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Foreword

Moyamoya disease is an uncommon cerebrovascular disease characterized by pro-
gressive stenosis of the terminal portion of the internal carotid artery and is associ-
ated with the dilated, fragile collaterals at the base of the brain. This curious vascular
condition was first described by Takeuchi and Shimizu in 1957 as hypoplasia of the
bilateral internal carotid arteries. Suzuki and Takaku studied this still-unspecified
disease extensively by using cerebral angiography in the relatively early days of the
technique and nicely summarized this pathology as “Moyamoya” disease in 1969.
Moyamoya means something hazy, like a puff of cigarette smoke in Japanese. This
very impressive naming by Suzuki and Takaku must have contributed to spread the
idea of the disease worldwide and this evocative name has been used to represent
this unique, strange, and mysterious cerebrovascular condition.

Microvascular anastomotic technique has been a potential modality to develop
treatment strategy and to enhance the understanding of this pathology. Bypass sur-
gery in patients with Moyamoya disease is one of the finest and most difficult
microvascular procedures because the recipient vessels of cortical surface of these
patients are exceptionally small and fragile. Surgical bypass from extracranial artery
to intracranial artery has been found to be effective with increasing intracranial
blood flow but also has found to cause unexpected and unfavorable effects to the
patients. To confirm the efficacy of bypass surgery and to reduce complications of
bypass surgery, techniques to study cerebral blood flow and metabolism have been
accelerated.

vii



viii Foreword

Sydney Brenner, a recipient of the 2002 Nobel Prize for discoveries concerning
the genetic regulation of organ development and programmed cell death, stated that
progress in science depends on new techniques, new discoveries, and new ideas,
probably in that order. Although his comments pertained to pure science, they are
also applicable to our specialty, including vascular neurosurgery. When we trace the
history of the research on diagnosis and treatment of Moyamoya disease, technical
advancement came first and such techniques were applied to the patients and many
findings were obtained, at least, some of them were not expected, or even not imag-
ined before application of a certain technique. Repeating these processes, we reach
to new ideas and such new ideas invite next questions. We are still on such a circuit
of resolution.

I know Professor Kuroda personally for many years as a result of his energetic
activity in the field of vascular neurosurgery and by collaborating several research
works on Moyamoya disease with me. I appreciate very much the enthusiasm, dedi-
cation, and energy he has offered to his assignment on this disease. He is a well-
trained mountain climber and an outstanding leader of several Alpine clubs in his
community. I am sure that there are a lot of similarities between heading for the
summit of a high and steep mountain and solving questions and giving answers for
the resolution of Moyamoya disease.

This time, he has made a textbook of Moyamoya disease as the editor entitled
“Moyamoya disease—Current Knowledge and Future Perspectives.” This book
shows his capacity for organizing researchers and clinicians heading for the top of
the mountain, namely for the top of this still challenging disease.

Nobuo Hashimoto

Kyoto University

National Cerebral and Cardiovascular Center
Kyoto, Japan

2020/10/05



Preface

It is with great honor that I can publish this monograph entitled “Moyamoya
Disease—Current Knowledge and Future Perspectives” with Springer as my own
editor, and I feel a tremendous amount of responsibility. My first encounter with
moyamoya disease was in the summer of 1985, when I was a medical student rotat-
ing in the Department of Neurosurgery during my clinical internship. A young child
with multiple cerebral infarcts, resulting in cognitive dysfunction, and the brilliant
bypass surgery performed by a still-young Prof. Hiroyasu Kamiyama, are still
etched in my eyelids. In the spring of 1986, I could finally become a neurosurgeon
and chose the hard path of cerebrovascular neurosurgeon to save as many patients
with moyamoya disease as possible. Although I have treated a lot of patients and
conducted a lot of research in the past 35 years, I have to say that there are still a lot
of issues to be solved for moyamoya disease.

This disease, which still retains many mysterious elements, was discovered in
Japan in the 1950s and then sparked a lot of debate in the 1960s in Japan and else-
where over its etiology and pathology. Exactly 50 years have passed since Prof. Jiro
Suzuki and Prof. Akira Takaku first proposed the name moyamoya disease and
established the concept of the disease in an English-language medical journal in
1969, but the debate is still going on in a shape-shifting fashion. With this 50-year
milestone, I wanted to publish a monograph that explores recent advances in the
science and medicine of moyamoya disease, with an emphasis on the new insights
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gained in the last decade, and to serve as a beacon for the future. For this publica-
tion, I would like to express my deepest gratitude and respect to the leading neuro-
surgeons and researchers from Japan, Korea, China, the United States, and Europe,
with whom I have become friends through academic activities such as scientific
conferences, for agreeing to the purpose of this monograph and for putting their best
efforts into writing the manuscript, despite their busy lives.

In this monograph, we will begin with a review of the evolution of the history,
concept, and diagnostic criteria of moyamoya disease under the title of “Part I:
Concept of moyamoya Disease.” As the diagnostic criteria for moyamoya disease
are revised every decade or so, the concept of the disease is by no means settled, and
disagreements about the diagnosis are still not so rare. In the case of moyamoya
syndrome and unilateral moyamoya disease, there are differences in interpretation
among researchers, including in the field of terminology, even now and I wanted to
take this opportunity to clarify the situation.

In “Part II: Genetic Aspect of moyamoya Disease,” we asked the top researchers
to write about one of the most remarkable research achievements of the last decade:
the RNF213 mutation, which has been identified as a major susceptibility gene for
the development of moyamoya disease. More surprisingly, RNF213 mutation has
been identified in several diseases other than moyamoya disease. In the next decade,
we are confident that further research will be conducted in this field.

“Part III: Pathophysiology of moyamoya Disease” begins with thorough discus-
sion on the pathophysiology of TIA, headache, and ischemic stroke as old and new
topics. moyamoya disease is a unique disorder in that hyperventilation such as eat-
ing hot noodles and crying induces TIA and that a migraine-like headache attack
occurs upon waking. Although many studies have been conducted to elucidate the
pathogenesis of this disease in the 1980s and the 1990s, many questions remain
unanswered. I would be very happy if this monograph would serve as an opportu-
nity for young readers to consider future research. The randomized clinical trial,
Japan Adult Moyamoya (JAM) trial, has provided us novel knowledge and concept
on adult hemorrhagic-type moyamoya disease over the past 10 years. In recent
years, it has become clear that moyamoya disease causes cognitive dysfunction in
adults as well as in children, and in this chapter, an on-going multi-centered cohort
study conducted in Japan will be discussed. The pathophysiology and natural course
of asymptomatic moyamoya disease, which is recognized more common than
thought before, is still unknown. Therefore, no treatment guidelines have been
established yet. An on-going multi-center cohort study, Asymptomatic Moyamoya
Registry (AMORE) study in Japan, will be introduced in this chapter.

While many specific pathophysiology and imaging findings of moyamoya dis-
ease have been reported in the past, novel findings have been further obtained in the
past decade. Therefore, “Part IV: Update on Neuroradiology in moyamoya Disease”
was arranged. The results of a series of studies by the JAM Trial Group have reor-
ganized the anatomy and pathophysiological functions of bleeding-prone moyam-
oya vessels and newly defined as “dangerous periventricular anastomosis.” For the
past 50 years, morphological information on the lumen of the affected arteries has
been the only clue for the diagnosis of moyamoya disease; however, recent MR
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studies have shown that moyamoya disease causes specific shrinkage of the affected
arteries, and thus the concept of the disease and diagnostic criteria may change sig-
nificantly in near future. Although the disease progression was previously believed
very rare in adults, recent longitudinal studies have found that it is not uncommon
in adults. There is increasing evidence that hyperperfusion occurs after surgical
revascularization at a very high rate in moyamoya disease. Although the pathogen-
esis is still far from being fully understood, the postoperative management of moy-
amoya disease has undergone a major renovation over the past decade. Recently, the
transient development of high signal intensity in the brain surface on FLAIR images
has been widely recognized. Although the pathogenesis is still unknown, the find-
ings are thought almost unique to moyamoya disease, and further studies are
awaited.

