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Abstract

Moyamoya disease is a disease of the cerebral vessels, which is characterized by narrowing of the
intracranial vessels as they emerge from the base of the skull, and hypertrophy of fine collateral vessels in
response to this vessel narrowing. Moyamoya means the puff of smoke in Japanese, and refers to the
appearance of the abnormal fine collateral vessels appearing on cerebral angiography in patients with this
condition. The most commonly affected vessels are located in the anterior circulation and include the distal
intracranial internal carotid artery, proximal middle cerebral artery, and proximal anterior cerebral artery.
Moyamoya disease is progressive and the underlying cause is unknown. The stenotic and occlusive process
often begins unilaterally, but true moyamoya disease inevitably progresses to involve the cerebral vessels
bilaterally.

Patients usually present to medical attention in two distinct age groups. One group of patients presents in
childhood and the other group presents in adulthood. There are also two distinct clinical presentations. One
group of patients presents with intracranial hemorrhage, most commonly in the basal ganglia or in the
ventricles, and sometimes in the subarachnoid space. The other group of patients presents with ischemic
symptoms with either transient ischemic attacks or with cerebral infarctions. These infarctions can either be
deep perforating artery infarctions, watershed infarctions, or large arterial branch infarctions. Silent
infarctions can also be found in some patients at the time of initial presentation, and occasionally patients
can present with decreased cognitive function.

The condition was first described in Japan, and much of the published literature describing the condition
and what is known about it to date, has been published by Japanese investigators. It has subsequently been
recognized that moyamoya disease is a cause of stroke and intracerebral hemorrhage in Western as well as
in Asian populations.

Treatment of the condition usually consists of one of two types of revascularization surgery which are
termed indirect and direct revascularization. Indirect revascularization involves placing vascularized tissue
fed by the external carotid system on to the surface of the brain to allow collateral networks to form and
reroute blood flow around the obstructed vessels at the base of the brain. Direct revascularization most
commonly utilizes direct microvasular anastomosis between the superficial temporal and the middle
cerebral artery (STA-MCA) in moyamoya patients. This paper reviews the current state of knowledge about
the disease and also discusses current management strategies.
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Introduction And Background

Moyamoya disease is a disease of the cerebral vessels, which is characterized by narrowing of the
intracranial vessels as they emerge from the base of the skull, and hypertrophy of fine collateral vessels in
response to this vessel narrowing. Moyamoya means 'the puff of smoke' in Japanese, and refers to the
appearance of the abnormal fine collateral vessels appearing on cerebral angiography in patients with this
condition, first described by Suzuki and Takaku [1]. The most commonly affected vessels are located in the
anterior circulation and include the distal intracranial internal carotid artery, proximal middle cerebral
artery, and proximal anterior cerebral artery. The posterior circulation vessels are less commonly narrowed
at early stages; however, they can be involved during the later stages of the disease. Moyamoya disease is
progressive and the underlying cause is unknown. The stenotic and occlusive process often begins
unilaterally, but true moyamoya disease inevitably progresses to involve the cerebral vessels bilaterally.

Patients usually present to medical attention in two distinct age groups. One group of patients presents in
childhood and the other group presents in adulthood. There are also two distinct clinical presentations. One
group of patients presents with intracranial hemorrhage, most commonly in the basal ganglia or in the
ventricles (Figures 1, 2), and sometimes in the subarachnoid space. The other group of patients presents
with ischemic symptoms with either transient ischemic attacks or with cerebral infarctions (Figure 3). These
infarctions can either be deep perforating artery infarctions, watershed infarctions, or large arterial branch
infarctions. Silent infarctions can also be found in some patients at the time of initial presentation, and
occasionally patients can present with decreased cognitive function. Occasionally headaches or seizures [2]
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are the first clinical manifestation which lead to imaging studies. Brain infarctions or hemorrhages most
commonly occur in the supratentorial compartment but can also occur rarely in the cerebellum [3].

FIGURE 1: This figure illustrates one of the typical presentations and
diagnostic findings in an adult patient with hemorrhagic moyamoya
disease

This figure illustrates one of the typical presentations and diagnostic findings in an adult patient with
hemorrhagic moyamoya disease. The patient was found to have an intraparenchmal hemorrhage(arrow) on
plain CT (A). MRA (E) showed severe stenosis of the supraclinoid carotid and middle cerebral artery on the
right (arrow) and occlusion of the middle cerebral artery on the left (arrow). Cerebral angiography (B right, C
left) revealed classic findings consistent with moyamoya with basal vessel narrowing and collateral vessel
changes including bilateral hypertrophy of the fine perforating arteries as well as collateral development from
the posterior circulation (F) with extensive leptomeningeal collateral vessels (small arrow) and hypertrophied
splenial vessels (large arrow) supplying the anterior cerebral arteries. The patient was treated with bilateral
direct superficial temporal to middle cerebral artery bypasses (D = left, G = right).
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FIGURE 2: lllustration of imaging studies on a patient who presented
with acute intraventricular hemorrhage

lllustration of imaging studies on a patient who presented with acute intraventricular hemorrhage (A). Coronal
CT angiography (B) suggested the diagnosis of moyamoya which was confirmed by angiography (C,D),
revealing classic findings of basal vessel stenosis with hypertrophied collateral vessels (arrows).

The condition was first described in Japan, and much of the published literature describing the condition
and what is known about it to date, has been published by Japanese investigators. It has subsequently been
recognized that moyamoya disease is a cause of stroke and intracerebral hemorrhage in Western as well as
in Asian populations [4-20].

