr holes are created at the

root of the zygoma and at the superior temporal

line, and the dura is carefully dissected free in an

attempt to preserve the middle meningeal artery

(MMA) (Fig. 2).

The dural opening is fashioned in such a way

as to preserve the main branches of the MMA, as

these vessels often provide critical collateralization

to the cerebrum (Fig. 2). Once the dura is opened,

the cortical surface is examined and generally the

largest diameter vessel is selected. The ideal recipi-

ent is a surface cortical vessel without significant

branching and a diameter of 1.5 mm.48 Some

authors feel that a direct arterial bypass can be

performed with good results in vessels as small as

Figure 2 Craniotomy is performed with multiple burr

holes to preserve the middle meningeal artery (MMA),

and the dura is opened to find a recipient branch of the

middle cerebral artery (MCA). Note that the superficial

temporal artery (STA) is positioned safely behind the

temporalis muscle.

Figure 3 ‘‘Pial synangiosis’’—a modification to the tradi-

tional encephaloduroarteriosynangiosis (EDAS) procedure,

as advocated by Scott and associates.54 The original EDAS

procedure involved suturing the superficial temporal artery

(STA) to the dural edges without opening the arachnoid.

Scott and colleagues modified the EDAS procedure by

widely opening the arachnoid and directly suturing the

adventitia of the STA to the cortical pia, in an effort to

promote maximal exposure of the cortical surface to the

overlying STA.
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0.5 mm, although the smaller the vessel the more

difficult the procedure.33 Once the vessel is identi-

fied, the arachnoid is opened and a 1.5- to 2-cm

segment of artery is dissected free (Fig. 4). Small

perforating branches are coagulated and ligated, and

a rubber dam is placed behind the dissected reci-

pient vessel (Fig. 5). The donor artery is then

prepared by removing the connective tissue and

adventitia from the distal portion of the artery,

allowing for unobstructed access to the vessel during

anastomosis.

The patient is placed in burst suppression

with continuous EEG monitoring and mild hyper-

tension is instituted. A dilute papaverine solution

can be placed on the STA to help dilate the artery.

A temporary clip is placed across the proximal STA,

which is then sharply incised at an angle and

spatulated using microscissors, creating an opening

that is approximately two times the diameter of

the recipient vessel (see Fig. 5). Atraumatic clips are

then applied to both ends of the anastomotic site

and an arteriotomy is performed with an 11-blade

and completed with microscissors. The vessel is

immediately irrigated with heparinized saline. We

prefer to stain the edges of the artery with blue

marker to ease identification of the vessel wall. A

10–0 monofilament suture with a tapered needle is

then used to anchor both ends of the donor and

recipient vessels (Fig. 5). The anchor sutures are

then continued using a running technique whereby

the sutures are placed under little or no tension and

then tightened after ensuring the suture does not

capture the back wall of the vessel (Fig. 6). Inter-

rupted sutures have also proven effective and remain

a reasonable alternative to a running suture. Vessel

flow can then be restored, with the distal MCA clip

being removed first followed by the proximal MCA

clip. Any sites of bleeding can usually be controlled

with oxidized regenerated cellulose (SurgicelTM

Ethicon), but another 10–0 suture can be placed if

necessary. The temporary clip on the STA is re-

moved last and patency is assessed with Doppler

ultrasonography. Papaverine is then irrigated on the

donor STA and recipient MCA to prevent vasos-

pasm. Warm saline is used for the remainder of the

case as an additional means to reduce arterial spasm.

Figure 4 The arachnoid is opened sharply and the reci-

pient vessel is dissected free for up to 2 centimeters.

Small perforators are coagulated with bipolar forceps to

prepare the vessel for anastomosis.

Figure 5 The recipient vessel is opened and a ‘‘fish-

mouth’’ graft is anchored into place with 10–0 monofila-

ment nylon suture at each end. Hemostatic clips are

secured proximally and distally along the recipient vessel

prior to arteriotomy. A rubber dam provides further stability

to the anastomotic site.
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The dura is closed leaving a large durotomy for the

graft that can be covered with muscle. The bone flap

is fashioned so as to prevent compression or kinking

of the graft. The temporalis muscle is then reap-

proximated, and the scalp is closed over a subgaleal

drain. Dressings are applied with care to prevent

compression of the graft. Postoperatively, aspirin

(325 mg/d) is administered, normal blood pressure

is maintained, and graft patency is serially assessed

with Doppler ultrasonography.

INDIRECT REVASCULARIZATION

A wide variety of indirect revascularization proce-

dures have been devised in an attempt to increase

blood supply to the moyamoya-affected brain. Most

were developed when it was believed that this

disease did not affect the external carotid artery.

All share the common goal of providing a mechan-

ism to promote collateral blood vessel formation in

an effort to address cerebral ischemia and attempt to

reduce hemodynamic stress across fragile moya-

moya collaterals. They are considered ‘‘indirect’’ as

they rely on the subsequent formation of collateral

vessels to enhance blood delivery. They therefore

provide no immediate revascularization.

