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Bypass Surgery for Moyamoya Disease

—Concept and Essence of Surgical Techniques—

Satoshi KURODA! and Kiyohiro HOUKIN!?

Department of Neurosurgery, Hokkaido University Hospital, Sapporo, Hokkaido

Abstract

This review describes the basic concepts of surgical revascularization for moyamoya disease, including
direct and indirect bypass surgery. Direct bypass surgery can improve cerebral hemodynamics and
reduce further ischemic events immediately after surgery, but may be technically challenging in some
pediatric patients. Indirect bypass surgery is simple and has widely been used. However, its beneficial
effects can be achieved 3 to 4 months after surgery, and surgical design is quite important to determine
the extent of surgical collateral pathways. Combined bypass procedure, especially superficial temporal
artery (STA) to middle cerebral artery anastomosis and indirect bypass, encephalo-duro-myo-arterio-
pericranial synangiosis, is a safe and effective option to improve the shori- and long-term outcome in
patients with moyamoya disease. Alternative techniques are also described for specific cases with
profound cerebral ischemia in the anterior cerebral artery or posterior cerebral artery territory. Special
techniques to safely complete bypass surgery and avoid perioperative complications are presented, in-
cluding methods to prevent delayed wound healing, to avoid facial nerve palsy afier surgery, and to
preserve the STA and middle meningeal artery during skin incision and craniotomy. Finally, the impor-
tance of careful management of patients is emphasized to reduce the incidence of perioperative compli-
cations, including ischemic stroke and hyperperfusion syndrome.

Key words: moyamoya disease, bypass surgery, surgical technique, direct bypass, indirect bypass

further understanding of the pathophysiology, diag-

nosis, and treatments of this disease is needed to im-

prove the long-term outcome for these patients.??
In this article, we review recent surgical advances

Introduction

Moyamoya disease is an uncommon cerebrovascu-
lar disorder that is characterized by progressive oc-

clusion of the supraclinoid internal carotid artery
(ICA) and its main branches within the circle of Wil-
lis. This occlusion results in the formation of a fine
vascular network (moyamoya vessels) at the base of
the brain.*®) The predominant feature of the patholo-
gy of moyamoya disease is now known to be
progressive stenosis of the carotid artery termina-
tions, and the moyamoya vessels are the dilated per-
forating arteries that function as collateral path-
ways.? Recent studies have rapidly expanded our
knowledge of the basic and clinical aspects of
moyamoya disease, including the etiology,
pathophysiology, surgical treatment, and long-term
prognosis of the disorder.?® In particular, various
types of bypass surgery have been developed and are
known to improve the long-term outcome in patients
with moyamoya disease.3-59.13.14,31,33,38,40,44) However,

in the treatment of moyamoya disease. Special
points of surgical techniques are precisely de-
scribed. Surgical techniques for specific cases are
also presented. Finally, the importance of periopera-
tive management of patients with moyamoya disease
is emphasized to reduce the incidence of periopera-
tive complications during and after surgical revas-
cularization.

Superficial Temporal Artery to Middle
Cerebral Artery (STA-MCA) Anastomosis
and Encephalo-duro-myo-arterio-
pericranial Synangiosis (EDMAPS)—
Standard, Tips, and Tricks

As we recently reported, STA-MCA anastomosis
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and EDMAPS are safe and feasible surgical proce-
dures for pediatric and adult patients with
moyamoya disease. These procedures include direct
STA-MCA anastomosis and indirect synangiosis.
Combined bypass can provide the advantages of
both direct and indirect bypass procedures. Clinical
results were described previously. Briefly, overall in-
cidences of mortality and morbidity in 123 opera-
tions for 75 patients were 0% and 5.7%, respectively.
The annual risk of cerebrovascular events during
follow-up periods was very low, at 0% in pediatric
patients and 0.4% in adults over about 67 months.?%
Here we discuss the theoretical basis and surgical
techniques of direct and indirect bypass procedures
separately.

Direct Bypass Procedure

Direct bypass is wuseful to improve cerebral
hemodynamics and to resolve ischemic attacks im-
mediately after surgery. The frequency of periopera-
tive ischemic stroke is lower after direct or com-
bined bypass than after indirect bypass.®) Surgery
can be technically challenging in a certain subgroup
of pediatric patients, because their cortical branches
have smaller diameters and are more fragile than
those of adults. Therefore, thorough surgical train-
ing in vessel anastomosis is essential. To safely com-
plete direct bypass procedures, the following tech-
niques are quite important. First, complete hemosta-
sis of the entire surgical route, including the scalp,
muscle, cranium, and dura mater, is essential to pre-
vent disturbance of fine manipulations during the
procedures. Elimination of cerebrospinal fluid from
the operative field also facilitates direct bypass
procedures. Second, clear visualization of the orifice
of arteriotomy by staining blue with methylrosani-
line chloride (pyoctaninum blue) is quite useful. Blue
silicone rubber should be placed beneath the
recipient artery to clearly visualize the semi-translu-
cent recipient vessel, especially in pediatric
patients.’? Our personal experience suggests that
these preparations enable safe STA-MCA anastomo-
sis even in a one-year-old baby (Fig. 1).

Although the incidence of ischemic stroke is low-
er after direct or combined bypass surgery, recent
clinical studies have clarified that careful manage-
ment of patients is quite important to avoid
perioperative complications after bypass surgery be-
cause pronounced postoperative changes in cerebral
hemodynamics may induce hyperperfusion syn-
drome, particularly in patients with profound ische-
mia before surgery.’ Dramatic postoperative
changes in cerebral hemodynamics may also cause
rapid diminishment of the basal moyamoya vessels
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and lead to transient cheiro-oral syndrome or small
frontal lobe infarction.?64? Therefore, pre- and
postoperative blood flow studies can be important to
identify and prevent such serious complications af-
ter direct or combined bypass surgery.