Treatment of the condition usually consists of one of two types of revascularization surgery which are
termed indirect and direct revascularization. Indirect revascularization involves placing vascularized tissue
fed by the external carotid system on to the surface of the brain to allow collateral networks to form and
reroute blood flow around the obstructed vessels at the base of the brain. Direct revascularization most
commonly utilizes direct microvasular anastomosis between the superficial temporal and the middle
cerebral artery (STA-MCA) in moyamoya patients. This chapter reviews the current state of knowledge about
the disease and also discusses current management strategies.

Review
Definitions and diagnostic criterion
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Intracranial vessel narrowing has been well recognized in the past as a cause of cerebral ischemia, and can
occur from a variety of causes including atherosclerosis, radiation induced arteriopathy, vasculitis,
meningitis, sickle cell disease, and vasospasm as well as other more unusual causes. It is therefore important
to recognize the difference between moyamoya and other causes of intracranial vessel narrowing. The first
description of idiopathic intracranial vessel narrowing which is now known as moyamoya was by Takeuchi
and Shimizu in 1957 [21]. The condition subsequently was called moyamoya by Suzuki and Takaku in 1969
[1]. It is well known that the histological changes producing moyamoya are unique and are characterized by
an idiopathic non-inflammatory fibrosis [22, 23]. These changes mainly occur in the basal intracranial
arteries, however, and these arteries are not appropriate for ante-mortem biopsy as a strategy for
confirmation of the disease. The diagnosis of the disease, therefore, is based on a constellation of clinical
and imaging findings which can be variable related to the extent and the severity of the findings from the
onset of the condition to the late stages of the disease. Due to variations in the extent of changes in some
patients, it may be difficult in some cases to make a definitive diagnosis at the time of onset of symptoms if
the disease is in the early stages.

When the disease was first recognized in Japan, there were no agreed upon criterion for diagnosis, and other
conditions existed which could be confused with moyamoya. A research committee was formed in Japan to
publish collected knowledge, establish guidelines and provide information on the condition. This committee
was called the Research Committee on Spontaneous Occlusion of the Circle of Willis (Moyamoya Disease) of
the Ministry of Health and Welfare of Japan. It was concluded that the diagnosis of moyamoya is based on a
collection of clinical and diagnostic imaging features. The guidelines were updated in 1997 [24]. There are no
blood or cerebrospinal fluid markers, or other laboratory tests which establish a definitive diagnosis, and
routine clinical chemistry and hematological testing is most often normal or changed non-specifically. Due
to the fact that moyamoya has a recognized evolution and progression, there were clinical and diagnostic
criterion that allowed for a definite diagnosis to be established when all the criterion were fulfilled and a
probable diagnosis to be established if some features were missing or had not yet appeared in the
progression of the disease. To be characterized as a definite case of moyamoya disease, a patient must have
bilateral lesions of the cerebral vasculature characterized by narrowing of the supraclinoid carotid arteries
and hypertrophied fine collateral vessels on angiography, and they must have an unknown etiology for the
vascular lesions, i.e. there must be an absence of other conditions known to cause vascular lesions,
including previous radiation treatment, atherosclerosis, autoimmune disease, meningitis, brain tumor,
trauma, and other causes. The term moyamoya syndrome has been used to describe patients who have some
of the changes of moyamoya disease but do not fulfill the full criterion for the disease (See Table ! for a
summary of diagnostic criterion). There are also criterion to establish a pathological diagnosis on autopsy in
patients who died but did not undergo cerebral angiography [24].
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Familial occurrence is Stenosis or occlusion at the terminal portions of the intracranial internal ;
) i i atherosclerosis,
occasionally present carotid arteries,
L . . . . . autoimmune
Clinical symptoms variable proximal portion of the anterior cerebral arteries, .
disorders,
Manner of progression variable and middle cerebral arteries. meningitis,
. Abnormal vascular networks (moyamoya) are observed in the vicinity of the i
Can be asymptomatic . . . . i brain tumor,
occlusive (or stenotic) lesions in the arterial phase.
Deficits can be transient or X . o
. Bilaterality of above findings Down's syndrome,
persistent
von

Neurologic deficits can be mild .
Recklinghausen

to severe .

disease,
Cerebral ischemia is frequently observed in the children, and intracranial hemorrhage in the adults head trauma,
Childhood form characterized by; hemiparesis, monoparesis, sensory disturbance, involuntary movement, post-irradiation
headache, seizures, mental retardation or persistent neurologic deficits hemorrhage is rare state, and so forth.)

Adult form characterized by; motor, sensory phenomenon, headaches and seizures similar to those observed in the children. Most
have sudden onset of intraventricular, subarachnoid, or intracerebral hemorrhage recovery is variable, some cases may be fatal.