Though the delayed nature of blood flow

augmentation is a drawback, indirect revasculariza-

tion procedures do offer several advantages over

direct arterial bypasses. For example, in children

the caliber of both the external carotid artery distal

branches and the intracranial arterial trunks is often

so small that a bypass is not technically feasible.

Indirect procedures are perfectly suited to address

this situation. In adults, anterior and posterior

cerebral artery regions of hypoperfusion can be

difficult to access via a direct arterial bypass, but

indirect procedures can be easily designed to address

such regions. In addition, indirect revascularization

procedures are not limited by the distribution of a

single major arterial division. This can be useful

when both anterior and middle cerebral artery

territories are affected or when there is holohemi-

spheric involvement. Most indirect revasculariza-

tion procedures can also be performed in less time,

which may significantly reduce general anesthetic

complications (a major source of perioperative mor-

bidity in these patients). Finally, multiple indirect

procedures on the same hemisphere can be per-

formed over time if there is interval progression to

new vascular territories.

As mentioned above, the major disadvantage

of indirect revascularization is the inherent delay in

collateralization, which is true for both pediatric

and adult moyamoya patients. An additional draw-

back specific to adults, as noted previously, has been

the inconsistent angiographic response after indirect

revascularization in this patient population. Several

reports have suggested that, although indirect re-

vascularization techniques consistently lead to the

development of significant collateralization in pe-

diatric patients,35,44,45 this has not been the experi-

ence in adults.35,40,46 Despite these disadvantages,

indirect revascularization remains a principal treat-

ment option for many adult-onset moyamoya pa-

tients, especially when adequate donor and recipient

arteries are unavailable for direct bypass. A variety of

indirect procedures have been designed over the

years, the majority of which attempt to increase

the accessibility of the internal cerebral circulation

to the external vasculature supplying the scalp,

Figure 6 The anastomosis is performed in a running

fashion utilizing the 10–0 monofilament nylon sutures

used to initially anchor the donor vessel. Alternatively,

multiple interrupted sutures can be utilized for the anasto-

mosis (not pictured).
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galea, skull, and dura. We shall consider them in

approximation to their chronological development,

as many of the newer strategies are simply additions

to the earlier principal techniques.

Encephalomyosynangiosis (EMS) was first de-

scribed in 1950 by Henschen49 and was later applied

to moyamoya disease by Karasawa and associates50 in

the late 1970s. This technique involves implanting the

temporalis muscle on the lateral brain surface and

suturing it in place to the dural edges. This takes

advantage of the rich vascularity of the temporalis

muscle and leads to collateral vessel formation from

the deep temporal artery, but has the disadvantage of

creating significant mass effect, increasing seizure

incidence, and being cosmetically less appealing.

Using EMS as a starting point, and drawing

on observations of spontaneous collateral vessels

forming between scalp and cortex51 and dura and

cortex,52 Matsushima and coworkers34 outlined a

new method of indirect bypass—the encephalodur-

oarteriosynangiosis (EDAS) (Fig. 3), which remains

one of the more common strategies of indirect

revascularization. The procedure involves exposing

one of the main scalp arteries, usually the STA, and

preserving the inflow and outflow while keeping it

attached to a strip of galea along its course (Fig. 1).

The skull is then exposed through fascia and muscle

and two burr holes are placed at the proximal and

distal aspects of the scalp artery (Fig. 3). A craniot-

omy is performed along the vessel course and the

dura beneath the bone flap exposed and opened,

taking care not to divideMMA branches, which can

be a significant source for arterial collateralization

(Fig. 3). The artery and cuff of galea are then

sutured to the dural edges and the bone flap re-

placed (not pictured). Adelson and Scott53 modified

the EDAS procedure slightly, advocating not only

opening of the dura but also wide opening of the

arachnoid and suturing the adventitia of the STA to

the brain surface in a ‘‘pial synangiosis’’ (Fig. 3).

Recently, they reported the long-term results with

this method on a cohort of 143 patients, finding

that the majority of pediatric patients with moya-

moya disease stopped having strokes and TIAs and

experienced an excellent long-term prognosis.54

Another evolution in these procedures re-

sulted in the technique known as encephaloduroar-

teriomyosynangiosis (EDAMS).55 This combines

EDAS with EMS to allow for collateral formation

from both the STA and deep temporal arteries. In

addition, along the margins of the dural opening,

the dura is cut into leaf-like flaps, which are then

folded back under the dural margin into the epiar-

achnoid space so that the outer dural surface con-

tacts the brain surface. This results in the promotion

of collateral formation from the MMA as well. The

temporalis muscle is then sutured down and used to

cover the dural opening.