Moyamoya disease is often associated with altered
cerebral hemodynamics in the frontal lobe, includ-
ing the territory of the anterior cerebral artery
(ACA).26:947) However, direct STA-ACA anastomo-
sis is not always essential in all patients with
moyamoya disease,!®') probably because the surgi-
cal collaterals to the MCA territory may also provide
blood flow to the ACA territory through the pial
anastomosis. Thus, the collateral blood flow may be
redistributed after surgery.?>3® However, direct
STA-ACA anastomosis is essential in specific
patients with pronounced ischemia in the ACA terri-
tory, although the number of such cases may be
rather small. The frontal branch of STA should be
dissected from the scalp to as great a length as possi-
ble, which enables easier handling during STA-ACA
anastomosis.’®1”) The frontal branch of STA can be
anastomosed to the cortical branch of ACA close to
the midline with the usual technique, but the direct
bypass procedure should be performed more care-
fully, because the calibers of both donor and
recipient vessels are often smaller than the usual
situation in STA-MCA anastomosis (Fig. 2).
Postoperative angiography and blood flow studies
show improvement or normalization of the cerebral
hemodynamics in the involved ACA territory.1%17

The posterior cerebral artery (PCA) is also in-
volved in a certain subgroup of patients with
moyamoya disease, and PCA lesions can be obser-
ved in approximately 25% to 60% of cases.?7-3435,37.43)
These patients are considered at higher risk for sub-
sequent ischemic stroke, because the PCA functions
as an important collateral route to the ICA territory
in moyamoya disease. Some patients are known to
develop cerebral infarction in the occipital lobe or
temporo-occipital lobe at initial presentation. Surgi-
cal revascularization should be planned for both the
ICA and PCA territories in these patients.?7:34.35,37.43)
We have developed one-stage bypass surgery that
can provide extensive collateral blood flow to the en-
tire hemisphere, as reported elsewhere.?®) Briefly,
the technique includes STA-MCA anastomosis tar-
geted to the angular artery and indirect bypass
through large craniotomy extended from the frontal
to the temporo-parietal area. Follow-up cerebral an-
giography reveals that surgical collaterals supplied
blood flow widely to the operated hemispheres in-
cluding the posterior temporal and parietal lobes.
Postoperative blood flow studies also demonstrated
marked improvement of cerebral hemodynamics

Neurol Med Chir (Tokyo) 52, May, 2012
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Fig. 1 Intraoperative photographs of superficial tem-
poral artery to middle cerebral artery (STA-MCA) dou-

ble anastomosis and encephalo-duro-myo-arterio-
pericranial synangiosis for a one-year-old baby who de-
veloped sudden onset of cerebral infarction. A: Skin
incision is designed based on the course of the parietal
branch of STA. Red lines represent the course of the
frontal and parietal branches of STA. Black line
represents the design of skin incision. B: Both the fron-
tal (arrow) and parietal branches (arrowhead) of STA are
carefully dissected under surgical microscope. Note that
both branches remain patent even after complete dissec-
tion. C: The temporal muscle (M) and frontal
pericranial flaps (P) are carefully dissected and the
cranium is exposed. D: Fronto-temporal craniotomy is
performed, leaving the STA and middle meningeal ar-
tery intact. Note the wide extension of craniotomy to the
frontal area. E-G: Step-by-step photographs of STA-
MCA anastomosis. Note that the orifice of the arterio-
tomy is clearly visualized by the use of pyoctaninum
blue staining and blue silicone rubber.

and metabolism in the operated hemispheres includ-
ing the occipital lobe (Fig. 3).28)

Delayed wound healing or scalp necrosis is
known as one of the most serious complications af-
ter STA-MCA anastomosis in patients with
moyamoya disease.'®?9) We have used a modified
surgical technique to dissect the STA to avoid this
problem for 15 years. No serious complications of
wound healing and scalp necrosis have occurred.
First, the STA branches are carefully dissected from
the surrounding galeal tissue under the surgical
microscope. The dissected STA should be ‘“‘naked,”
because the surrounding galeal tissue is quite im-
portant for wound healing. Next, the galeal ‘“‘track”
is always repaired after STA dissection by suturing
the galeal tissue. The small amounts of time and ef-
fort contribute to the preservation of scalp blood
flow, thus supporting wound healing (Fig. 4). The
technique can be applied to STA-MCA anastomosis
for patients with atherosclerotic carotid artery dis-
eases (Kuroda et al., unpublished data).
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Fig. 2 Radiological and intraoperative findings of a 4-
year-old girl who developed transient weakness of the
right leg after crying. Her cousin was also diagnosed
with moyamoya disease and was surgically treated at

our hospital. A: Preoperative left internal carotid an-
giogram showing almost no filling of conirast material
in the left anterior cerebral artery (ACA) territory even
at late arterial phase (arrows). B: Iodine-123 N-
isopropyl-p-iodoamphetamine single photon emission
computed tomography scans demonstrating moderate
reduction of cerebral blood flow in the left frontal lobe at
rest (left column) and markedly impaired reactivity to
acetazolamide in the bilateral frontal lobes (right
column). C-F: Intraoperative photographs. Design of
skin incision and partial hair shaving (C). The frontal
(arrow) and parietal branches (arrowhead) of superficial
temporal artery (STA) are carefully dissected under the
surgical microscope (D). Note the very long graft of the
frontal STA branch. Two-flap craniotomy is useful to
widely expose the medial frontal lobe and perform STA-
ACA anastomosis (E). The dura mater is opened, and the
main branches of middle meningeal artery are kept in-
tact (F). The frontal STA branch is passed beneath the
cranial strip, and anastomosed to the cortical branch of
the ACA near the midline.

