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Abstract

Moyamoya disease (MMD) is a rare chronic cerebral ischemic disease with
unknown etiology that shows characteristic angiographic features of intracranial
collateral vessels. Revascularization surgery (RVS) is a well-known method for
the augmentation of cerebral perfusion in MMD. Based on the surgical proce-
dures, RVS for MMD is classified as direct, indirect, and combined. For RVS,
there are many aspects to consider, such as age (pediatric vs. adult), surgical
indication, and selection of surgical procedures (indirect vs. direct vs. com-
bined). Along with these aspects, we analyzed and described the outcome of
RVS in both pediatric and adult MMD in Korea with a review of pertinent
literature.
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23.1 Introduction

Revascularization surgery (RVS) involves establishing a vascular connection
between the brain and extracranial vessels or vascularized tissues for blood flow
augmentation to the ischemic brain. RVS techniques for moyamoya disease (MMD)
are classified into direct, indirect, and combined RVS procedures.

According to data from the National Health Insurance Service in South Korea,
from 2008 to 2019, 18,056 patients were newly diagnosed with MMD [1, 2]. The
number of newly diagnosed adult patients with MMD increased by 67.0% over the
11-year period, with 1,590 adult patients diagnosed with MMD in 2019. For adult
MMD, the crude incidence in 2019 was calculated as 3.75 per 100,000 person-
years, which increased by 76.9% over the 11-year period (Fig. 23.1) [1, 2]. The
number of newly diagnosed pediatric patients with MMD decreased by 16.2% from
296 in 2008 to 248 in 2019. This is thought to be caused by a significant decrease in
the birth rate; however, the crude incidence did not decrease as the detection rate
increased. For pediatric MMD, the crude incidence in 2019 was calculated as 2.76
per 100,000 person-years, which increased by 11.1% over the 11-year period [1, 2].

Regarding the treatment for MMD in Korea, the total number of RVS for adult
MMD increased to 389 by 2012, and then slightly decreased to 364 in 2016. The
number of direct RVS cases, including combined RVS cases, peaked at 266 in 2014
and then showed plateaus status to 2016. The proportion of cases in which indirect
RVS was performed alone decreased from 62.5% in 2008 to 31.3% in 2016.
(Fig. 23.2a) Meanwhile, RVS for pediatric MMD declined significantly over the
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Fig. 23.1 The crude incidence of moyamoya disease (MMD) in Korea. The crude incidence of
adult MMD in 2019 was calculated as 3.75 per 100,000 person-years, which increased by 76.9%
throughout 2008-2019. For pediatric MMD, the crude incidence was 2.76 per 100,000 person-
years in 2019, which increased by 11.1% from 2008
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Fig. 23.2 The treatment for moyamoya disease (MMD) in Korea. (a) The total number of revas-
cularization surgeries (RVS) for adult MMD increased to 389 by 2012 and then decreased to 364 in
2016. The number of direct RVS cases, including combined RVS cases, peaked in 2014 and then
showed plateau status. The proportion of indirect RVS alone decreased from 62.5% in 2008 to
31.3% in 2016. (b) Operations for pediatric MMD declined significantly over the 9-year period,
with 399 and 313 operations performed in 2008 and 2016, respectively
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9-year period, with 399 and 313 operations performed in 2008 and 2016, respec-
tively, although the number of direct RVS cases, including cases of combined RVS,
increased steadily over the 9-year period (Fig. 23.2b) [1, 2].

23.2 Procedure of RVS

Indirect RVS is the procedure of shifting the external carotid artery branches sup-
plying vascularized tissue from the scalp to the surface of the ischemic brain for
provoking spontaneous leptomeningeal anastomoses [3, 4]. There are various types
of indirect RVS procedures. The most standard and generally used procedures for
indirect RVS are encephalo-duro-arteriosynangiosis (EDAS) [5, 6], encephalo-
myo-synangiosis (EMS) [7], and encephalo-duro-arterio-myo-synangiosis
(EDAMS) [8]. The choice of donor tissue, such as the superficial temporal artery
(STA), dura (middle meningeal artery), temporalis muscle (deep temporal artery),
galea, and periosteum vary according to the operator or the institute’s preference
[9-11]. The advantages of indirect RVS over direct RVS are its relatively easy surgi-
cal technique, short operation time, and a relatively low risk of postoperative hyper-
perfusion syndrome. However, because indirect RVS procedures require the process
of angiogenesis, neovascularization takes time to occur in the repositioned tissue
adjacent to the ischemic brain, which is not effective for immediate blood flow aug-
mentation [10, 12]. In some cases, sufficient collateral vessels do not grow even
after the indirect RVS procedure [9, 13]. Due to concerns about incomplete RVS
[14-18], a combination of different indirect RVS procedures is used for a wide
extent of revascularizations. These include procedures such as EDAS plus bifrontal
encephalo-galeo-periosteal-synangiosis (EGPS) [9], multiple EDAS [19], ribbon
EDAMS [20], and multiple burr holes [21].