In recent years, surgical revascularization has been accepted to significantly
reduce the recurrence of TIA, ischemic stroke as well as hemorrhagic stroke.
However, given that many patients with moyamoya disease are children and young
adults, I believe that it is incumbent on us neurosurgeons to clarify the long-term
clinical prognosis more than ever before. Therefore, in “Part V: Real World of
Surgical Revascularization for Moyamoya Disease,” I first outlined about it and
wrote about the real world in Japan. Then, prominent neurosurgeons from Asia, the
United States, and Europe have also been asked to review in detail the long-term
prognosis after surgery in their respective regions. This monograph is not intended
to be a detailed discussion of surgical techniques. I have decided to add the detailed
descriptions of the issues that should still be familiar to us in performing surgical
revascularization for patients with moyamoya disease.

In summary, I have described the background and aims of the chapters of this
monograph. As an editor, it is my distinct pleasure if this monograph will be useful
to you as you can learn about the fundamentals of moyamoya disease, the advances
in basic and clinical research, and the prospects for future research.

Wishing all patients suffering from Moyamoya disease to live their peaceful daily
life of mind.

Toyama, Japan Satoshi Kuroda
December 1, 2020



PartI Concept of Moyamoya Disease

1

History of Disease Entity and Diagnosis Criteria ................. 3
Satoshi Kuroda

Moyamoya Syndrome. . .. ........... ... 17
Kristin Lucia, Giiliz Acker, and Peter Vajkoczy

Unilateral Moyamoya Disease: A Distinct Entity? ................ 33
Yohei Mineharu and Susumu Miyamoto

Part I Genetic Aspect of Moyamoya Disease

4

RNF213 as a Susceptibility Gene for Moyamoya Disease

has Multifunctional Roles in Biological Processes. ................ 47
Hatasu Kobayashi, Kouji H. Harada, Toshiyuki Habu,

Yasuhisa Nakamura, Jiyeong Kim, and Akio Koizumi

RNF213 and Clinical Feature ................................. 61
Shunsuke Nomura, Hiroyuki Akagawa, Koji Yamaguchi,
Akitsugu Kawashima, and Takakazu Kawamata

RNF213 Variant as a Biomarker of Cerebrovascular Disease . . . .. .. 73
Satoru Miyawaki and Nobuhito Saito

Part IIl Pathophysiology of Moyamoya Disease

7

TIA and Headache in Pediatric Moyamoya Disease . . ............. 87
Satoshi Kuroda

Ischemic Stroke. ....... ... ... ... . . 99
Haruto Uchino and Kiyohiro Houkin

Hemorrhagic Stroke and the Japan Adult Moyamoya Trial ........ 111
Takeshi Funaki, Jun C. Takahashi, Susumu Miyamoto,
and the JAM Trial Group

xiii



Xiv Contents

10 Cognitive Function in Pediatric Moyamoya Disease . . . ............
Satoshi Kuroda

11 Cognitive DysfunctioninAdults .. .............. ... .. ... .....
Yasushi Takagi

12 Asymptomatic Moyamoya Disease . ............................
Satoshi Kuroda

Part IV Update on Neuroradiology in Moyamoya Disease

13 Periventricular Anastomosis ................ ... .. .. ..
Takeshi Funaki and Susumu Miyamoto

14 Arterial Shrinkage . ........ ... ... ... ..
Satoshi Kuroda

15 Disease Progression. .............. ... ... .. i
Miki Fujimura and Teiji Tominaga

16 Postoperative Hyperperfusion............... ... .. .. ... .....
Haruto Uchino and Kiyohiro Houkin

17 Postoperative FLAIR Imaging Changes. ........................
Daina Kashiwazaki and Satoshi Kuroda

Part V Real World of Surgical Revascularization for Moyamoya Disease

18 Overview of Surgical Revascularization and Long-Term
Outcomein Japan............. .. .. .. ... .. .. .. . . i
Satoshi Kuroda

19 Perioperative Complications . ............... .. ... .. ... .....
Ken Kazumata and Kiyohiro Houkin

20 Long-Term Outcome in Europe. . .............. ... .. ... ......
Friedrich Mrosk, Giiliz Acker, Kristin Lucia, and Peter Vajkoczy

21 Long-Term Outcomesinthe USA..............................
Syed Uzair Ahmed and Gary K. Steinberg

22 Long-Term Outcomein China. ................ ... ... .........
Ni Wei, Yu Lei, Han-Qiang Jiang, Yu-Xiang Gu, and Ying Mao

23 Long-Term Outcome of Revascularization Surgery
for Moyamoya Diseasein Korea . ..............................
Jeong Eun Kim and Chang Wan Oh

24 Indirect Bypass Surgery for Moyamoya Disease . . . ...............
Tadashi Nariai



Contents XV

25 Direct/Combined Bypass Surgery.............. ... ... ... ...... 311
Jun C. Takahashi

26 Special Considerations: Infants. . . ............................. 325
Satoshi Kuroda and Daina Kashiwazaki

27 Special Considerations: Elderly. . ........... ... .. .. .. ... ... 335
Miki Fujimura and Teiji Tominaga



Partl

Concept of Moyamoya Disease



()

Check for
updates

History of Disease Entity and Diagnosis
Criteria

Satoshi Kuroda

Abstract

This chapter reviews the history of this mysterious moyamoya disease. Since the
1950s, this rare disease has been discovered in Japan and gradually gaining rec-
ognition around the world. It has been just 50 years since Suzuki and Takaku first
published the term “moyamoya disease” in an English language journal in 1969.
Looking back over the past 50 years, the author would like to review the state of
affairs at the time when the causes and concepts of this disease were hotly
debated. It may be helpful to us in the future when new diseases appear in front
of us. It is no secret, however, that it is nearly impossible to write a history that
will satisfy everyone. Therefore, the author appreciates it if the readers would
kindly understand that this historical review is only from the author’s point of
view and they would forgive him.

In this chapter, the author describes the evolution of the diagnostic criteria for
moyamoya disease. Since the diagnostic criteria for moyamoya disease were first
established in 1979 by a Japanese research group, they have been revised approx-
imately every 10 years in 1988, 1995, 2009, and 2018. The author would like to
look back at that history and explore the background with the readers. Finally,
the challenges of the diagnostic criteria and the prospects for the future will be
discussed.

S. Kuroda (I)

Department of Neurosurgery, Graduate School of Medicine and Pharmaceutical Science,
University of Toyama, Toyama, Japan

e-mail: skuroda@med.u-toyama.ac.jp

© The Author(s), under exclusive license to Springer Nature 3
Singapore Pte Ltd. 2021

S. Kuroda (ed.), Moyamoya Disease: Current Knowledge and Future

Perspectives, https://doi.org/10.1007/978-981-33-6404-2_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6404-2_1&domain=pdf
https://doi.org/10.1007/978-981-33-6404-2_1#DOI
mailto:skuroda@med.u-toyama.ac.jp

4 S. Kuroda

Keywords

Moyamoya disease - History - Diagnosis criteria

1.1 Introduction

Moyamoya disease is a very specific disease characterized by progressive stenosis
of the terminal portion of the internal carotid artery and the formation of an abnor-
mal network of dilated, fragile perforators around the basal ganglia, thalamus, and
lateral ventricles. Moyamoya disease was first reported in Japan in the 1950s and
has widely been recognized over the world. It occurs in children and adults, and
presents with a variety of symptoms, including headache, TIA, ischemic stroke,
intracranial bleeding, and involuntary movements. Initially, there was no effective
treatment for the disease; however, since the late 1960s, surgical revascularization
was found to be an effective treatment.