In patients with advanced-stage moyamoya dis-
ease, the vault moyamoya vessels are frequently
identified through the middle meningeal artery
{(MMA) and STA.?Y Therefore, the STA branches
should be preserved during surgical revasculariza-
tion if these vessels are involved in the vault
moyamoya vessels. A representative case is present-
ed in Fig. 5. This 52-year-old male had spontaneous
collaterals to the ACA branches through the frontal
branch of STA. Thus, the frontal branch of STA was
preserved and used as the donor artery for en-
cephalo-arterio-synangiosis by positioning on the
brain surface.

As described above, direct STA-MCA and/or STA-
ACA anastomoses are considered to contribute to
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Fig. 3 Radiological and intraoperative findings of a 38-
year-old female who developed ischemic siroke. A:
Diffusion-weighted magnetic resonance (MR) image
demonstrating cerebral infarction in the left posterior
temporal and occipital lobes at onset. B: MR angio-
gram revealing severe stenosis of the left posterior
cerebral artery (arrow) as well as ecclusive lesions in the
bilateral internal carotid arteries. C: Preoperative oxy-
gen-15 gas positron emission temography (1°0-gas PET)
scans showing marked reduction of cerebral blood flow
in the entire left hemisphere (lefi column). Oxygen ex-
traction is elevated in the left parieto-occipital lobe
(right column, arrowhead). D: Intraoperative photo-
graph showing a wide cranioctomy exposing the posterior
temporal and parietal lobes. The parietal branch of the
superficial temporal artery (STA) is anastomosed to the
angular artery to directly supply blood flow to the oxyg-
en exiraction-elevated area (arrow). The frontal branch
of STA is anastomosed to the prefrontal artery (ar-
rowhead). E: Postoperative three-dimensional skull
computed tomography scan demonstrating the extent of
craniotomy. F: Postoperative °O-gas PET scans show-
ing improvement of the cerebral hemodynamics (left
column) and oxygen metabolism (right column) in the
operated hemispheres.

good short- and long-term outcomes of patients with
moyamoya disease. However, the course of the fron-
tal STA branch should carefully be checked prior to
surgery. As reported before, the frontal branch of
STA runs tortuously upward and forward to the
forehead, where it supplies the muscles, integument,
and pericranium in this region, and anastomoses
with the supraorbital and frontal arteries.’® In a cer-
tain subgroup of patients, it runs in an extremely
caudal direction. In such cases, full dissection of the
frontal STA branch may injure the temporal branch
of the facial nerve and cause postoperative palsy of
the frontalis muscle.?® Therefore, only the distal por-
tion of the frontal STA branch should be dissected
from the scalp to avoid postoperative frontalis palsy,
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Fig. 4 Intraeperative photographs of left superficial
temporal artery {(STA) to middle cerebral artery double
anastomosis and encephalo-dure-myo-arterio-pericrani-
al synangiosis for a 6-year-old boy who developed tran-
sient weakness of the left extremities. A: The main
trunk of STA and its two main branches are carefully
dissected from the surrounding galeal tissue under sur-
gical micrescope. Note that there are no galeal tissues
around the dissected STA branches. B: The main trunk
of STA and its frontal and parietal branches are still pa-
tent after complete dissection. Note that dissection of
the STA branch resulted in the track-like galeal injury,
where subcutaneous fatty tissue is exposed (arrow). C:
After STA dissection, the galeal injury should be care-
fully repaired to preserve bleod flow in the scalp, using
absorbable surgical sutures {(arrow). D: The galeal inju-
ry after dissection of the frontal STA branch is com-
pletely repaired, contributing to good wound healing
(arrows).

if the course is extremely caudal. The artery close to
the temporal branch of the facial nerve should be left
intact (Fig. 6). The dissected length is enough for
direct bypass to the frontal branches of the MCA. Af-
ter STA-MCA anastomosis, the frontal branch of
STA can be guided into the intracranial space
through the burr hole at the pterion (Fig. 6).

Indirect Bypass Procedure

Surgical procedures for indirect bypass are specific
for moyamoya disease. Indirect bypass surgery that
induces spontaneous angiogenesis between the
brain surface and the vascularized donor tissues is
technically simple to do and has been widely used.
Donor tissues include the STA, dura mater, tem-
poral muscle, and galeal tissue.?13.16:20.32) However,
several important issues should be considered when
performing indirect bypass procedures. First, the
beneficial effects are not immediate because surgi-
cal collaterals require 3 to 4 months to develop,®748)
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Fig. 5 Intraoperative photographs of superficial tem-
poral artery to middle cerebral artery (STA-MCA) single
anastomosis and encephalo-duro-mye-arterio-pericrani-
al synangiosis for a 52-year-old male who developed

minor ischemic stroke. A: Preoperative right external
carotid angiogram showing the collateral circulation to
the anterior cerebral artery branches spontaneocusly de-
veloped through the frontal branch of STA (arrows). B:
Skin incision (black line) and course of two branches of
STA (red lines). Note that the frontal branch of STA (ar-
row) is crossing the line of the skin incision. C: The
STA branches are carefully dissected, and the scalp flap
is reflected. Then, the temporal muscle and frontal
pericranial flap are dissected. The frontal branch of
STA is still intact (arrow). D: The dura mater is
opened, leaving the middle meningeal artery branches
intact. The parietal branch of STA is anastomosed to the
cortical branch of MCA (arrowhead). The frontal branch
of STA is still intact (arrow). E: The dural window is
covered by the temporal muscle (M) and frontal
pericranium (P). Note that the frontal branch of STA is
still intact (arrow) and is used as the donor artery for en-
cephalo-arterio-synangiosis. F: Posioperative right ex-
ternal carotid angiogram demonstrating collateral blood
flow through the STA-MCA anastomosis and indirect
bypass. Note the preserved frontal branch of the STA
(arrows).