It was subsequently realized that in many

cases the anterior cerebral artery (ACA) circulation

was not being addressed by the various techniques

described above, as these procedures had been de-

signed to primarily improve blood flow to the MCA

territory. It is known, however, that the ACA is

often involved in the dynamic progression of the

disease, with ischemia as common here as in the

MCA territory.56 Several variations to the above-

mentioned indirect techniques have been subse-

quently developed to help address the ACA circula-

tion. For example, a modification to the EDAMS

procedure was described in 199457 whereby a ‘‘rib-

bon’’ of galea and periosteum are dissected out and

raised from the skull in a zigzag pattern and then

inserted deeply into the interhemispheric fissure to

lay on the medial frontal lobe. A recent comparison

between this modification, referred to as a frontal

encephalogaleosynangiosis and EDAS, to EDAS

alone, indicated better clinical and neuroimaging

outcomes, though no difference in the incidence of

postoperative infarctions was shown.58

Other techniques such as the placement of

multiple burr holes,59 cervical carotid sympathect-

omy,60 and omental transplantation61,62 have also

been described. Omental tissue offers the advantage

of inducing extensive collateral formation due to the

production of lipid angiogenic factors and endothe-

lial growth factors.63 However, it requires an ex-

tensive craniotomy as well as a laparotomy. The

placement of burr holes was described as a treatment

after it was noticed that neovascularization was
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occurring at the site of previous ventriculostomies.64

Although this impacts a limited area, it is techni-

cally simple, can be combined with other procedures

(both direct and indirect) and can even be per-

formed under local anesthesia. Cervical carotid

sympathectomy was attempted as a means of in-

creasing cerebral blood flow65; however, no durable

improvements in blood flow have been observed.

COMBINING DIRECT AND INDIRECT

REVASCULARIZATION TECHNIQUES

Some have advocated combining direct and indirect

revascularization procedures in an effort to take

advantage of the immediate revascularization pro-

vided by direct arterial bypass, but also to maximize

the eventual cerebral revascularization to include

regions outside the distribution of a single major

arterial division.43,46,66,67 This approach typically

involves combining an STA-MCA direct arterial

bypass with an indirect procedure such as EDAS.

Commonly, this approach would utilize a skin

incision along the parietal branch of the STA,

which is used as the arterial donor for an EDAS

procedure, while the frontal branch of the STA is

subsequently dissected free from the overlying skin

flap and used for the direct STA-MCA bypass.

OUTCOME

As detailed above, it is generally accepted that

overall outcome is improved (i.e., cerebral ischemic

events are reduced) when children and adult moya-

moya patients who present with cerebral ischemia

are aggressively treated with surgical revasculariza-

tion.30–34 The perioperative risk of stroke in this

patient population, which has been documented to

be �4 to 17%,12,54,58 appears to be outweighed by

the long-term stroke risk reduction afforded by

cerebral revascularization.

For adult moyamoya patients presenting with

hemorrhage, however, it is unclear whether overall

outcome is improved by surgical revascularization,

although a few small case series have provided some

support for this notion.37,39,40 The perioperative

risk of stroke in this select group of moyamoya

patients has not been well documented to date, but a

risk of 0 to 7% has been reported.38,40 The hemor-

rhage risk reduction afforded by surgery, however, is

clearly incomplete (Table 2), making it difficult to

determine whether cerebral revascularization pro-

vides an overall benefit to the those moyamoya

patients presenting with hemorrhage. It is hoped

that the recently initiated Japan Adult Moyamoya

Trial will ultimately provide the definitive answer to

this question.

CONCLUSIONS

Adult-onset moyamoya disease has been shown to

have distinct clinical characteristics that set this

condition apart from that seen in the pediatric

population. Adults are less likely to present with

cerebral ischemia and much more likely to present

with cerebral hemorrhage. In addition, the response

of adults to direct and indirect cerebral revascular-

ization procedures appears to differ from that of

children. In adults the angiographic response to

indirect surgical procedures has been relatively in-

consistent, while the same procedures have proven

very reliable in children. In contrast, direct arterial

bypasses appear to be more effective in the adult, as

compared with the pediatric, population. These

differences suggest that an age-specific treatment

paradigm must be adhered to when managing

patients with moyamoya disease.

For those adult moyamoya patients present-

ing with cerebral ischemia, most advocate cerebral

revascularization, and many recommend the pri-

mary use of a direct arterial bypass, possibly in

conjunction with other indirect revascularization

techniques. For those adult moyamoya patients

presenting with cerebral hemorrhage, it is uncertain

whether surgical revascularization is of clear benefit.

However, we as well as many others continue to

recommend surgical intervention, as the morbidity

and mortality associated with repeat cerebral
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hemorrhage is very high and an apparent reduced

risk of rebleeding after surgical revascularization has

been noted in several case series. Again, most

advocate the use of a direct arterial bypass if tech-

nically feasible, as indirect procedures in adults

appear to be less effective. All practitioners involved

in the treatment of adult patients with moyamoya

disease anxiously await the results of the Japan

Adult Moyamoya Trial, which, it is hoped, will

provide a definitive answer to the question of

optimal therapy in the adult hemorrhagic patient

population.
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