Direct RVS, usually represented by the STA to middle cerebral artery (MCA)
anastomosis, is the most used technique in adult MMD. Other variations include the
occipital artery to posterior cerebral artery anastomosis and the STA to anterior
cerebral artery anastomosis. Direct extracranial-intracranial artery anastomosis
enables prompt flow augmentation because it does not require angiogenesis and
only requires remodeling of the arterio-arterial anastomosis site called arteriogene-
sis [12]. However, immediate changes in hemodynamics can cause perioperative
complications such as postoperative hyperperfusion syndrome [22, 23].

Combined RVS with both direct and indirect RVS is the most effective technique
currently used. As the revascularization process continues after surgery, both direct
bypass and indirect bypass play an important role because they have different for-
mation processes and patterns [24]. Direct bypass plays a major role in early flow
augmentation in the early postoperative period; however, the area revascularized by
direct revascularization may decrease due to occlusion of the distal cerebral artery
over time. In such cases, collateral vessels by the indirect bypass can play a comple-
mentary role [10]. In some cases, synergistic increases are seen in the area revascu-
larized by both direct and indirect bypasses without regression of the flow by direct
bypass [25].
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23.3 Indication of RVS

The common idea of RVS in patients with MMD is the enhancement of intrinsic
compensatory mechanisms in the nature of MMD [26]. Revascularization surgery
preserves the brain that is vulnerable to stroke from cerebral ischemia by improving
cerebral blood flow and preventing cerebral hemorrhage by reducing hemodynamic
stress [27].

In pediatric MMD, RVS is an irreplaceable option regardless of disease severity.
The young developing brain, which requires high cerebral oxygen metabolism, jus-
tifies timely RVS surgery [9, 28-31]. The younger the age at which MMD is diag-
nosed, the worse the clinical prognosis, which means that the earlier the surgery, the
better the clinical outcome [9, 29, 30, 32].

In contrast to pediatric MMD, treatment strategies for adult MMD are selected
depending on the disease state. RVS is primarily considered in adult ischemic MMD
with the presence of symptoms and hemodynamic compromise [27, 33, 34].
Recently, bilateral direct RVS has been reported as an effective treatment for adult
hemorrhagic MMD, reducing hemorrhagic recurrence, and improving patient prog-
nosis since the Japan Adult Moyamoya trial [35].

As the use of magnetic resonance imaging (MRI) for diagnostic purposes
increases, patients with asymptomatic MMD are increasing [1, 2]. However, the
long-term clinical course and prognosis of asymptomatic MMD are indeterminate,
and treatment strategies for asymptomatic MMD are unclear. Kuroda et al. [36]
reported 23.8% (15/63 patients) of disease progression, with a mean time to pro-
gression from diagnosis of 60 months (1.5-8 years). MMD progression occurs in
both bilateral and unilateral MMD, both the anterior and posterior circulation, and
symptomatic and asymptomatic cases [36]. Yamada et al. [37] reported that 21.2%
(6/33 patients) of the patients with asymptomatic MMD became symptomatic
within the mean follow-up duration of 44 months. In a prospective study of patients
with asymptomatic MMD [38], silent cerebral infarct and decreased cerebral hemo-
dynamics accounted for 20% and 40%, respectively. During a mean follow-up dura-
tion of 43.7 months, seven patients experienced cerebrovascular events (transient
ischemic attack, n = 3; ischemic stroke, n = 1; hemorrhagic stroke, n = 3) among 34
non-surgically treated patients (3.2% of estimated annual stroke risk). Unlike previ-
ous studies that did not separate the hemodynamic state and the presence of symp-
toms, Cho et al. [39] investigated the natural course of adult patients with MMD
(n =241) who were hemodynamically stable during a mean follow-up duration of
82.5 months. While the overall annual stroke rate was 4.5% per person-year (hem-
orrhagic presenting group, 4.3%; ischemic presenting group, 3.0%), the annual
stroke rate in hemodynamically stable patients with asymptomatic MMD was 3.4%
(hemorrhagic stroke, 2.5%; ischemic stroke, 0.8%). As asymptomatic MMD is not
a fixed but dynamic disease, regular follow-up is necessary. Through MRI/MR angi-
ography (MRA), disease progression, as well as silent cerebral infarction or micro-
bleeding, can be confirmed. In this regard, it would be helpful to know the long-term
clinical course and prognosis through the ongoing asymptomatic moyamoya regis-
try (AMORE) study [40].
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After a statement by the Research Committee of MMD of the Japanese Ministry
of Health, Labour, and Welfare in 2015, unilateral MMD has also been modified to
include diagnostic criteria for definitive MMD. Compared with bilateral MMD, uni-
lateral MMD has a higher proportion of adult patients with a range of progression
rates between 14.6% and 50% [41, 42]. The younger the patients’ age, the more
frequently [43-46] and faster [43, 47, 48] contralateral progression occurs. In
patients under 2 years of age, concurrent bilateral surgery is considered due to the
high likelihood of contralateral progression and poor prognosis [32]. Except for an
extremely young age, the usual treatment strategy for unilateral pediatric and adult
MMD is to treat the symptomatic side first and then wait.