In this chapter, the author reviews the history of moyamoya disease and describes
in detail the historical transition of the diagnosis criteria for moyamoya disease. The
issues and future perspectives of the diagnosis criteria are also discussed.

1.2  History of Moyamoya Disease

The history of moyamoya disease has recently been described in the monographs
written in English [1, 2]. In writing this chapter, however, the author tried to revisit
the history of the moyamoya disease by reading the monographs, proceedings, and
review articles from the 1960s. Based on previous review articles, Takeuchi and
Shimizu reported a case of bilateral internal carotid arteries in 1955 and published
it as a case report in 1957, which is believed as probably the first case of moyamoya
disease on cerebral angiography that has appeared in the literature [3]. Since then, a
significant number of similar cases were reported from Western countries as well as
from Japan in the 1960s and 1970s. Interestingly, the first three cases reported from
California were all Japanese Americans [4, 5].

At that time, various theories have been raised as to the cause of this peculiar
cerebral angiography seen in moyamoya disease, including carotid artery hypopla-
sia [3], hypoplasia of the circle of Willis [6], cerebral juxta-basal telangiectasia [7],
carotid artery occlusion [8], a network-like vascular anomaly of internal carotid
artery [9], and angiomatous malformation [10, 11]. In addition to the papers cited
here, many other reports were made in Japan at the time, which strongly suggests
that Japanese neurologists and neurosurgeons were engaged in heated discussions
about this novel, mysterious disease discovered in Japan in the 1960s and 1970s.
However, many of these records are from the annual scientific meetings and their
proceedings in Japan and are written in Japanese, and so the author must say that he
only quotes original articles written in Japanese or English without citing them in
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this book, which is likely to be read by readers in countries other than Japan. These
valuable records are described in detail in a proceeding by Prof. Tatsuyuki Kudo
from Keio University, Tokyo (1967) [12], a review article by Prof. Akira Nishimoto
from Okayama University, Okayama (1979) [13] and a monograph by Prof. Jiro
Suzuki from Tohoku University, Sendai (1983) [14]. So, the author would like to
recommend to the readers who are interested in this topic to read them. Especially,
the monograph edited by Prof. Suzuki has been translated and published in English,
which will be of great help to the non-Japanese readers (Fig. 1.1).

In 1963, Suzuki et al. performed a detailed review of the findings on cerebral
angiography in six cases of moyamoya disease, and concluded that these abnormal
net-like vessels at the base of the brain are collateral blood vessels in response to the
acquired and gradual narrowing of the terminal portion of the internal carotid artery
at the 22nd Annual Meeting of the Japan Neurosurgical Society. At the same time,
they also speculated that this group of cases belonged to a single, novel clinical
entity. In fact, on the front page of the monograph mentioned above, he put his own
words, “Moyamoya vessels are collateral pathways of the brain (1963)” along with
the words by Dr. John Hunter in 1785, “Blood goes where it is needed.” [14].

Around this time, Prof. Suzuki’s concept began to be recognized by many neu-
rologists and neurosurgeons, but the names of the disease still varied widely among
them, including spontaneous occlusion of the circle of Willis [15, 16], cerebral arte-
rial rete [17], Nishimoto disease, and Nishimoto-Takeuchi-Kudo disease [18-22]. In
1966, Suzuki and co-workers first proposed the term “moyamoya” disease in a
Japanese written medical journal [23]. He described how he arrived at this naming in
his monograph as follows: “Moyamoya” was thought to be appropriate since the
abnormal net-like vessels at the base of the brain, as seen in angiograms, are hazy in
appearance — like a puff of cigarette smoke drifting in the air, which is commonly
described as moyamoya by native speakers of Japanese. As described below,

——

4 Moyamoya
- Disease

Fig. 1.1 History of moyamoya disease. (Left) a proceeding by Prof. Tatsuyuki Kudo from Keio
University, Tokyo (1967) [12], (Middle) a review article by Prof. Akira Nishimoto from Okayama
University, Okayama (1979) [13], and (Right) Japanese- and English-written monographs by Prof.
Jiro Suzuki from Tohoku University, Sendai (1983) [14]
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moreover, in follow-up angiograms of this disease in young patients, the sequential
changes — from an initially thick “cloud”, to a gradually thinning and shrinking
“fog”, to the eventual disappearance of the net-like vessels around the internal
carotid artery — are also reminiscent of the misty “moyamoya” changes in cigarette
smoke. He further stated as follow: Certainly, moyamoya is an unusual word to enter
into medical terminology, but it is appropriate for a number of reasons. It expresses
the fact that its etiology is as hazy as the pattern of the abnormal vessels itself.
Moreover, the disease was first reported in Japan and continues to show a high inci-
dence there. Usage of a Japanese word emphasize these facts and has thus far been
well received in the West as well as in Japan [14]. Subsequently, Suzuki and Takaku
published the first English written article entitled, “Cerebrovascular moyamoya dis-
ease, Disease showing abnormal net-like vessels in base of brain,” using their new
term “moyamoya.” Since then, the term “moyamoya” is rapidly recognized world-
wide because of its ease of use and euphony [24]. One of the authors, Prof. Akira
Takaku was appointed to the University of Toyama as a professor and moved from
Sendai to Toyama in 1980. Much later on, the author also moved to the same
University of Toyama as a professor in 2012, and had the chance to ask Prof. Takaku
about the backgrounds of the naming of moyamoya disease in the 1960s. The follow-
ing is the narrative by Prof. Takaku: At that time, Prof. Suzuki was concerned that the
term “moyamoya’” was a Japanese term that was somehow familiar but not interna-
tional and inappropriate as an academic term. However, he thought that since the
disease was discovered in Japan, it would be appropriate to describe it in Japanese.
He also thought that if he could properly explain why he named it as moyamoya
disease, people overseas might understand it. He also considered that the rhythmic
rhyming word “moyamoya” would be easy for foreigners to pronounce. Anyway,
Prof. Suzuki was wondering if and how the four syllable words “moyamoya” would
be received by foreigners. When Prof. Suzuki and Prof. Takaku submitted their paper
to the Archives of Neurology journal, they initially chose the main title of their article
as “Diseases showing abnormal net like vessels in base of brain,” and added the sub-
title ““Cerebrovascular Moyamoya disease” with diffidence. However, Prof. Merritt,
who was a chief editor of the journal at the time, insisted that “Cerebrovascular
Moyamoya disease” should be the main title of the article. Prof. Takaku still believed
that Prof. Merritt’s wise decision was a major turning point in making the name
“moyamoya disease” widely known throughout the world (cited from Annual Report
2013 of Department of Neurosurgery, University of Toyama). Very regretfully, Prof.
Takaku passed away in 2015, so the author would like to write down Prof. Takaku’s
narrative here by translating it into English.