suggesting that there is a potential risk of periopera-
tive ischemic stroke.®*V Second, previous studies
have demonstrated that collateral pathways through
indirect bypass extensively develop in almost all
pediatric patients, but not in about 40% to 50% of
adult patients.?® In fact, combined, but not indirect,
bypass surgery could reduce the incidence of re-
bleeding in adult moyamoya disease.' Third, surgi-
cal design is quite important because the extent of
surgical collateral pathways depends on the size of
the craniotomy and the extent of the indirect bypass.
Thus, the revascularized area is confined to the
craniotomy field after indirect bypass. Recent mul-
tivariate analysis has proven that “‘small
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Fig. 6 A: Anatomy of the superficial temporal artery
(STA; red) and facial nerve (yellow). The facial nerve has
the temporal branch (*) and zygomatic branch (**). Note
that the frontal branch of the STA runs very close to the
temporal branch of the facial nerve because of its unusu-
ally caudal course in some patients (arrow). B: In-
traoperative photograph of a 54-year-old female who ex-
perienced transient weakness of the left extremities. The
frontal branch of STA runs very caudally, and only the
distal part is dissected from the scalp (arrows). C: In-
traoperative photograph showing that STA to middle
cerebral artery double anastomosis is completed. Note
that the frontal STA branch is guided into the in-
tracranial space through the burr hole made at the
pterion (arrows). The parietal branch of STA follows the
usual course (arrowheads). D: Postoperative right ex-
ternal carotid angiogram showing that the frontal
branch of the STA (arrow) is guided into the subdural
space through the burr hole at the pterion. The parietal
branch of the STA is guided into the intracranial space
with a usual fashion (arrowhead).

craniotomy’’ surgery can be an independent predic-
tor for poor intellectual outcome in pediatric
moyamoya disease, probably because of persistent
cerebral ischemia in the frontal lobes even after sur-
gery.?8) Figure 7 shows representative cerebral an-
giography and three-dimensional skull computed
tomography findings after various types of indirect
bypass surgery, demonstrating that indirect bypass
through a smaller craniotomy develops less exten-
sive surgical collaterals.

Based on these observations, we have recently de-
veloped a novel indirect bypass procedure by using
the vascularized frontal pericranial flap, named
EDMAPS (see above).?¥ The frontal pericranial flap
islarge enough to widely cover the frontal lobe (Figs.
2, 3, and 5). Postoperative cerebral angiography and
blood flow studies have shown that the pericranial
flap functions well as a donor tissue for indirect by-
pass, especially in pediatric patients with



292

Fig. 7 Posioperative external carotid angiograms
(A-C) and three-dimensional skull computed tomogra-
phy scans (D-F) showing the relationship between
craniotomy size and the extent of surgical collaterals
through indirect bypass after encephalo-dure-arterio-
synangiosis (A, D), encephalo-myo-synangiosis (B, E),
and encephalo-duro-arterio-myo-synangiosis (C, F).

moyamoya disease. Figure 8 demonstrates the
representative radiological findings before and after
STA-MCA single anastomosis and EDMAPS in an
adult patient with hemorrhagic onset. Surgical col-
lateral pathways have extensively developed and
provide blood flow widely to the operated
hemisphere. Finally, the basal moyamoya vessels are
markedly diminished.

The MMA can function as one of the important
surgical collaterals through the dura mater. There-
fore, the MMA should carefully be preserved during
craniotomy. However, the course of the anterior
{frontal) branch of the MMA in the region of lesser
wing of the sphenoid and adjacent parietal bone
greatly varies in adults. Generally, the anterior
branch of the MMA is believed to run within the
groove in the medial surface of bone, but this pattern
is observed in less than 30% of adults. Alternatively,
the course of the anterior branch of the MMA is
completely enclosed within a bony canal in the less-
er wing of the sphenoid and parietal bone in about
50% to 75% of adults.304%) Therefore, the MMA can
easily be damaged during usual fronto-temporal
craniotomy. As shown in Fig. 8G and H, we have
modified the design of fronto-temporal craniotomy
to avoid this problem. The MMA can be kept intact
by carefully drilling out the lesser wing of the sphe-
noid. Figure 8E and F demonstrate that the dilated
anterior branch of the MMA remains intact and
functions as one of collateral pathways even after
surgery.
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Fig. 8 Radiological findings of a 55-year-old female
who developed transient ischemic attacks followed by
right thalamic hemorrhage. She underwent right super-
ficial temporal artery to middle cerebral artery (STA-
MCA) single anastomosis and encephalo-dure-myo-
arterio-pericranial synangiosis (EDMAPS) safely. A:
Postoperative three-dimensional skull computed tomo-
graphy scan showing the extent of craniotomy. B, C:
Pre- (B) and postoperative (C) right internal carotid an-
giograms revealing marked diminishment of the basal
moyamoya vessels after surgery (C, arrows), D-F: Pre-
(D) and postoperative (E, F) right external carotid angio-
grams showing extensive developments of the surgical
collaterals through the STA-MCA anastomosis (E, F; ar-
row) and indirect bypass. Note that the middle menin-
geal artery (MMA) is preserved even after surgery (D-F,
arrowhead) and that the deep temporal artery has in-
creased diameter after surgery (E, asterisk). G, H: In-
traoperative photographs of right STA-MCA single
anastomosis and EDMAPS. Fronto-temporal cranio-
tomy is designed to aveid injury of the MMA during
craniotomy (G). The MMA can be preserved intact by
carefully drilling out the bone surrounding the MMA
(H).