The surgical indications for adult MMD at our institution are as follows: (1)
symptomatic manifestations including ischemic and hemorrhagic events; (2)
asymptomatic patients with disease progression proven on computed tomography
angiography (CTA), MRA, or conventional angiography; (3) functionally indepen-
dent with the Karnofsky Performance Scale over 70; (4) no acute cerebral infarction
or hemorrhage within 4 weeks at the time of surgery; and (5) hemodynamically
unstable demonstrated by acetazolamide challenge single-photon emission com-
puted tomography and perfusion CT or MRI [49, 50].

23.4 Selection of the RVS Procedure

The selection of the RVS procedure has the following limitations: heterogeneity of
MMD according to age proportion, racial and geographical distribution; diversity of
surgical methods by the preference of institutions and operators; relatively small
number of patients; and lack of randomized controlled trials.

For a good surgical outcome for MMD, preoperative hemodynamic compromise
should be considered first before the choice of surgical procedure. Without preop-
erative hemodynamic compromise, neovascularization would not occur, regardless
of the extent of surgery [51]. Satisfactory angiographic revascularization assumes
the correct location of the vascularized donor tissues or correct selection of the
recipient artery on the surface of the on-demanding ischemic brain [51].

In pediatric MMD, both direct and indirect RVS procedures are comparable in
surgical outcomes [52-56]. If there are no issues with the surgeon’s technique and
facility policy, direct with indirect revascularization can be considered [25, 57].
However, in children, satisfactory revascularization can also be accomplished with
only indirect bypass procedures [32, 58, 59]. In younger patients with MMD, direct
RVS procedures have technical limitations because of the small size of the STA and
the cortical branch of the MCA. Therefore, children under 4 years of age are not
candidates for direct RVS [34]. Patients older than 5 years can be appropriate can-
didates for direct RVS [25, 57]. Direct flow augmentation by direct RVS can dimin-
ish the risk of perioperative stroke [25, 56, 60]. However, the possibility of watershed
shift or hyperperfusion syndrome should be kept in mind [61, 62], although those
chances are less likely than in adults [60, 63—-65]. With well-developed moyamoya
collateral vessels compared with adults, there is less likelihood of postoperative
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stroke due to progressive occlusion of the main cerebral artery [60]. In patients who
experience frequent transient ischemic attacks (TIA) with severe hemodynamic
compromise, it is better to consider direct revascularization for the rapid formation
of collaterals [25, 56, 60].

In adult ischemic MMD, a combination of both direct and indirect RVS is the
main treatment of choice [24, 25, 66-68]; however, the role of indirect bypass has
been reported continuously [69-72]. In cases of adult hemorrhagic MMD, bilateral
combined RVS for improving hemodynamic stress is considered an effective treat-
ment [35, 73].