According to a review article by Nishimoto [13], however, there were other
groups in Japan that called the disease as “chiri-chiri” disease rather than “moy-
amoya” disease at the same time. Nishimoto described that Maki and Nakada
reported a 1-year-old girl and named it “chiri-chiri” disease in 1967 [25]. The
Japanese term ““chiri-chiri” means “curly” or “wrinkled,” e.g., curly hair is called as
“chiri-chiri hair” in Japanese; the people may have imagined that the blood vessels
within the abnormal vascular networks were comparable to hair, rather than to ciga-
rette smoke. So, in the late 1960s, there was a moyamoya—chiri-chiri controversy
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in Japan. In fact, when the author started his residency program at the Department
of Neurosurgery, Hokkaido University Hospital, Sapporo in 1986, he heard the
same story from senior colleagues many times.

1.3  Diagnosis Criteria of Moyamoya Disease

In the 1970s, the Japanese Ministry of Health and Welfare organized a research
group to investigate the causes of moyamoya disease and to establish treatment and
prevention methods for the disease. First, the Research Committee on Vascular
Abnormality in the Brain and Spinal Cord (headed by Prof. Katsutoshi Kitamura)
was organized in 1974, and 189 cases of moyamoya disease were registered from all
over Japan during the 2 years from 1974 to 1975. Then, in 1977, the research com-
mittee was reorganized and given a new name. Thus, the Research Committee on
Spontaneous Occlusion of the Circle of Willis (“Moyamoya Disease”), headed by
Prof. Fumio Gotoh, was newly established for the same purpose [13]. This research
group first established the guideline for the diagnosis of spontaneous occlusion of
the circle of Willis (moyamoya disease) in 1978 and published it in their annual
report in 1979 [26]. This guideline consisted of the following structure: (1) a general
description of moyamoya disease, (2) indispensable angiographic findings, (3)
unknown cause and no special underlying diseases, and (4) pathological findings for
diagnostic reference. The guidelines clearly stated that cerebral angiography is
mandatory for diagnosis and that at least the findings shown in Table 1.1 must be
present on cerebral angiography (Table 1.1). In this guideline, definite case must
fulfill all three findings on cerebral angiography, plus other special underlying dis-
eases must not be presented. On the other hand, probable case should fulfill two
findings on cerebral angiography (2-a and 2-b), plus other special underlying dis-
eases must not be presented. In other words, a definite case was defined as having
bilateral lesions and a probable case was defined as having unilateral lesions. Since
then, moyamoya disease has been diagnosed on the basis of morphological findings
of the lumen of the affected arteries on cerebral angiography, which has been main-
tained to date.

This guideline was revised by the Research Committee, headed by Prof. Hajime
Handa, in 1988 [27]. In the revised version, the possibility of familial occurrence of
moyamoya disease was first noted in the general description. Specific examples of

Table 1.1 Cerebral angiographic findings to be presented for diagnosis moyamoya disease (An
excerpt from the Guideline 1978) Ref. [13]. English translation by the author

Cerebral angiography is mandatory for diagnosis and at least the following findings must be
present on cerebral angiography
a. Stenosis or occlusion at the terminal portion of the internal carotid artery and at the
proximal portion of the anterior and the middle cerebral arteries.
b. Abnormal vascular networks in the vicinity of the occlusive or stenotic lesion on the
arterial phase.
c. These findings should present bilaterally.
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causative comorbidities that should be excluded when diagnosing moyamoya dis-
ease were presented. They included atherosclerosis, meningitis, brain tumor, Down
syndrome, von Recklinghausen’s disease, head trauma, and irradiation. In addition,
pediatric cases with typical angiographic findings on one side and an apparent ste-
nosis of the terminal portion of the contralateral internal carotid artery were classi-
fied into definite cases, because these patients usually develop moyamoya vessels
thereafter [28].

The guidelines for the diagnosis and treatment of spontaneous occlusion of the
circle of Willis (“Moyamoya” disease) have been extensively revised in 1995 [29],
and was published in English in 1997 by the Research Committee headed by Prof.
Masashi Fukui [30]. The guideline consisted of (1) guidelines for the diagnosis, (2)
general information, (3) treatment, and (4) guidelines for making a diagnosis using
MRI and MRA. The most significant change in the diagnosis of moyamoya disease
at that time was the emergence of MR angiography. Although cerebral angiography
had been considered essential for the diagnosis of moyamoya disease until then,
noninvasive MR angiography has been reported to be useful for the diagnosis of
moyamoya disease since the early 1990s [31-33]. Yamada et al. (1992) reported that
MR angiography can accurately detect occlusive lesions at the terminal portion of
the internal carotid artery and associated moyamoya vessels, although some occlu-
sive lesions were overestimated because of a flow-related artifact on MR [33].
Houkin et al. (1994) also analyzed the findings on MR angiography in 39 patients
with moyamoya disease and found good correlations between cerebral angiography
and MR angiography when detecting the stenotic lesions at the carotid fork and
moyamoya vessels [32]. Numerous studies to date have recognized that MR angiog-
raphy is an extremely useful modality not only for the diagnosis of moyamoya dis-
ease, but also for determining the stage of the disease and for observing the
progression of the disease and collateral formation after surgical revascularization
due to its noninvasive nature [34-39]. As a result, the 1997 revision of the guide-
lines for the diagnosis of moyamoya disease stated for the first time that the diagno-
sis of moyamoya disease can be made without cerebral angiography only if the
findings on MR angiography meet certain criteria (Table 1.2). At the same time, the
guidelines for making a diagnosis using MRI and MRA were also presented
(Table 1.3) [30]. In addition, autoimmune disease was added as a comorbidity that
should be ruled out when diagnosing moyamoya disease of unknown etiology [30].

Subsequently, the guidelines for diagnosis and treatment of moyamoya disease
(spontaneous occlusion of the circle of Willis) were revised by the Research
Committee on the Pathology and Treatment of Spontaneous Occlusion of the Circle
of Willis, headed by Prof. Nobuo Hashimoto, in 2009 [40] and its English version
was published in 2012 [41]. From this revised guideline, the world’s preferred name
of the disease, moyamoya disease, has been used as the official name of the disease,
whereas the previous guideline used spontaneous occlusion of the circle of Willis as
the official name of the disease, with moyamoya disease written in parentheses. The
guideline consisted of eight chapters, including (1) concepts of the disease, (2) epi-
demiology, (3) pathology/etiology, (4) symptoms, (5) similar conditions, (6) diag-
nosis, (7) treatment, and (8) prognosis. Although the diagnostic criteria were not
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Table 1.2 Guideline 1995 for the diagnosis of moyamoya disease (Fukui et al. 1997) Ref. [30]

1.1. Diagnosis criteria
(A) Cerebral angiography is indispensable for the diagnosis, and should present at least the
following findings:

1. Stenosis or occlusion at the terminal portion of the internal carotid artery and/or at the
proximal portion of the anterior and/or the middle cerebral arteries.

2. Abnormal vascular networks in the vicinity of the occlusive or stenotic lesions in the
arterial phase.

3. These findings should present bilaterally.

(B) When magnetic resonance imaging (MRI) and magnetic resonance angiography (MRA)
clearly demonstrate all the below-described findings, conventional cerebral angiography is
not mandatory.

1. Stenosis or occlusion at the terminal portion of the internal carotid artery and at the
proximal portion of the anterior and middle cerebral arteries on MRA.

2. An abnormal vascular network in the basal ganglia on MRA.

Note: An abnormal vascular network can be diagnosed when more than two apparent
flow voids are seen in one side of the basal ganglia on MRI.

3. (1) and (2) are seen bilaterally (refer to the image diagnostic guideline by MRI and
MRA).