Conclusions

In this article, we describe the basic concepts of sur-
gical revascularization for moyamoya disease. In
particular, STA-MCA anastomosis combined with a
novel indirect bypass, EDMAPS, can be a safe and
effective procedure for pediatric and adult patients
with moyamoya disease. However, it is quite im-

Neurol Med Chir (Tokyo) 52, May, 2012



Bypass Surgery for Moyamoya Disease

portant to achieve the optimum effects by modifying
the surgical procedures according to the cerebral
hemodynamics and spontaneous collateral path-
ways in each case. Also, it is essential to understand
the anatomy of the scalp, STA, and MMA to avoid
surgical complications and improve outcome. In ad-
dition to surgical techniques, careful management of
the patients is critical to reduce the incidence of
perioperative complications, including ischemic
stroke and hyperperfusion syndrome.
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Abstract

Research on moyamoya disease has progressed remarkably in the past several decades. Indeed, many
new facts concerning the epidemioclogy of the disease have been revealed and surgical treatments have
been drastically improved. However, despite extensive research, the mechanism of moyamoya disease
is still unknown. Consequently, the cardinal treatment of this disease has not yet been developed. For
further clarification of its etiology, innovative studies are therefore indispensable. The aim of this
paper is to review research on the pathogenesis of moyamoya disease to identify milestones in the direc-
tion of its true solution. Many hypotheses of the pathogenesis of moyamoya disease have been proposed
in the past half century, including infection (viral and bacterial), autoimmune disorders, proteins ab-
normality, and gene abnormality. Some of these are now considered to be historical achievements.
Others, however, can be still subjected to contemporary research. Currently, several genetic abnormali-
ties are considered to offer the most probable hypothesis. In addition, interesting papers have been
presented on the role of the endothelial progenitor cell on the pathogenesis of moyamoya disease. Intui-
tively, however, it appears that a single theory cannot always explain the pathogenesis of this disease
adequately. In other words, the complex mechanism of several factors may comprehensively explain
the formation of moyamoya disease. The ‘‘double hit hypothesis’’ is probably the best explanation for

the complicated pathology and epidemiology of this disease.

Key words: moyamoya disease, etiology,

Introduction

Cerebrovascular moyamoya disease is characterized
by progressive stenotic change in the terminal
portion of the bilateral internal carotid arteries and
the formation of an abnormal vascular network at
the base of the brain.3%49.62.63.67) The latter is thought
to be a secondary phenomenon that compensates
for the cerebral ischemia due to the primary in-
ternal carotid artery stenosis. The abnormally devel-
oped vascular network is defined as “moyamoya
vessels.”’63)

The pathological entity of moyamoya disease was
established in the 1960s.3549.63.67) Since then, particu-
larly enthusiastic research has been conducted in
Japan and progress has been remarkable in the past
several decades. So far, many new aspects of the
epidemiology have been uncovered and innovations
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in surgical treatment have been developed, includ-
ing direct bypass surgery and other combined revas-
cularization treatments.%36.37.71)

Despite these many and extensive studies,
however, the mechanism of moyamoya disease is
still unknown. From a historical point of view, some
of the hypotheses are now considered to be histori-
cal achievements. Thus, cerebrovascular disease
with certain basic diseases or conditions, including
infection and autoimmune disease are currently dis-
tinguished from definitive or probable moyamoya
disease.') However, these hypotheses have been oc-
casionally proposed in the history of the investiga-
tion of moyamoya disease. Innovative research is in-
dispensable for further clarification of the pathogen-
esis. In a sense, moyamoya disease is shrouded still
in mystery, literally as a “puff of smoke” (Table 1).
Consequently, the cardinal treatment to block the
pathogenesis of the disease has not yet been devel-
oped. The aim of this paper is, therefore, to review
the past clinical and basic research on the pathogen-
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Table 1 Summary of unknown issues in meyamoya
disease

1 Geographical distribution

2 Sex specificity

3 Heredity

4 Pathological specificity

5 Vasculogenesis (angiogenesis?)
6 Etiology

Japanese, Korean

woman 2 times

10-20%, low penetration
different from atherosclerosis

unknown

esis of moyamoya disease in order to find a guide to
the true solution of this disease.?%%

There are many ways to uncover the etiology of a
disease. Conventional methods include the epide-
miological approach, basic research including the
animal model approach, and the clinical approach.
As is well known, however, the animal model of this
disease has not been established.®192340) [n this
paper, therefore, research on moyamoya disease and
moyamoya syndrome using conventional pathologi-
cal methods as well as research on proteomics,
relationship  between immune system and
moyamoya disease or syndrome, gene abnormality,
and cell abnormality will be reviewed. Finally, the
authors will propose a comprehensive idea to ex-
plain the many aspects revealed by many ap-
proaches.

Materials and Methods

In this paper, studies published in English and the
main studies in Japan on moyamoya disease are rev-
iewed as comprehensively as possible. The main stu-
dies are summarized according to the following five
viewpoints: i) Pathological study and abnormal
thrombogenesis, ii) proteomics, iii) infection and au-
toimmune abnormality and human leucocytes anti-
gen (HLA) abnormality, iv) genetics, and v) en-
dothelial progenitor cell (EPC). These particular
viewpoints are discussed in each part.