Diagnostic Criterion

Definite diagnosis - Consider

- - . - cases which fulfill findings listed in Il, and 11l
clinical descriptions in |

- children who have stenosis or occlusion and abnormal vascular networks described in I, and
have only a stenosis on the contralateral side

- cases which fulfill all the criterion of Il and lll except that they are not

Probable diagnosis
fagnos bilateral

TABLE 1: Clinical Diagnostic Guidelines for Moyamoya Disease according to Research
Committee on Spontaneous Occlusion of the Circle of Willis (Moyamoya Disease) of the Ministry
of Health and Welfare of Japan

*Adapted from Fuki

Epidemiology

The prevalence of moyamoya disease has been noted to be highest in Asian countries, in particular, in Japan
and Korea versus Western countries [25, 26]. The prevalence of moyamoya disease in Japan has been
estimated at three per hundred thousand people, and the annual incidence has been estimated at 0.35 per
hundred thousand people. There is a female to male our predominance of 1.8 /1.0. There is also a bimodal
distribution of the age of onset of the disease. One peak occurs at approximately age five (pediatric form of
the disease) and the other peak of symptom onset occurs at approximately age 40 (adult form). It has been
noted that the hemorrhagic presentation of moyamoya has been more common in Asian populations in the
adult form, and that the ischemic presentation is more frequently noted in the pediatric form of the disease.
It is not clear that this same distribution exists in Western populations, and in fact, a number of Western
centers have reported series of adult and pediatric patients where ischemic presentations are more common
[9, 27-29]. Uchino, et al. described findings in a collection of 298 patients with moyamoya on the West Coast
of the United States in California and Washington between 1987 and 1998. They found the incidence of
moyamoya to be .086 per hundred thousand, which appears to be lower than the incidence in Japan;
however, this group of patients was multi-ethnic in origin. They found that the incidence was higher in
patients of Asian descent (0.28/100,000) in this subgroup than in patients who were white (0.06/100,000),
Hispanic (0.03/100,000) or African American (0.13/100,000). There have also been reports of moyamoya in
Europe with an incidence which is lower than in Japan and similar to that for whites in the United States [7,
8, 30]. With increased availability of improved imaging including more sensitive magnetic resonance (MR),
magnetic resonance angiography (MRA), as well as greater resolution of computed tomography angiography
(CTA) and more widespread use of transcranial Doppler ultrasound [31], moyamoya disease has been
increasingly recognized in Western populations as a cause of stroke in young women.
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Genetic aspects

A number of studies have been performed to attempt to determine the role of genetics in the pathogenesis
of moyamoya [32]. Although the exact role of genetics has not been established, the available observations
indicate that genetic susceptibility appears to play a major role, and environmental factors may trigger the
onset of the disease in susceptible patients. It is known that most cases are sporadic with a higher incidence
in genetically susceptible populations. Familial histories of moyamoya have been reported in Japan to be
present in 10-15% of patients, and 13 pairs of twins with the disease have been reported [32-33]. Identical
twins have also been described where only one of the twins has developed the disease [34]. It has recently
been suggested that an autosomal dominant form with incomplete penetrance exists and that this particular
form of the disease maps to chromosome 17q25.3 [35]. Available evidence appears to indicate that a number
of genetic mechanisms, including direct autosomal dominant transmission with incomplete penetrance, and
also polygenic mechanisms can render individuals susceptible and that environmental factors also play a
role in inducing the arteriopathy that is the basis for moyamoya |4, 36-44].

Pathology and pathophysiology of vascular changes

There are a number of pathological findings reported in moyamoya disease. It is widely believed that the
primary pathology is induction of narrowing in the basal intracranial arteries [21], and secondary pathology
is found in a number of other sites as a reactive change in the remaining vasculature in response to
progressive ischemia of the brain. The overgrowth of the network of fine of vessels emanating from the basal
arteries penetrating into the basal ganglia or moyamoya is the change which produces the characteristic
blush seen on angiography (Figures -3). Histopathological findings in the large intracranial vessels in
patients with moyamoya have included severe narrowing of the carotid termination and proximal middle
and anterior cerebral artery with fibrocellular thickening of the intima and contraction, folding and
duplication of the internal elastic lamina (Figure 4). There is also marked shrinkage and degeneration of the
media, sometimes including lipid deposition and ultimately progression to occlusion of the artery lumen
[22]. Tt has been noted that there is an absence of inflammatory changes and an absence of atherosclerosis
associated with these fibrotic changes which occur in the vessel wall [45].

FIGURE 3: This figure illustrates an acute infarction (arrow) on CT

This figure illustrates an acute infarction (arrow) on CT (A) caused by ischemic moyamoya in an adult.
Cerebral angiography showed bilateral internal carotid occlusions and extensive fine basal collateral
(moyamoya) vessels (B and C). Direct superficial temporal to middle cerebral artery bypass (arrow) with filling
of the temporal cortical vessels (D).
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FIGURE 4: Histological findings on hematoxylin and eosin staining of
cross section of a large basal artery in a patient with moyamoya

Histological findings on hematoxylin and eosin staining of cross section of a large basal artery in a patient
with moyamoya. Note the fibrosis and thickening of the intima and proliferation of smooth muscle cells (open
arrows) and in-folding and chronic contraction of the internal elastic lamina (closed arrows), as well as
notable absence of inflammatory or atherosclerotic changes. (Courtesy of Dr Seven Rostad, Swedish
Neuroscience Institute, Seattle, Washington.)

The exact cause of the progressive fibrotic changes in the arterial walls of the basal cerebral arteries has
been the topic of investigation, and no significant inflammatory or infectious pathogens have been found.
Findings from autopsy cases of moyamoya disease have included to a variety of findings [22]. Many of the
patients who came to autopsy have done so as a result of intracranial hemorrhage. Hemorrhage occurs
usually in the basal ganglia and often can be accompanied by a rupture into the intraventricular space.
Subarachnoid hemorrhage can also occur in the basal cisterns and also along the cerebral convexities [24].