(C) Because the etiology of this disease is unknown, cerebrovascular disease with the
following basic diseases or conditions should thus be eliminated:

1. Atherosclerosis

2. Autoimmune disease

. Meningitis
. Brain neoplasm
Down syndrome
. Recklinghausen’s disease
. Head trauma
. Irradiation to the head
. Others
(D) Instructive pathological findings:

1. Intimal thickening and the resulting stenosis or occlusion of the lumen are observed in
and around the terminal portion of the internal carotid artery usually on both sides. Lipid
deposits are occasionally seen in the proliferating intima.

2. Arteries constituting the circle of Willis such as the anterior and the middle cerebral
and the posterior communicating arteries often show stenosis of various degrees of
occlusion associated with fibrocellular thickening of the intima, a waving of the internal
elastic lamina, and an attenuation of the media.

3. Numerous small vascular channels (perforators and anastomotic branches) are
observed around the circle of Willis.

4. Reticular conglomerates of small vessels are often seen in the pia mater.

1.2. Diagnosis
In reference to 1.1 mentioned above, the diagnostic criteria are classified as follows: Autopsy
case not undergoing cerebral angiography should be investigated separately while referring to
(D).

1. Definite case:
One which fulfills either (A) or (B) and (C). In children, however, a case which fulfills (A) (1)
and (2) or (B) (1) and (2) on one side and with remarkable stenosis at the terminal portion of
the internal carotid artery on the opposite side is also included.

2. Probable case:
One which fulfills either (A) (1) and (2) or (B) (1) and (2) and (C) (unilateral involvement).

© 0oL AW
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Table 1.3 Guideline 1995 for the usage of MRI and MRA to make a diagnosis of moyamoya
disease (Fukui et al. 1997) Ref. [30]

Guidelines for making a diagnosis using MRI and MRA
(A) When magnetic resonance imaging (MRI) and magnetic resonance angiography (MRA)
clearly demonstrate all the findings described below, conventional cerebral angiography:

1. Stenosis or occlusion at the terminal portion of the internal carotid artery and at the
proximal portion of the anterior and middle cerebral arteries on MRA.

2. An abnormal vascular network in the basal ganglia.

3. (1) and (2) are seen bilaterally.

(B) Imaging methods and judgment

1. More than a 1.0-tesla magnetic field strength is recommended.

2. There are no restrictions regarding the MRA imaging method.

3. The imaging parameters, such as the magnetic field strength, the imaging methods and
the use of contrast medium, should be clearly documented.

4. An abnormal vascular network can be diagnosed when more than two apparent flow
voids are seen on one side of the basal ganglia on MRI.

5. Either an over- or underestimation of the lesion could be made according to the
imaging conditions. To avoid a false-positive diagnosis, only definite cases should thus be
diagnosed based on the MRI and MRA findings.

(C) Because similar vascular lesions secondary to other disorders are sometimes
indistinguishable from this disease in adults, a diagnosis of MRI and MRA without
conventional angiography is thus only recommended in childhood cases.

Table 1.4 Suzuki’s angiographical stage Ref. [24]

Stage| Cerebral angiographic findings

| Narrowing of the carotid fork
1T Initiation of the moyamoya (dilated major cerebral artery and a slight moyamoya vessel
network)

11 Intensification of the moyamoya (disappearance of the middle and anterior cerebral
arteries, and thick and distinct moyamoya vessels)

IV | Minimization of the moyamoya (disappearance of the posterior cerebral artery, and
narrowing of individual moyamoya vessels)

v Reduction of the moyamoya (disappearance of all the main cerebral arteries arising from
the internal carotid artery system, further minimization of the moyamoya vessels, and an
increase in the collateral pathways from the external carotid artery system)

VI | Disappearance of the moyamoya (disappearance of the moyamoya vessels, with cerebral
blood flow derived only from the external carotid artery and the vertebrobasilar artery
systems)

revised, Suzuki’s angiographic stage (Table 1.4) [24] and MRA-based disease stage
(Table 1.5) [36] were described for the first time in Chap. 6 “Diagnosis.” In Chap. 7
“Treatment,” the recommendation grade and evidence level are first described for
each treatment in accordance with the development and spread of evidence-based
medicine (EBM) in the medical community over the world, although the author will
skip it here [41].

The most recent guideline was established in 2015 by The Research Committee
on Spontaneous Occlusion of the Circle of Willis (“Moyamoya Disease”), headed
by Prof. Kiyohiro Houkin and was published in Japanese in 2018 [42]. An English
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Table 1.5 Houkin’s MRA stage Ref. [36]

MRA findings ' Score
(1) Internal carotid artery

Normal 0
Stenosis of C1 1
Discontinuity of the C1 signal 2
Invisible 3
(2) Middle cerebral artery
Normal 0
Stenosis of M1 1
Discontinuity of the M1 signal 2
Invisible 3
(3) Anterior cerebral artery
Normal A2 and its distal 0
A2 and its distal signal decrease 1
Invisible 2
(4) Posterior cerebral artery
Normal P2 and its distal 0
P2 and its distal signal decrease 1
Invisible 2
MRA total score MRA stage
0-1 1
2-4 2
5-7 3
8-10 4

version has not been published officially. Its structure remains the same as the 2009
version, but there have been major revisions to the diagnosis criteria. First, the site
of an occlusion or stenotic lesion was previously defined as “the terminal portion of
the internal carotid artery and the proximal portion of the anterior and middle cere-
bral arteries,” but the 2015 revision changed it to “the arteries centered on the ter-
minal portion of the intracranial internal carotid artery.” It is because there have
been several reports of cases with occlusion or severe stenosis of the proximal por-
tion of the middle cerebral artery associated with typical moyamoya vessels, but
without obvious stenotic lesions at the terminal portion of the internal carotid artery.
Previously, such cases were not diagnosed as moyamoya disease because they were
not considered to meet the diagnostic criteria for moyamoya disease. However, Kim
et al. (2016) collected 81 cases with an isolated middle cerebral artery stenosis or
occlusion. All of them were younger than 60 years. According to the findings on
high-resolution MRI (see Chap. 14), they were classified into atherosclerosis group
(n = 45) and non-atherosclerosis group (n = 36). The latter was characterized by
younger age, smaller number of vascular risk factors, thinner intima-media thick-
ness, and more frequent mutation at RNF213, a susceptibility gene for moyamoya
disease. More interestingly, Choi et al. (2012) reported a 25-year-old female with
chronic headache due to an isolated middle cerebral artery stenosis on the right side.
She was conservatively followed up and repeated cerebral angiography revealed the
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isolated middle cerebral artery stenosis progressed to typical moyamoya disease
[43]. These observations strongly suggest that stenotic lesions may start to develop
at the proximal portion of the middle cerebral artery, but not at the terminal portion
of the internal carotid artery in moyamoya disease. Based on these considerations,
the pathogenesis of these cases is now thought very similar to that of moyamoya
disease, but a significant number of such cases have not been diagnosed as moy-
amoya disease according to previous diagnostic criteria. Therefore, the Research
Committee decided to revise the diagnosis criteria as written above in 2015.

Second, the 2015 edition eliminated the distinction between definite and prob-
able cases. In the past, cases with bilateral stenotic lesions at the terminal part of
the internal carotid artery and its branches were classified as definite cases and
cases with unilateral stenotic lesions were classified as probable cases, but all
cases are simply defined as moyamoya disease without distinction between defi-
nite cases and probable cases since 2015 [42]. It is based on increasing evidence
that a significant number of unilateral moyamoya disease progress to bilateral
moyamoya disease, especially in pediatric patients. They also share a similar
genetic background (see Chap. 3) [44-46]. Therefore, the pathophysiology and
genetics are recognized as very similar between bilateral and unilateral moyam-
oya disease, and the distinction between bilateral and unilateral cases has gradu-
ally become less significant.