Results

I. Pathological study and abnormal thrombogen-
esis

Needless to say, pathological study offers essential
information about the pathogenesis of moyamoya
disease. However, the difficulty of the pathological
approach is that specimens of the terminal portion
of the internal carotid artery are difficult to obtain
since autopsies conducted in patients with
moyamoya disease have decreased recently. For this
reason, pathological study has to be traced back to
the 1990s.

Firstly, the inflammatory process hypothesis has

00
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been proposed by Masuda et al.*) However, as is
well known, the characteristics of the stenotic
change seen in moyamoya disease are quite different
from those of the atherosclerotic process seen in
adults. There is no lipid pool or inflammatory cell or
macrophage invasion to the sub-intimal layer as
typically seen in atherosclerosis.?® The typical
pathological finding seen in the terminal of the inter-
nal carotid artery is a concentric and eccentric
fibrocellular thickening of the intima that induces
the stenosis of the vascular lumen. The intimal elas-
tic lamina shows an abnormal waving form without
the rupture, although it is basically maintained.
Masuda et al. have demonstrated that the thickening
of the intimal layer includes migration of the smooth
muscle cell of media that resembles atherosclerosis
but no inflammatory cells are observed. From these
classic studies, we can learn that the mechanism of
stenotic change seen in moyamoya disease is quite
different from that of atherosclerosis. However, un-
fortunately, no clear hints are obtained to connect
with the true pathogenesis of moyamoya disease.

On the other hand, a hypothesis of abnormal
thrombogenesis has been advanced by Hosoda
et al.,') who reported that thromboemboli are
occasionally (around 50% in their autopsy cases)
seen in the internal wall of the moyamoya artery and
its distribution correlates well with the character of
moyamoya disease. They have suggested that abnor-
mal thrombogenesis plays an important role in the
etiology of this disease. However, another study by
Tkeda and Hosoda has failed to demonstrate any
difference in expression of the thrombomodulin
{anticoagulant protein expressed in the endothelial
cells) between normal controls and moyamoya
patients.?V) Subsequently, few papers have been
published to demonstrate the relationship between
the etiology of moyamoya disease and abnormal
thrombogenesis. Clinically sickle cell anemia is well
known to cause moyamoya syndrome and ab-
normality in thrombogenesis is suspected in its
etiology. Other research has pointed out that pro-
thrombotic abnormality, antiphospholipid syn-
drome, and protein-S abnormality are commonly
reported in moyamoya disease and moyamoya syn-
dr0m8.2’7’27’57’60]

In conclusion, morphological study using classi-
cal techniques has successfully demonstrated the
typical change in internal thickening of the intima in
moyamoya disease. However, it has not necessarily
offered insight into the essential pathogenesis of this
disease.

II. Proteomics
There are many successful studies on the detec-
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Table 2 Change in cytokines

No change

TGF-8
VEGF, IL-8
PDGF

Elevation

b-FGF
HGF
CRABP-1
ICAM-I
E-selectin
b-FGF
TGF-$
PDGF
HGF
HIF-1a

CSF

Cerebral artery, STA, cultured SMCs

b-FGF: basic fibroblast growth factor, CRABP-I: cellular
retinoic acid-binding protein type I, HGF: hepatocyte
growth factor, HIF-1a: hypoxia-inducible factor 1o,
ICAM-1: intercellular adhesion molecule type 1, IL-8: in-
terleukin-8, PDGF: platelet-derived growth factor, SMCs:
smooth muscle cells, STA: superficial temporal artery,
TGF-f: transforming growth factor 8, VEGF: vascular en-
dothelial growth factor.

tion of cytokine increase in specimens obtained
from patients with moyamoya disease. Indeed, in
the last 15 years, many investigations have been con-
ducted in this field.31518,30,33,46,65,69,75) The results are
summarized in Table 2. Most studies are based on
the examination of cerebrospinal fluid (CSF) ob-
tained from the surface subarachnoid space during
surgery on moyamoya disease patients. Angiogenet-
ic cytokines such as basic fibroblast growth factor
(b-FGF), hepatocyte growth factor, and transforming
growth factor (TGF) are mainly shown to have in-
creased in CSF and other surgical specimens such as
artery walls and the dura mater. These proteins may
relate to the pathogenesis of moyamoya disease.
Among the angiogenetic cytokines, the b-FGF has
attracted most attention since it can rationally ex-
plain the apparently inconsistent phenomena seen
in moyamoya disease, namely, stenc-occlusive le-
sion in the Willis ring and the development of
moyamoya vessels and dilation of the cortical small
arterioles and angiogenesis/vasculogenesis after in-
direct synangiosis. It is well known that b-FGF in-
duces the proliferation of endothelial cells which
may produce the stenotic change of the major arte-
ries in moyamoya disease. On the other hand, b-FGF
has an angiogenetic and vasodilative effect on the
small pial arteries that can rationally explain the de-
velopment of abnormally dilated vasculature and the
dilated superficial pial arterioles on the cortex in
moyamoya disease. In addition, it has been demon-
strated that the level of b-FGF in the CSF is closely
related to the level of neo-vascularization after an in-
direct bypass. It is noteworthy, however, that strong
angiogenetic factors such as vascular endothelial
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Table 3 Correlation beiween moyamoya disease and
infection/autoimmune disease

Infection
bacterial Infection pneumococcus

tuberous infection

Propionibacterium acnes

Leptospira

Streptococcus

Epstein-Barr virus

varicella-zoster virus

measles virus

human immunodeficiency virus

cytomegalovirus

antiphospholipid antibodies syndrome

systemic lupus erythematosus

Graves’ disease

viral infection

Auto-immune disease

growth factor (VEGF) and platelet-derived growth
factor (PDGF) are not always increased in
moyamoya disease.!®