The microscopic appearance of the small perforating arteries at the base of the brain and in the parenchyma
has also been characterized by abnormal histological changes [23]. Some of these changes indicate flow-
related changes in pre-existing but dilated perforating arteries. Abnormal histological findings have
included new vessel formation in response to increased flow demands, including thin walled vessels and
microaneurysm formation. These changes occur at the basal vessels and also additional changes occur at the
leptomeningeal collateral sites, including findings indicating enhanced capacity for compensatory flow
between the external and internal carotid system [46]. These changes include enlargement of the meningeal
vessels in the dura with transdural collateral networks as well as transcalvareal collaterals from the scalp
vessels which establish enlarged connections to the surface vessels on the brain (Figure 5). A number of
investigators have utilized immunohistochemistry of the cerebral vessels and biochemical analysis of CSF to
characterize abnormal expression of a number of mediators, including basic fibroblast growth factor (bFGF),
transforming growth factor b 1 (TGFb), vascular endothelial growth factor (VEGF), and hypoxia inducible
factor (HIF-1) [32, 47-51]. It has been recently observed that immunohistochemistry of surgical specimens
showed significant increase in serum matrix metalloproteinase-9 expression within the arachnoid
membrane of moyamoya [52].
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FIGURE 5: lllustration of angiographic findings in late stage ("vault")
moyamoya

lllustration of angiographic findings in late stage ("vault") moyamoya with increase in extracranial carotid
collateral vessels supplying blood flow to the cerebral hemispheres through transdural and transcranial
collateral vessels. (A) Enlargement of the middle meningeal vessel (open arrow) with (B) transdural collateral
vessels, note small superficial temporal artery (A, solid arrow). Contralateral side showing enlarged
superficial temporal artery (C, D ,open arrow) supplying transcalvarial branch (through the skull) to supply the
cortex, and ethmoidal collaterals (C, solid arrow)

Analysis of cerebrospinal fluid has also shown that a number of mediators involved in the induction of new
vessels, including bFGF and VEGF, are increased compared to control patients [53-54]. It has been unclear
which vascular growth factors and other cellular mediators expressed in the vessels and CSF of moyamoya
patients are related to the primary pathogenic factors causing the basal conducting vessel narrowing, and
which are related to secondary compensatory changes within the vasculature as a result of ischemia and
subsequent collateral network formation [26].

It has been reported that cerebral aneurysms are also associated with moyamoya in some cases [55]. Two
types of aneurysms have been described. The first type consists of intracranial aneurysms which form at
major arterial bifurcation sites at the circle of Willis, and a second type consists of smaller aneurysms
located on moyamoya vessels or enlarged perforating vessels, including choroidal arteries or other enlarged
distal cerebral arteries that are serving as collateral vessels. These aneurysms can rupture and cause
subarachnoid, intraventricular, or intraparenchymal hemorrhage in moyamoya patients.

The preponderance of evidence indicates that moyamoya is initiated by a genetically and or
environmentally-induced idiopathic basal cerebral vessel narrowing and a response of the remaining
vasculature to form a collateral network in response to the ischemia and accompanying decrease in cerebral
blood flow. Many of the vascular collateral networks seen in moyamoya are known also to occur with basal
vessel narrowing caused by other diseases, including intracranial atherosclerosis, radiation induced arteritis,
sickle cell anemia [56], and other similar conditions which can produce slow progressive obstructions of the
basal intracranial vessels. If the compensatory mechanisms are effective in maintaining blood flow during
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the progressive basal vessel narrowing and occlusion, then patients may experience either no symptoms or
mild or transient ischemic events. If the compensatory mechanisms are insufficient to compensate, then
resulting repeated transient or permanent ischemic deficits can take place, with hemodynamic and
thrombotic mechanisms both playing a role. The vascular changes which result from the compensatory
mechanisms form a collateral vasculature which is more fragile than normal and may predispose to
intracranial hemorrhage into the ventricles, parenchyma or subarachnoid space.

Diagnostic imaging studies

There are a number of diagnostic imaging studies which are used in the diagnosis and management of
patients with moyamoya disease. Patients can present with a variety of clinical signs and symptoms, and a
number of causes of symptoms; thus, brain imaging can either show ischemic changes or hemorrhage, as
well as characteristic vascular changes, which may lead to the suspected diagnosis of moyamoya disease.
The confirmation of the diagnosis is made using cerebral angiography which displays the constellation of
findings which are required. Diagnostic imaging studies in addition to cerebral angiography which are used
commonly in moyamoya include computed tomography (CT), CTA, MR, MRA, Doppler ultrasound, including
transcranial Doppler (TCD), as well as extracranial duplex scanning, cerebral blood flow studies including
single photon emission computerized tomography (SPECT), CT, and MR perfusion and xenon CT.

Cerebral angiography

Catheter cerebral angiography remains the gold standard to make the diagnosis of moyamoya. Six vessel
cerebral angiography with injection of both carotid arteries, both vertebral arteries as well as selective
external carotid injections should be performed in patients with suspected moyamoya. The findings vary
depending on the stage of the disease and the extent of the abnormal findings at the time of diagnosis. The
classic and essential findings include bilateral narrowing or occlusion of the carotid terminations or "forks"
intracranially as well as a blush or puff of smoke in the supraclinoid region indicating hypertrophy and
increased number of fine perforating arteries emanating from the basal intracranial vessels bilaterally.
Suzuki and Takaku defined six distinct stages of the progression of angiographic findings depending on the
degree of advancement of the disease [1]. These stages include narrowing of the carotid fork, initiation of
the moyamoya, intensification of the moyamoya, minimization of the moyamoya, reduction of the
moyamoya, and disappearance of the moyamoya (see Table 2). These stages represent initial narrowing of
the basal intracranial arteries, with a reactive increase in perforating artery and posterior circulation
collateralization followed by progressive shift of the brain blood supply from the internal carotid to external
carotid artery supply, including the middle meningeal and other dural arteries as well as the superficial
temporal and other extracranial arteries. The name given to the sum of angiographic changes seen during
the late stages of the disease when the blood supply has shifted to the extracranial vessels is called "vault
moyamoya." A number of transcalvarial and trans-pial collateral networks develop from the extracranial
vessels during this stage of the disease (Figure 5).