Although different from the diagnostic criteria, this 2015 version of the diagnos-
tic and treatment guidelines for moyamoya disease is notable for incorporating new
findings throughout, including the revision to the treatment guidelines for hemor-
rhagic-type adult moyamoya disease in view of the recent series of studies of the
Japan Adult Moyamoya (JAM) Trial. However, this 2018 edition has been published
in Japanese only [42], while the English written version has not yet been officially
released. Therefore, there is an urgent need to publish an English written version
that should serve as the basis for discussions on the future development of a unified
international moyamoya disease concept and diagnostic criteria over the world.

Finally, the author will also discuss future issues. As pointed out earlier, moy-
amoya disease is diagnosed based on the findings on cerebral angiography or MR
angiography, i.e., the diagnosis completely depends on morphological information
about the lumen of the affected arteries. Therefore, when encountering a patient
with stenosis or occlusion of an intracranial artery due to other causes, it is not
infrequently difficult to distinguish them from moyamoya disease. Particularly in
patients older than 50 years, it is not uncommon to meet with difficulty in accurately
diagnosing whether the stenotic lesion is caused by moyamoya disease or by athero-
sclerosis. This obscures the debate over whether RNF2/3 mutants are involved in
intracranial artery stenosis lesions other than moyamoya disease or not. Therefore,
we need to further improve the accuracy of the diagnosis of moyamoya disease in
the next revision.
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Abstract

Moyamoya syndrome refers to the presence of an underlying condition in addi-
tion to the angiographic findings of moyamoya disease. The diseases which may
accompany moyamoya disease and therefore classify a patient as suffering from
moyamoya syndrome are wide-ranging and are not uniformly recognized in
international comparison. This chapter will focus on the epidemiology in Asia,
Europe, and North America. The most frequent underlying conditions reported
in patients with moyamoya syndrome will be discussed, as well as their possible
pathophysiological links to moyamoya disease. Finally, an overview of long-
term outcomes following surgical intervention as well as new perspectives in
patient care will be given.
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2.1 Terminology

Moyamoya disease (MMD) constitutes the spontaneous bilateral stenosis or occlu-
sion of the terminal portions of the internal carotid artery or proximal middle cere-
bral artery resulting in the formation of dilated, net-like collateral vessels at the base
of the brain [1, 2]. According to the current international guidelines, moyamoya
syndrome (termed quasi-moyamoya) “refers to the presence of stenosis or occlusion
of the terminal portion of the internal carotid artery or proximal portion of the ante-
rior and/or middle cerebral arteries accompanied by an abnormal vascular network
detected in association with an underlying disease. Even in cases with unilateral
lesions, if an underlying disease is present, the condition is considered as quasi-
moyamoya disease” [2]. This chapter will focus on this moyamoya variant disease
in regard to epidemiology, underlying conditions, and future perspectives in diagno-
sis and patient care.

2.2 Epidemiology

Similar to MMD, the prevalence of MMS is reported to be highest in Asian coun-
tries [2]. In Japan, the annual incidence of MMD is 1.13/100.000, which is approxi-
mately tenfold higher than the annual reported incidence of MMS at
0.11/100.000 [3, 4].

Regardless of ethnicity, MMS patients have been found to have a strong female
predominance of approximately 3:1 and present more commonly with ischemia
than hemorrhagic events. MMS patients also tend to present at a younger age than
those with MMD [3, 5-9].

Differences in epidemiological analysis arise between international series based
mainly on the scope of underlying medical conditions recognized as being associ-
ated with angiographic MMD. These conditions will be further detailed in chap.
2.3. In particular, inclusion of cardiovascular risk factors such as atherosclerosis
have proven controversial in regard to the pathophysiology of MMD. Asian studies
include atherosclerosis as an associated condition for classification as MMS,
whereas European and North American studies regard atherosclerosis as a separate
pathophysiological entity and consider it a risk factor for stroke [9]. The classifica-
tion of patients with unilateral disease as MMS also remains variable in the litera-
ture [5, 7]. Table 2.1 provides an overview of the major international epidemiological
studies on MMS and individual contributions will be discussed in detail below.

2.2.1 Japan

In the Japanese cohort surveyed by Hayashi et al., 109 MMS patients were identi-
fied (42 males, 66 females). These patients were observed to be younger (mean age
at onset of 30.6 years) than MMD patients and included 7% familial cases, which
presumably can be accounted for by the congenital nature of several underlying
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conditions that are used to define MMS. A separate examination of MMS cases with
and without atherosclerosis revealed that the mean age of atherosclerotic patients
was higher (53.5 years).

MMS patients presented less commonly with hemorrhagic stroke than MMD
patients (7% vs. 40%, respectively). Focal neurological deficits (TIA/Stroke) were
observed in over 50% of cases. Atherosclerosis was reported as the most frequently
associated condition (29%), followed by Down syndrome (15.1%), NF-1 (14%),
history of cranial irradiation or brain tumor (7.5%), and hyperthyroidism (7.5%).
Other conditions found included a history of meningitis, leukemia, renal hyperten-
sion, and aortic coarctation.

Angiographic findings of MMS patients at diagnosis revealed unilateral disease
in 46% of cases with stenoocclusion of the ICA found in 62% (left side) and 65%
(right side) followed by MCA stenoocclusion in 13—14%. The majority of patients
(60%) showed a disease severity of Suzuki III° at diagnosis. Signs of ischemia were
found on MRI in approximately 64% of the patients, hemorrhage in 7%, and no
signs of ischemia or hemorrhage were found on MRI in approximately 27%.
Surgical treatment analogous to definite MMD was performed in 60% of MMS
patients.

Overall, the Japanese population of MMS patients differs from MMD primarily
in regard to unilaterality, younger age at diagnosis, and lower incidence of hemor-
rhage versus ischemia [3, 4, 10].

2.2.2 Taiwan

A single-center Taiwanese series examining 90 MMD patients found 41% of
patients had accompanying medical conditions to be considered as MMS [5]. The
mean age at onset in this population was 35.9 years. Similar to the Japanese cohorts,
atherosclerosis was included as a concurrent condition when classifying for
MMS. Importantly, this study examined only patients with bilateral stenoocclusive
disease. Overall, 28 patients with unilateral disease were excluded from the original
series of 118 cases. Whereas 81.1% of patients had one underlying condition, up to
18.9% had two or more accompanying diseases. The most common accompanying
diagnosis in this cohort was atherosclerosis (32%) followed by thyroid disease
(29% total, of which 18% were Graves’ Disease). Interestingly, no cases of Down
syndrome were reported in this series.

Patients with MMS presented more often with ischemia than did MMD patients
(73% vs. 64%, respectively). Accordingly, more hemorrhage was observed in MMD
than MMS patients (26% vs. 10%, respectively). MMS patients were more com-
monly treated with antiplatelet therapy than MMD patients, which may also be
attributed to the frequency of atherosclerosis and dyslipidemia found in MMS
patients. The surgical strategies employed in MMS patients did not differ from
those for MMD patients with approximately 24% of MMS and 30% of MMD
patients receiving revascularization surgery.
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2.2.3 China

In a single-center review of 693 MMD patients 64 (9%) were classified as MMS
(including atherosclerosis). The mean age of patients at diagnosis was similar to the
Japanese and Taiwanese cohorts at 31.5 years. Interestingly the gender distribution
among this Chinese cohort was nearly equal between men and women (33 men, 31
women). Hemorrhage was found to be less frequent at presentation than ischemia
(21.9% vs. 70.3%). Atherosclerosis was the most common associated disorder in
MMS patients (50%), followed by hyperthyroidism (18.8%), anemia (7.8%), and
history of cranial radiation therapy or brain tumor (7.8%). No cases of
Neurofibromatosis 1 or Down syndrome were reported.