Nevertheless, there is some skepticism regarding
the role of abnormality of proteins seen in
moyamoya disease. We do not have reliable control
data of the cytokine level that may differ according
to location and age. In addition, under some hypoxic
and ischemic conditions, it is well known that these
cytokines significantly fluctuate. In other words, the
data might simply reflect the response of cytokines
to hypoxic and ischemic processes in moyamoya
disease. It is thus conceivable that cytokine abnor-
malities may be the result of ischemia but not the
cause of moyamoya disease.!®)

III. Infection and autoimmune abnormality and
HLA abnormality

These three hypotheses have been occasionally
proposed in the history of the investigation of
moyamoya disease (Table 3). As mentioned above,
the moyamoya phenomenon observed in patients
with infection or autoimmune diseases is now elimi-
nated from moyamoya disease. However, all three
are considered to correlate with each other through
the common pathway of abnormality in the immune
system in moyamoya disease. It is important, there-
fore, to review and know past research on the
relationships between moyamoya disease or
moyamoya syndrome and infection or immune sys-
tem disorder, including autoimmune abnormality
and HLA abnormality. Many infections have been
reported to be related to the moyamoya phenomen-
on, including bacterial meningitis due to pneu-
mococcus, tuberous infection, viral infection by
varicella-zoster virus, measles virus, human im-
munodeficiency virus, cytomegalovirus, Epstein-
Barr virus, and Leptospira infection,819-42,45,66.,68,70)
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Among these sporadic case reports, Yamada et al.
have systematically studied the serum of 85 patients
suffering moyamoya disease, and revealed that
Propionibacterium acnes antibody and im-
munoglobulin M, transferrin, and o2-macroglobulin
levels are significantly higher in cases of moyamoya
disease.”¥ However, there are few systemic studies
on subsequent infection and moyamoya disease.

Many autoimmune diseases have been reported to
be related to the moyamoya phenomenon, including
antiphospholipid antibodies syndrome, systemic lu-
pus erythematosus, Graves’ disease, and HLA class I
or II alleles abnormality.12:56:6472) However, these stu-
dies have indirectly proved the correlation between
abnormalities of the immune system and moyamoya
disease. Indeed, it is conceivable that the true genet-
ic triggers of moyamoya disease are close to the ab-
normalities seen in HLA alleles disclosed.

IV. Genetics

Some genetic factors are believed to contribute
to the etiology and development of moyamoya dis-
ease.11437.5273) Evidence for a genetic contribution to
moyamoya disease is suggested by strong regional
differences with a high occurrence in Asian coun-
tries (primarily Japan and Korea) and much smaller
rates in Western countries, as well as with many
familial occurrences and high incidence in con-
cordant monozygotic twins.'2%7.5052) Further evi-
dence shows that the female to male ratio rises from
1.6:1 in sporadic cases to 5.0:1 in familial cases; and
the mean age of onset drops from 30.0 years in
sporadic cases to 11.8 years in familial cases.

K. Houkin et al.

Moreover, while the onset of symptoms in parents of
affected families shows an average of 30.7 years,
their offspring show the first signs of moyamoya
disease at an average age of 7.2 years.’”) Moyamoya
syndrome has also been reported in patients with
other diseases of known genetic origin, such as neu-
rofibromatosis type I and Down syndrome, among
others, highlighting the evidence for a possible
genetic etiology for this severe disease.?”) Additional-
ly, the following facts suggest a multifactorial etiolo-
gy of moyamoya disease: the predisposition of
familial occurrence,®’*’® the non-Mendelian pat-
tern of inheritance in familial cases.**5% Based on
these considerations, some researchers believe that
moyamoya disease is inherited in a polygenic or au-
tosomal dominant mode with a low penetrance.450
For decades, studies have implicated certain genetic
loci or susceptibility genes in harboring a risk for de-
veloping moyamoya disease, as shown in Tables 4,
5, and 6.

To specify the locus or the causative gene for
moyamoya disease, linkage analysis (family-based
studies such as parametric linkage analysis and af-
fected sibling pair analysis) and association studies
(case-control studies) have been performed. As
shown in Table 4, four reports from Japan have con-
ducted linkage analysis by using microsatellite mar-
kers to specify the susceptible genetic loci on famili-
al moyamoya disease.?>2%5477) These reports have
specified the susceptible linkage at 3p24.2-p26, 6q25,
17q25, and 8q23 for familial moyamoya disease. A
suggestive linkage at 12p12 has also been demon-
strated. As shown in Table 5, several association stu-

Table 4 Summary of linkage analysis to specify the susceptible genetic loci for familial meyamoya disease (MMD)

Author (Year) Method Subject Ethnicity DNA marker Coverage Result
Ikeda et al. non-parametric 77 individuals in Japanese 371 22 autosomes linkage at 3p24.2-p26
(1999)?% linkage analysis 16 families, microsatellite (maximal NPL score
including 37 markers 3.46 on D3S3050)
MMD patients
Inoue et al. non-parametric 20 affected sibling Japanese 15 microsatellite chromosome linkage at 6q25 (linkage
(2000)% linkage analysis; pairs in 19 markers 6 disequilibrium at
affected sibling families D6S441; IBD [0:12:8])
pair analysis
Yamauchi et al. a combination of 103 individuals in  Japanese 22 microsatellite chromosome linkage at 17¢25 (maximal
(20007 parametric and 24 families, markers 17 LOD score 4.58) within
non-parametric including 56 the 9-cM region of
linkage analysis MMD patients D175785 to D175836
Sakurai et al. non-parametric 46 individuals in Japanese 428 genome-wide linkage at 8923 (MLS 3.6
(2004)%% linkage analysis 12 families, microsatellite linkage and NPL 3.3 on
followed by including 12 markers analysis D8S546) and suggestive