Stage Findings

1

2

Narrowing of the carotid fork (supraclinoid carotid and proximal middle cerebral and anterior cerebral artery)
Initiation of the moyamoya (development of the fine collateral vasculature at the base of the brain)

Intensification of the moyamoya (progressive basal vessel narrowing or occlusion with increase in fine collateral vessel
formation)

Minimization of the moyamoya (basal vessels occluded and decrease in the fine vessel network)
Reduction of the moyamoya (further reduction in basal vessel filling with shift toward extracranial vessel supply)

Disappearance of the moyamoya (occlusion and disappearance of the internal carotid filling of basal and fine collateral
vessels bilaterally, with shift to the majority of the blood supply coming from the extracranial vasculature)

TABLE 2: Angiographic stages of moyamoya disease indicating the slow progression over years
of the angiographic findings described by Suzuki*

*Adapted from Suzuki et al 1

Cerebral angiography is important when evaluating patients for potential revascularization therapy. It is
important to evaluate the extracranial external carotid artery branches for the suitability for use as donor
vessels for extracranial to intracranial bypass procedures. Common findings include enlargement of the
middle meningeal branches to form collateral vessels. These vessels sometimes can be confused with the
superficial temporal branches (Figure 5).
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Magnetic resonance imaging

An MRI with an MRA scan can often be diagnostic. The combination of these two studies can show acute and
chronic parenchymal ischemic changes and acute and chronic post-hemorrhagic findings, as well as
characteristic changes in the vasculature, including large basal vessel narrowing and dilated moyamoya
vessels in the basal ganglia. The moyamoya vessels can sometimes be appreciated as flow voids seen on the
T1 axial images (Figures 3, 6). Some patients with poorly characterized past clinical events are found to have
moyamoya disease where a number of a small infarctions have already occurred and are usually better seen
on T2 weighted images. The subtle changes on MRI seen in moyamoya disease have been mistaken for
multiple sclerosis, other demyelinating or infectious conditions, or hypertensive changes. The initial
diagnostic criterion established for moyamoya, required that cerebral angiography be done to establish the
diagnosis. Subsequent to the initial criterion, it has been decided that MRI can substitute for angiography if
the same vascular findings could be discerned with certainty on high quality MRI which meet certain
criterion. The use of MRI may spare children and other high risk patients from angiography if the diagnosis is
clear on high quality MRI and MRA [24]. These criterions are stated below and include:

The diagnosis of moyamoya disease can be made without conventional cerebral angiography if the MRI and
MRA clearly demonstrate all the findings described below that correspond to the diagnostic criteria on
conventional cerebral angiography.

1. Stenosis or occlusion is observed at the terminal portions of the intracranial internal carotid arteries and
at the proximal portions of the anterior communicating arteries and the middle cerebral arteries on MRA.

2. Visualization of abnormal vascular networks in the basal ganglia on MRA, or demonstration of moyamoya
vessels as at least two apparent signal voids in the ipsilateral side of the basal ganglia on MRI.

3. These two findings are found bilaterally.

FIGURE 6: lllustration of findings consistent with moyamoya on T1
weighted MRI scan

lllustration of findings consistent with moyamoya on T1 weighted MRI scan showing evidence of old
infarctions (arrows) as a result on ischemic moyamoya in an adult (left) multiple flow voids (right) indicating
moyamoya collateral vessels in the basal ganglia.

Imaging methods and limitations include:

1. The use of magnetic resonance machine with a static magnetic field strength of 1.0 tesla or stronger is
recommended.

2. Any method for obtaining the images of MRA can be used.

3. A static magnetic field strength, the imaging method, and the use of contrast medium should be used.

Computerized tomography

Plain CT scan can often be useful as a first diagnostic test if patients present to medical attention with new
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deficits, and can reveal subarachnoid, intraventricular, or intraparenchymal hemorrhage, or infarction in
patients with moyamoya. It can also be useful in determining whether calcium deposits are present in the
vessels in cases where atherosclerosis is in the differential diagnosis as a cause of vessel narrowing. In some
cases, old areas of infarction or hemorrhage may also be revealed. During clinical presentation of the
hemorrhagic form, CTA may be combined with CT to rule out a vascular lesion as a cause of the intracranial
hemorrhage, and can sometimes reveal the characteristic changes of moyamoya in the vasculature (see
Figure 2). CT perfusion and xenon CT may also be used to determine blood flow changes in moyamoya and
be used as a guide for therapy. Another use of CTA is to help determine graft patency on follow-up of
patients who have had revascularization procedures, and to determine if there has been any progression of
disease in patients who presented with unilateral disease and are at risk for progression [57].