Disease severity according to Suzuki grading was slightly higher than the
Japanese cohort with a majority of patients showing Suzuki III° and IV® (20.3% and
42.2%). In this series, 50% of patients were found to have unilateral vasculopathy
with stenoocclusion of the ICA most commonly observed, followed by the middle
cerebral artery. No data was provided on stenoocclusion of the posterior circulation.
Analysis of the natural course of MMS patients in this series revealed the history of
previous ischemia or hemorrhage as predictive of future adverse events as has been
reported in Japanese and Chinese MMD patients [11, 12].

2.2.4 Korea

Epidemiological reports on a single-center series of 296 angiographically confirmed
MMD patients in Korea found four cases of MMS with underlying conditions
included fibromuscular dysplasia, thyrotoxicosis, and cerebral palsy [13]. In this
series, atherosclerosis was not used to classify MMS and no further subgroup analy-
sis was performed. Further national reports to date have excluded MMS from analy-
sis [14, 15].

2.2.5 United States of America

Data on North American MMS patients is available from three retrospective analy-
ses. Gross and Du report in a single-center review of 41 adult MMD patients in
which six were identified as MMS after excluding unilateral cases [7]. All MMS
patients were females, whereas MMD patients showed the standard gender distribu-
tion of a 3:1 female to male ratio. MMS patients were younger than MMD patients
at diagnosis (mean age 31 vs. 40 years old). Four (67%) MMS patients had pre-
sented with ischemia and two with hemorrhagic events (33%). Patients diagnosed
with MMD also presented more commonly with ischemia (74%) than hemorrhagic
insults (17%). Disease severity as determined by mean Suzuki grading among MMS
and MMD patients in this cohort were similar (2.8 vs. 2.5, respectively). Among the
concurrent diagnoses of these MMS patients, sickle cell disease was found in three
cases with one case each of connective tissue disease, NF-1, and hyperthyroidism.



22 K. Lucia et al.

A further retrospective analysis conducted in the western United States surveyed
298 patients over 10 years [16]. Patients with MMS were not separately addressed
in this study; however, 4.4% of cases had concurrent diagnoses of sickle cell dis-
ease, 48% of which were African Americans. Down syndrome was reported in 3%
of patients and NF-1 in 2.3%.

Guzman et al. reviewed a series of 329 surgically treated patients with MMD and
found 23 (16 pediatric and 7 adults) to have MMS [8]. The overall cohort of patients
in this study showed a female predominance of 3:1 in adult cases with an 1:1 distri-
bution in the first decade of life. This study also included cases of unilateral disease
which was found in 15% of MMS patients. The most common accompanying diag-
nosis was found to be NF-1 (31% of children, 43% of adults) followed by Down
syndrome (19% of children, 43% of adults) and primordial dwarfism in 19% of
children and 14% of adults MMS patients. Of the patients presenting with unilateral
MMS, 37.5% had NF-1 as a concurrent diagnosis. Patients presented mainly with
ischemic stroke (78.2%) with hemorrhagic events occurring much less frequently
(4.8%). Ischemic stroke was more common among pediatric MMS patients than
pediatric MMD patients (78 vs. 51%). In this study patients with MMS were found
to have an increased risk of postoperative stroke (OR 4.16, p = 0.09) compared to
those with MMD as well as higher surgical morbidity (8.7% vs 3.5%).

2.2.6 Germany

In the largest European analysis of MMS, Acker et al. retrospectively identified 61
cases of MMS from a single center [9]. When examining patients for criteria of
MMS, this study performed in our institute did not include atherosclerosis as a con-
current diagnosis associated with MMS as we consider atherosclerosis to be a sepa-
rate disease entity not associated with the vasculopathic changes observed in
MMD. All patients were of Caucasian descent. The gender distribution of pediatric
and adult patients was similar with an approximately 3:1 female to male ratio. This
European Caucasian cohort showed a predominance of adult presentation in con-
trast to the pediatric peak found in Asian MMS populations. Pediatric patients com-
prised approximately one-third of the cohort, of which no cases presented with
hemorrhagic events. Among adult patients, 12.2% presented with hemorrhage and
82.7% presented with ischemic events. Thirty percent of all patients showed no sign
of ischemic lesions on MRI. The average age of onset in adult patients was 38.2 years
and in pediatric patients 5.4 years. The most common underlying condition in both
pediatric and adult populations was Down syndrome (14.8% and 30%, respec-
tively), followed by hyperthyroidism in adults (12.2%) and NF-1 in children (10%).
Angiographic analysis of this cohort showed 79% of patients with bilateral disease.
The rate of unilateral MMS is therefore much lower than previously reported Asian
cohorts (11% vs. 46%) [3]. The mean Suzuki grade of all patients was 3. The pattern
of stenoocclusive lesions in this cohort showed predominant involvement of the
ICA alone or with the MCA/ACA in 89% of patients. The posterior circulation was
found to be affected in 40% of pediatric and 27% of adult patients. Surgical
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treatment was provided for 92% of patients with combined revascularization being
performed most often.

A further German series from Kraemer et al. reporting on 200 patients with moy-
amoya vasculopathy included only 17 cases which were classified as MMS (8.5%)
[17]. However, the authors also defined several patients with underlying conditions
as MMD in this series. Further details on the underlying conditions for MMS were
not available. Gender distribution (82% female, 18% male), mean age at onset
(32.4), and rate of ischemic versus hemorrhagic stroke (88% vs. 6%, respectively)
were similar to the population described by Acker et al. In this cohort, 6.8% of
MMS cases were determined to be familial and no affection of the posterior circula-
tion were described on angiographic examination.

2.3 Associated Conditions

The Guidelines for Diagnosis and Treatment of Moyamoya Disease present an
extensive overview of the underlying conditions that are recognized in association
with MMD and therefore define the categorization of MMS:

“Atherosclerosis, autoimmune disease (systemic lupus erythematosus, antiphos-
pholipid antibody syndrome, periarteritis nodosa and Sjorgen’s syndrome), menin-
gitis, von Recklinghausen’s disease, brain tumors, Down’s syndrome, head injury,
irradiation, hyperthyroidism, stenocephaly, Turner’s syndrome, Alagille’s syn-
drome, William’s syndrome, Noonan’s syndrome, Marfan’s syndrome, tuberous
sclerosis, Hirschprung’s disease, glycogen storage disease type I, Prader-Willi syn-
drome, Wilms tumor, primary oxalosis, sickle cell disease, Fanconi’s anemia, sphe-
rocytosis, eosinophilic granuloma, type II plasminogen deficiency, leptospirosis,
pyruvate kinase deficiency, protein someone deficiency, protein C deficiency, fibro-
muscular hyperplasia, osteogenesis imperfecta, polycystic kidney, oral contracep-
tives, and drug poisoning (cocaine, etc.)” [2].

An overview of the literature available on the most common underlying condi-
tions in MMS can be found in Table 2.2.