TDT method

affected sibling
pairs

linkage at 12p12 (MLS
2.3, NPL 2.5 on
D1251690), no linkage
disequilibrium at
markers in these loci

DNA: deoxyribonucleic acid, IBD: identical by descent, LOD: logarithm of odds, MLS: maximal LOD score, NPL: non-
parametric LOD, TDT: transmission disequilibrium test.
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Table 5 Summary of case-control association studies to specify the candidate gene or polymorphism for meyamoya

disease (MMD)

Candidate genotype

Significantly associated allele for MMD

Author (Year) Subjects Control Ethnicity
Kitahara et al. 18 patients and 106 normal Japanese
(1982)%9 31 reviewed controls
cases with
MMD
Aoyagi et al. 32 unrelated 178 unrelated Japanese
(1995)% patients with normal controls
MMD without history
of CVD
Inoue et al. 71 unrelated 525 normal Japanese
(1997)24.28) patients with controls
MMD
Han et al. 28 patients with 198 normal Korean
(2003)® MMD controls
Kang et al. 11 patients with 50 patients with ~ Korean
(2006)%V familial MMD non-familial
MMD and 50
normal controls
Hong et al. 10 children with 54 children with  Korean
(2009)® familial MMD non-familial
MMD and 207
normal controls
Roder et al. 40 patients with 68 normal central
(2010)3 MMD controls European

HLA class I genotype

HLA class I and II
genotype

HLA class I and II
genotype

HLA-B and HLA class
I genotype

SNPs of TIMP4 and
TIMP2 gene on
chromosomes
3p24.2-p26 and
17925

high resolution
HLA-DRB1 and
DQB1 genotypes

13 SNPs in and
upstream of b-FGF,
CRABP1, PDGFRS
and TGF f1 gene

HLA-AW24(RR 3.83), BW46(RR6.50),
BW54(RR3.58)

HLA-B51(RR 3.7), the combination of
the HLA-B51 and -DR4

HLA-DQB1%0502 (positive
association}, HLA-DRB1%0405 and
-DQB1*0401 (negative association)

HLA-B35 (RR4.2)

G/C heterozygous genotype at position
-418 in TIMP2 promoter (OR9.56:
familial vs non-familial MMD,
OR10.5: familial MMD vs
non-MMD)

HLA-DRB1*1302 (OR12.76: familial
MMD vs non MMD, OR13.42:
familial vs non-familial MMD),
HLA-DQB1*0609 (OR14.67: familial
MMD vs non-MMD, OR35.33:
familial vs non-familial MMD)

rs382861(A/C) in the promotor region of
PDGFRS (OR1.81) and
rs1800471(C/G) in the first exon of
TGF p1 (OR7.65)

b-FGF: basic fibroblast growth factor, CRABP1: cellular retinoic acid-binding protein 1, CVD: cerebrovascular disease,
HLA: human leukocyte antigen, OR: odds ratio, PDGFRS: platelet derived-growth factor receptor 8, RR: relative risk, SNP:
single nucleotide polymorphism, TIMP: tissue inhibitor of metalloproteinase, TGF f1: iransforming growth factor 1.

dies have been reported by using HLA genotype and
single nucleotide polymorphisms (SNPs) of several
cytokines or growth factors.%13:16.24,26,31,3453) Thyg, the
association has been investigated between
moyamoya disease and several markers involved in
cell proliferation, constituting vessel strictures or
expressing in the brain and/or vessels. As a result,
several HLA alleles, SNPs of tissue inhibitor of
metalloproteinase 2 promoter, PDGF receptor £ and
TGF f1 have been revealed to be candidate genes or
polymorphism. However, these studies have not
elucidated the susceptibility gene for moyamoya dis-
ease. As Mineharu et al. have pointed out, there
seem to be three main explanations as follow.*¥
First, moyamoya disease may be caused by several
different mechanisms (disease heterogeneity). Sec-
ond, moyamoya disease exhibits different modes of
inheritance (genetic heterogeneity). Finally, several
genetic factors in different loci can cause the same
disease (locus heterogeneity). From these view
points, several studies have been conducted by using
a combination of several methods to specify the
susceptibility gene for moyamoya disease (Table
6).29.38.39.43.47) Of these, two independent groups from
Japan have identified, very recently, the susceptibili-
ty gene for moyamoya disease by employing a com-
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bination of several methods, including linkage anal-
ysis, case-control association studies, and gene an-
notation studies. Thus, Kamada and colleagues from
Tohoku University employed a genome-wide associ-
ation study and identified ring finger protein (RNF)
213 (*613768; http://omim.org/entry/613768) as the
first moyamoya disease gene.?® Around the same
time, Liu and colleagues from Kyoto University, the
University of Tubingen, Palacky University, the
Chinese People’s Liberation Army General Hospital,
and Seoul National University employed genome-
wide linkage analysis by assuming the inheritance
pattern of moyamoya disease as autosomal
dominant mode with incomplete penetrance and
whole genome-exome analysis. As a result, they
provided evidence suggesting the involvement of
RNF213 in genetic susceptibility to moyamoya dis-
ease.?” As Liu et al. noted, the discoveries of the sus-
ceptibility gene, its association with moyamoya dis-
ease, and its unique roles in angiogenesis may yield
a way to early diagnosis and prevention of the dis-
ease. It should be noted, however, that further stu-
dies are necessary to clarify the biochemical func-
tion and pathological role of RNF213 in moyamoya
disease.