Doppler ultrasound

Cerebrovascular ultrasound studies, including carotid ultrasound and transcranial Doppler ultrasound, may
be useful in the diagnosis and management of patients with moyamoya [31, 58-60]. If patients are initially
screened for central nervous system symptoms, including transient ischemic events, findings on Doppler
ultrasonography may strongly suggest the diagnosis of moyamoya. Characteristic carotid duplex scan
findings include the decreased flow velocity with high resistance in the internal carotid arteries in the
cervical region as well as the higher velocity with the lower resistance findings in the external carotid artery
system. Transcranial Doppler findings often include diffuse bilateral high velocity signals in the basal
intracranial arteries resulting from a stenosis or occlusion of the basal cerebral arteries and high velocity in
collateral vessels, in cases with more advanced progression. Reduced mean velocity and reduced vascular
reactivity in the more distal portions of the middle cerebral artery distal branches has also been noted. TCD
has also been useful to demonstrate graft patency in the follow up of patients with moyamoya [61]. One
other application of TCD is to follow the progression of intracranial basal artery velocity in patients who
have findings of moyamoya on one side and are at risk for progression of the asymptomatic side.

Cerebral blood flow studies

Cerebral blood flow (CBF) studies have been useful in documenting the final effect of the collateral networks
in moyamoya to support cerebral blood flow in patients with ischemic symptoms. Resting CBF
measurements and CBF changes in response to acetazolamide or CO; can be used to evaluate cerebrovasular

reserve. There are a number of CBF studies which have become more widely available for clinical testing in
moyamoya patients, and can be used for regional CBF comparisons as well as vascular reactivity studies [62-
68]. These include single photon emission computerized tomography (SPECT), CT perfusion, and MR
perfusion. Quantitative methods which are available mainly on a research basis include quantitative xenon
CT and positron emission tomography (PET). These studies the may be helpful in defining which
hemispheres are more at risk for immediate ischemic changes in patients with bilateral vascular changes in
moyamoya disease. Often, the degree of narrowing of the vessels at the base of the brain is not necessarily
indicative of the degree of ischemia which occurs in the cerebral hemispheres. Some of the variations of the
effectiveness of the collateral networks can often account for quite different CBF findings in individual
patients with moyamoya.

The determination of a regional CBF changes may be helpful in directing the sequence of therapy which is
chosen and also to measure the effectiveness of therapies on correcting blood flow deficits [9, 69].

Elecroencephalography

Patients with moyamoya can have overt seizures as a presentation and display continued symptomatology,
although seizures as a presentation are less common than ischemic and hemorrhagic symptoms. Abnormal
electroencephalograms (EEG) are more commonly found in children with moyamoya than in adults. Some of
the findings which have been described include bilateral low voltage changes and slow waves, and delta
waves during hyperventilation [70].

Natural history of moyamoya disease

Most natural history studies of moyamoya disease have been retrospective in nature and limited to small
groups of patients. Many of the studies published have separated pediatric and adult patients. Several
studies were performed on pediatric patients who were treated conservatively and have recorded the
development of subsequent clinical events [71-72]. Kurokawa, et al. reported that about 80% of pediatric
patients followed out for five years without surgical treatment developed subsequent ischemic or
hemorrhagic symptoms. Ezura, et al. followed patients who were diagnosed as pediatric moyamoya into
adulthood [73]. These investigators have indicated that neurologic events occurred in 11/23 and mental
disorders occurred in 9/21 patients who were followed into adolescence and adulthood.

In adults, the natural history studies to date have indicated that the prognosis is poor for those symptomatic
adults treated conservatively without surgery. There are few data reported in cohorts of patients who have
had no surgical treatment at all and have been followed. Most cohorts have some patients where one
hemisphere is treated surgically and the other was followed, or mixed cohorts where some patients were
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treated with surgery and others were not. Kuroda, et al. have reported a series of Japanese patients followed
over a long period of time where some patients were not treated with surgery [74]. In this cohort study of 120
adult Japanese patients diagnosed with moyamoya disease, 63 patients were enrolled in this historical
prospective cohort study which included a total of 86 non-operated hemispheres. All patients were followed
up with a mean period of 73.6 months. Patients were evaluated by MRI and MRA imaging which was
repeated every six to 12 months. Cerebral angiography was performed when disease progression was
suspected on MRI and MRA. Disease progression occurred in 15 of the 86 non-operated hemispheres (17.4%
per hemisphere) or in 15 of 63 patients (23.8% per patient) during the mean six year follow-up period.
Occlusive arterial lesions progressed in both anterior and posterior circulations, in both symptomatic and
asymptomatic patients, and in both bilateral and unilateral types. Eight of 15 patients developed ischemic or
hemorrhagic events related to disease progression.

Hallemeier, et al. reported a high recurrent stroke risk in non-operated hemispheres in a group of North
American patients [28]. Thirty-four adults (median age 42) with moyamoya treated at a single North
American institution were followed prospectively. Twenty-two had bilateral involvement and 12 had
unilateral moyamoya vessels. The initial symptom was ischemia, hemorrhage, or asymptomatic in 24, seven,
and three patients, respectively. The median follow-up in 31 living patients was 5.1 years. Fourteen patients
were treated with surgical revascularization (20 total hemispheres). In medically treated symptomatic
hemispheres, the five-year risk of recurrent ipsilateral stroke was 65% after the initial symptom and 27%
after angiographic diagnosis. Patients with bilateral involvement presenting with ischemic symptoms (n=17)
were at the highest risk of subsequent stroke, with a five-year risk of stroke with medical treatment after
first symptom of 82%. In surgically treated hemispheres, the five-year risk of perioperative or subsequent
ipsilateral stroke or death was 17%. This stroke and death rate was significantly lower than the patients who
received medical treatment after the first symptom (P=0.02) but not lower than the group of patients who
presented after angiographic diagnosis without symptoms.