23.5 Long-term Outcome of RVS for Patients with MMD
in Korea (Table 23.1)

A majority of the pediatric patients with MMD in Korea present with TIAs or cere-
bral infarcts (98%), while hemorrhagic manifestations occur in only around 2% of
the patients [74]. In a retrospective study of indirect RVS for pediatric patients with
MMD (629 patients with 1,283 surgeries) in Korea, who were followed up for more
than 5 years, with a mean clinical follow-up duration of 12 years, 95% of the patients
showed favorable clinical outcomes. The annual risk of developing symptomatic
hemorrhage or cerebral infarction was 0.04% and 0.08%, respectively. The 10-year
event-free survival rates without symptomatic infarction and hemorrhage were
99.2% and 98%, respectively [74]. Based on a comparison study between EDAS
with bifrontal EGPS and simple EDAS in Korea, which showed larger revascular-
ization with better hemodynamic improvement and more favorable outcomes in
combined surgery [9], combined indirect RVS methods with bifrontal EGPS, occip-
ital EDAS, or multiple burr hole surgery are actively utilized during the careful
surveillance of disease progression. Although indirect bypass has been attempted in
pediatric patients with hemorrhagic MMD, with good outcomes in a few studies,
there are few reports to establish strong evidence [74, 79].

Poor social outcomes with cognitive dysfunction are major concerns among
pediatric patients with MMD. Despite satisfactory RVS without complications,
patients who had preoperative neurological deficits tend to experience adaptation
difficulties in their education or occupation due to intellectual impairment [80].
Patients with preoperative neurological impairment and major cerebral infarct
showed poor social outcomes [32, 80, 81]. Regardless of the presence of major or
borderzone infarctions, RVS can prevent further neurocognitive declination [81].
There are no comparative reports on social outcomes according to the type of
revascularization.

Compared with conservative treatment [39], RVS is considered to improve cere-
bral hemodynamics and prevent subsequent ischemic stroke in adult ischemic
MMD [24, 66, 67]. Direct or combined revascularization is a common surgical
method for adult ischemic MMD. To achieve optimal surgical outcomes, combined
RVS is preferred in most studies [24, 66, 67, 82]. The combined RVS is a technique
for obtaining advantages of both direct and indirect RVS. Along with direct RVS for
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immediate flow augmentation, indirect RVS mobilizes as many vasogenic potent
tissues as possible to create a revascularization channel. The revascularization area
is the largest in combined RVS, followed by direct and indirect RVS [67, 83].
According to angiographic follow-up after 612 months of surgery, revasculariza-
tion by both direct and indirect RVS explains the complementary relationships
between the two methods [75]. In a prospective study of combined RVS for adult
patients with ischemic MMD (77 hemispheres, 60 patients) in Korea, the annual
risk of developing symptomatic hemorrhage or a cerebral infarct was 0.4% and
0.2%, respectively. The patients showed improvement in clinical, angiographic, and
hemodynamic aspects until 6 months after surgery. The 5-year event-free survival
rate without symptomatic hemorrhage and cerebral infarction was 98.7% [24].
According to a comparative study of patients presenting with ischemia, the 1-year
and 5-year incidences of symptomatic ischemic stroke were not lower in patients
who underwent combined RVS in comparison to those in the conservative treatment
group because perioperative stroke offsets the benefit [66]. It was not until 10 years
later that the benefit of RVS was confirmed, with the absolute risk reduction for
ischemic stroke being 9.4%, and the number required for treatment was 11. Briefly,
while the benefit of combined RVS for conservative treatment is generally accept-
able, it depends on perioperative stroke control. Perioperative stroke developed with
various incidences (2.7-13.0%) [24, 66, 67]. Although patients with an advanced
Suzuki stage with a poorer perfusion status seem to be prone to perioperative stroke
development, little has been reported about factors related to perioperative
stroke [76].

Indirect RVS in adult patients with ischemic MMD results in a lower incidence
of recurrent stroke compared with conservative treatment, although it did not show
more satisfactory outcomes than a direct bypass [67, 75, 84].

A study of the natural history of hemorrhagic MMD showed that the overall
estimated rate of hemorrhagic recurrence was 16.9% per person at 5 years and
26.3% per person at 10 years after the onset of initial hemorrhage [77]. Recurrent
hemorrhage is the most significant poor prognostic factor in hemorrhagic MMD
[77]. Hemodynamic failure in patients with hemorrhagic MMD is an independent
risk factor for subsequent hemorrhage [85]. In a retrospective study of adult patients
with hemorrhagic MMD in Korea (44 patients), the incidence of recurrent hemor-
rhage was 11.1% after direct revascularization, 22.2% after indirect revasculariza-
tion, and 12.5% after combined revascularization [78].

23.6 Conclusion

RVS for MMD can improve radiological and clinical outcomes. The selection of the
RVS procedure is determined by the patient’s age, the degree of hemodynamic com-
promise, the patient’s symptoms, the condition of the donor/recipient vessel, and the
surgeon’s preference.
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