In a series from Japan of patients presenting with hemorrhagic moyamoya, a retrospective review was
conducted among 42 patients treated conservatively without bypass surgery and followed for an average
period of 80.6 months [75]. The group included four patients who had undergone indirect bypass surgery
after an episode of rebleeding. Initial presentation was intraventricular hemorrhage with or without
intracerebral hemorrhage during the first bleeding episode in 29 cases (69%). During the follow-up period,
14 patients experienced a second episode of bleeding. The annual re-bleeding rate was 7.09%/person/year.
Recurrent hemorrhages occurred in the original site in some patients and at new sites in others. Another
series was reported by Yoshida, et al., which suggested that revascularization may reduce rebleeding
episodes [76]. In patients who presented with bleeding episodes, five of the 28 patients (17.9%) died of the
initial intracranial hemorrhage, and two patients died of other causes. Rebleeding occurred in six of the
remaining 21 patients (28. 6%). Of these six patients, four died of rebleeding. Rebleeding occurred in one of
eight patients who underwent bypass surgery and in five of 13 patients who did not, which suggested that
rebleeding was less likely to occur in patients who had undergone bypass surgery. However, the results did
not reach statistical significance (P>0.05). Kawaguchi, et al. reported another cohort study which compared
the effect of direct bypass with indirect bypass or conservative treatment to prevent further ischemic or
hemorrhagic stroke in patients initially presenting with hemorrhage [77]. From a cohort of twenty-two
patients who had hemorrhagic moyamoya disease, eleven patients (50%) were conservatively treated.
Among the 11 patients who were surgically treated, STAMCA bypass was performed in six patients (27%) and
encephaloduroarteriosynangiosis (EDAS) in the other five patients (23%). Nine patients (41%) presented
with an ischemic or re-bleeding event during the follow-up period. The incidence of future stroke events in
patients who had undergone an STA-MCA bypass was significantly lower (p<0.05) than that in patients who
had been treated conservatively or with EDAS. Stroke-free times in patients treated with direct bypass and
those in patients who conservatively or with indirect bypass showed a significant difference Kaplan-Meier
plots (p<0.05) in favor of direct bypass.

One of the current controversies in managing moyamoya patients is regarding the degree of intervention
which is appropriate when patients have presented with vascular changes which are limited to one cerebral
hemisphere. According to established criterion, these patients would be considered as having a diagnosis of
probable moyamoya disease and are sometimes referred to as having moyamoya syndrome. Smith, et al.
reviewed the clinical and imaging records of a series of primarily pediatric patients with moyamoya
syndrome who presented with unilateral disease and underwent cerebral revascularization surgery using
pial synangiosis, or EDAS, on the affected side [57]. In a group of 235 surgically treated patients with
moyamoya, 33 (14%) presented with unilateral disease (four adults and 29 children). There were 16 female
and 17 male patients, with an average age of 10.4 years (26.8 years for adults and 8.1 years for children;
range 1.5-39 years). The average follow-up after surgery was 5.3 years (3.1 years for adults and 5.6 years for
children; range 1-16 years). During the follow-up period, 10 (30%) of 33 patients with unilateral findings,
progressed to bilateral disease as evidenced by appearance of moyamoya changes in the previously
unaffected hemisphere. The mean time until disease progression was 2.2 years (range 0.5-8.5 years). Certain
factors were associated with progression including contralateral abnormalities on initial angiography,
previous history of congenital cardiac anomaly, cranial irradiation, Asian ancestry, and familial moyamoya
syndrome. It was therefore recommended that pediatric patients with known unilateral disease should
undergo continued monitoring by diagnostic testing at regular intervals.
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Medical treatment

A number of medical treatments have been tried for patients with moyamoya. Antiplatelet agents, most
commonly acetylsalicylic acid, are routinely used for patients presenting with ischemic symptoms with the
rationale that vascular thrombosis in the cerebral arteries is commonly observed. Anticoagulation using
warfarin is not commonly used and may be contraindicated due to the propensity for intracranial
hemorrhage in moyamoya. Other medications, including vasodilators, anticonvulsants, and fibrinolytics,
have also been used but no controlled trials and no good cohort studies have provided strong support for
clinical effectiveness of any medications.

Surgical treatment

Surgical revascularization as a treatment for moyamoya disease was first proposed described by Yassargil

and colleagues [78-79] and subsequent adapted to moyamoya by Karasawa and Kikuchi [80]. There are two
types of revascularization surgery that are now practiced for the treatment of a moyamoya disease and are
termed indirect and direct revascularization.

Indirect revascularization

Indirect revascularization involves placing vascularized tissue fed by the external carotid system on to the
surface of the brain to allow collateral networks to form and reroute blood flow around the obstructed
vessels at the base of the brain. A number of different tissues have been proposed and tried, including
muscle, omentem, galea, and dura. The most commonly practiced technique currently is termed
encephaloduroarteriosynangiosis where the superficial temporal artery is kept flowing in-situ, and dissected
along with vascularized galea which is then sewn into an opening in the dura and is placed in contact with
the cerebral cortex as described by Matsushima et al. [81-82] (see Figure 7). This procedure is favored in most
centers for pediatric patients due to the small size of the vessels which make direct anastomosis difficult.
Indirect techniques are also utilized in adults and can be useful when the donor or recipient vessels are of
insufficient size to allow direct anastomosis [6, 13-14, 83-89].
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FIGURE 7: Drawing and intra-operative photograph of dissection and
preparation of the superficial temporal artery with surrounding galeal
pedicle (A,B)

Drawing and intra-operative photograph of dissection and preparation of the superficial temporal artery with
surrounding galeal pedicle (A,B). Dural opening and apposition of vascularized pedicle onto the cerebral
cortical surface for encephaloduroarteriosynangiosis procedure (C). The superficial temporal artery (arrows)
continues to flow, and the artery and galeal pedicle are sutured into the dural opening (D) and provides a
source of in-growth of collateral vessels to the leptomeninges and supplies additional blood flow to the
middle cerebral artery territory after a maturation period.

Direct revascularization

The second treatment is termed direct revascularization, where a direct microvasular anastomosis between
the extracranial and intracranial vessels is performed. The most common procedure performed is a direct
superficial temporal to middle cerebral artery bypass (see Figure 8) using a microvasular suture technique
[90]. A microvasular anastomosis technique has also been described for direct anatomosis of the superficial
temporal to middle cerebral artery in moyamoya patients [91]. In cases where these arteries are not suitable,
other direct vascular anastomosis techniques have been employed using other arteries or vein grafts [91-92].
The rationale for this treatment is to allow the more rapid development of collateral vessels to ischemic
portions of the brain to prevent recurrent TIAs and/or stroke. Several comparison studies between the direct
and the indirect techniques have been performed. In patients with reduced CBF, the direct procedure is often
more effective for a more rapid increase in blood flow to the affected brain region [91, 93-98].

FIGURE 8: Drawings (A, B) and intra-operative photograph (C) of direct
superficial temporal (arrows) to middle cerebral artery bypass

Drawings (A, B) and intra-operative photograph (C) of direct superficial temporal (arrows) to middle cerebral
artery bypass using a microsuture technique to accomplish an end to side microvascular anastomosis.

Long-term effect of revascularization for moyamoya disease

Despite the clinical differences between US, European and Asian moyamoya populations, it appears that the
benefits of revascularization procedures are similar. The progressive obliteration of the intracranial arterial
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supply in moyamoya disease decreases cerebral perfusion, producing ischemic episodes and exhausting
vasomotor reserve. As abnormal collaterals form to provide additional blood supply to the brain, cerebral
autoregulation and perfusion dynamics are further altered. Analysis of CBF and hemodynamics in these
patients following revascularization operations have demonstrated marked improvements in these
parameters. Following direct STA-MCA bypass in six children, Yonekawa, et al. [19] noted that rCBF
improved in both the operated and contralateral hemispheres. Okada, et al. [99] demonstrated similar
findings for rCBF and normalization of cortical perfusion pressure in adult patients following direct STA-
MCA bypasses. Our results, while in a population with different demographics, echo these earlier findings in
general [9]. In our cohort, cerebral perfusion and vasomotor reactivity improved in all patients who
underwent postoperative blood flow and TCD studies. Of particular interest, five patients who had suffered
only TIAs experienced a complete normalization of cerebral perfusion and vasomotor reactivity following
their bypass procedures. This effect appeared durable in the long-term, as they had been asymptomatic
throughout the follow-up period (average 43 months).

In contrast to Asian series that demonstrate a complete resolution of ischemic symptoms following bypass
operations, infrequent ischemic episodes occurred in our patients. These events occurred in six patients who
suffered TIAs on a weekly basis prior to their bypass. One patient suffered a TIA on the first postoperative
day and then was event-free for the following 48 months. Another patient experienced a TIA one week
postoperatively and was event free for the following seven years. The remaining four patients suffered TIAs
12- 48 months postoperatively.

Other published series of revascularization procedures have not demonstrated a significant correlation
between reduction in moyamoya vessels and prevention of hemorrhagic events. In fact, reduction in
moyamoya vessels is observed in only 25-65% of patients. Moreover, the ability of surgery to prevent or
reduce the frequency of hemorrhagic events has been disappointing. Okada, et al. [99] reported that 20% of
patients who presented with hemorrhagic events suffered additional hemorrhagic events following direct
STA-MCA bypass. Yonekawa, et al.[19] reported that the rate of rebleeding following surgery was no different
than the natural history of the disease, although other reports indicate that there may be a protective effect
of revascularization [77].

Surgical revascularization for the treatment of moyamoya disease may provide long-term reduction in
ischemic events compared to the natural history, although most current data is based on observational
studies [25-26]. Regardless of the differences that exist between the demographic characteristics of
moyamoya patients in the Western and Eastern hemispheres, improvement in cerebral perfusion and
vasomotor reactivity can be expected, correlating to a reduction in ischemic events with revasularization
treatment. Further investigations are required to determine the etiology of hemorrhagic events in
moyamoya disease, and a larger population with the hemorrhagic variety of moyamoya disease must be
evaluated to clarify whether surgical revascularization alters the frequency of these events.

Conclusions

Moyamoya disease has become increasingly recognized as a cause of hemorrhagic and ischemic stroke
which can affect children and adults in Western populations as well as in Asia. Advances in neuroimaging
have led to an increased recognition of the disease worldwide. As more information is gathered, the details
of the natural history as well as the clinical and physiologic effects of treatments are becoming more clearly
understood. Surgical revascularization using either the indirect or direct method is widely used for the
treatment of moyamoya. The use of revascularization for the treatment of pediatric and adult patients
presenting with ischemic symptoms is supported by multiple cohort studies, but its efficacy has not been
established by randomized controlled trials. Although the cause of the disease is not understood, the
available information indicates that both genetic and environmental factors play a significant role. It is
expected that with advances in molecular biology and genetics, the molecular mechanisms underlying the
disease and its progression will be better understood and eventually lead to further advances in treatments.
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