2.3.1 Neurofibromatosis Type 1 (von Recklinghausen’s Disease)

Neurofibromatosis type 1 (NF-1) or von Recklinghausen’s disease is an autosomal
dominant condition resulting from loss of function mutations in the NF-1 (neurofi-
bromin) gene leading to overactivation of the RAS pathway and promoting uncon-
trolled proliferation [23]. Disease prevalence is found to be approximately 1 in
4000-5000 with an equal male to female distribution [18]. Patients can present with
visible lesions such as café au lait patches, neurofibromas, lisch nodules, and bony
dysplasia. Although the increased RAS activation promoting cellular proliferation
may be presumed to affect smooth muscle cells of the tunica intima as may be seen
in moyamoya vessels [19], a definite pathophysiological link between NF-1 and
MMD has yet to be determined.
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Table 2.2 Overview of selected MMS associated conditions
Proposed
pathophysiological
Condition Pathogenesis Comment links to MMD
NF-1 (Morbus Autosomal dominant — Predominantly RAS-mediated
Recklinghausen) | loss of function unilateral MMD proliferation of smooth
mutation of [18-21] muscle cells of the

Neurofibromin and
constitutive activation

— NF-1 increases the
risk of radiation-

tunica intima [23]

of the RAS pathway associated MMD by
7% [22]
Down syndrome | Aneupleudic — Progressive Proliferation of the

triplication of
chromosome 21

hypertension may
preclude ischemic
insult in patients with
Down Syndrome MMS
[24]

alpha-chain of collagen
type VI located on
chromosome 21 (29)

Grave’s disease

Autoimmune disorder
of thyroid-stimulating
antibodies targeting
TSH receptors

— Primary treatment
involving strict
pharmacological
control of
hyperthyroidism.

— Thyrotoxic state can
increase the risk of
infarction [25-27].

— Autoimmune-
mediated vascular
remodelling [28-30]
— Sympathetic
induction of vascular
wall remodeling [25,
31]

— Vasculitis-induced
reaction to thyrostatic

drugs [32]
Sickle cell Autosomal recessive — Male predominance | n.a
disease point mutation of reported [33].
fB-globin gene — Higher rates of

unilateral disease in

European patients with

SCD [34, 35].
History of Acquired — Patients with — Radiation-induced
radiation concurrent NF-1 may ischemic necrosis

have an increased risk
of MMD following
radiation [36].

— Manifestation of
MMD ranges between
2 and 5 years after
skull base radiation
[21, 37].

followed by vascular
remodeling [38]

Selected underlying conditions in MMS for which the greatest amount of evidence in the current
literature exists. Case reports have therefore not been included in this overview

Studies in North American and European children with NF-1 have found that
between 2.5 and 6.4% of all cases also display cerebral vasculopathy in the sense of
MMD [20-22, 39]. These studies also found predominantly unilateral stenoocclu-
sion with the median age of diagnosis of MMS being between 5 and 12 years of age.
Patients with optic glioma associated with NF-1 were found to be at higher risk of
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having cerebral vasculopathy [21, 39]. Furthermore, MMD was found in 3.5% of
patients receiving radiation for primary brain tumors and the presence of NF-1 addi-
tionally increased rates of MMD threefold with each 100 cGy increase in radiation
dose causing an increased rate of MMD by 7% [40].

A North American pediatric series of 2543 MMD patients observed 29 (6.4%)
cases of concurrent NF-1 [41]. Up to 43% of adult MMS cases were found to have
an underlying NF-1 diagnosis in a North American cohort of 329 patients. In a
Japanese cohort of adult MMD patients, NF-1 was found to occur in 14% of cases
[3] and in a German series of 61 MMS cases 10% of pediatric patients were also
diagnosed with NF-1 [9]. Results from a single-center North American series of 39
children with MMD and NF-1 found that two-thirds of these patients displayed
symptoms of ischemic insult and 56% of these children showed radiographic evi-
dence of stroke [42]. Surgical treatment was performed in 32/39 patients all using
pial synangiosis. In 48% of patients, radiographic evidence of disease progression
was observed, although 95% of patients remained clinically stable. Due to the rec-
ognized association with cerebral vasculopathy and MMD with increased risk of
stroke, neuroimaging is considered an optional screening tool at baseline following
initial diagnosis of NF-1 in asymptomatic patients but is mandatory in those with
neurological symptoms [43].

2.3.2 Down Syndrome (Trisomy 21)

Down Syndrome is an aneuploidy disorder causing triplication of chromosome 21
affecting multiple organ systems and which is associated with increasing maternal
age at conception. An increased coincidence of MMD with Down syndrome has
been observed, although the pathophysiological basis remains unclear. A possible
mechanism has been postulated to involve increased expression of collagen type VI
due to the location of its alpha-chains on chromosome 21 which promotes intimal
thickening in the cerebral vessels of MMD patients [44].

Reports of underlying Down syndrome in MMD patients are primarily found in
North American and European populations. In a North American pediatric series of
2545 MMD patients 8.6% were found to have underlying Down Syndrome [41]. A
further North American series of 509 patients found that 3.8% of those admitted to
hospital for moyamoya disease had Down syndrome. This study estimated a 26-fold
greater prevalence of Down syndrome in Patients with MMD versus the prevalence
of Down syndrome among live births [45]. These patients with coincidental MMD
and Down syndrome presented more frequently with ischemic events than hemor-
rhagic insults (15.3% vs. 2.7%), and bilateral involvement was found in all patients
with Down syndrome and MMD (16 of 181 cases) in a North American cohort [46].
In this series 16 of 18 patients received surgical revascularization, 15 or which were
indirect via pial synangiosis and in one case direct revascularization through STA-
MCA bypass was performed. Furthermore, Down syndrome was found to be the
most common underlying condition in both pediatric and adult populations (14.8%
and 30%, respectively) in a German patient cohort [9]. In contrast to the North
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American and European data, rates of Down syndrome in MMD patients is much
lower (1:532) in the Japanese population [24] and the current Korean and Chinese
reports on MMS describe no coincidental cases of Down syndrome [5, 14].
Interestingly, a North American series of 30 patients with Down syndrome and
MMD compared to 116 Down syndrome patients without MMD found that a sig-
nificant rise in blood pressure was observed in MMD patients over 24 months pre-
ceding presentation with clinical symptoms of ischemia [28] indicating a possible
clinical parameter which can be used to screen for incipient disease progression.

2.3.3 Thyroid Disease

Thyroid disease, particularly hyperthyroidism due to Grave’s disease represents a
heterogenous group of underlying conditions in MMD patients. Elevated thyroid
autoantibodies have been reported in stroke patients with MMD compared to those
without MMD and up 29% of MMS patients in a Chinese series were found to suf-
fer from Grave’s disease [5, 29]. Patients with Grave’s disease and MMD were
found to be older than those with underlying Down syndrome or NF-1, and most
patients with Grave’s disease and MMD were found to be in a thyrotoxic state at the
time of an ischemic event [30].

Several hypotheses regarding the pathophysiology connecting MMD with thyroid
disease have been proposed. Similar to the T-cell-mediated autoimmune targeting of
TSH receptors in Grave’s disease, it has been postulated that an autoimmune reaction
may also occur in the vascular walls of MMD patients, although a target of such reac-
tions has not yet been identified [25, 31, 32]. Thyroid hormones may sensitize to the
sympathetic nervous system and induce changes in vascular walls [47, 48].

Further mechanisms involving vasculitis-induced alterations due to antithyroid
drugs [26] or cerebrovascular changes induced by thyrotoxicosis have been pro-
posed [27, 49], however, the exact mechanism of action remains unclear.

Treatment of patients with MMD and thyroid disease primarily involves strict
pharmacological management of hyperthyroidism although surgical revasculariza-
tion has been recommended in patients with evidence of reduced cerebrovascular
reserve capacity due to the increased infarction risk during thyrotoxic states [47, 50,
51]. Patients undergoing revascularization surgery should be kept in a euthyroid
state. Surgical strategies used in MMD patients with hyperthyroidism include indi-
rect techniques (EDAS, pial synangiosis) as well as combined revascularization
(STA-MCA plus EMS) [33-35].

2.3.4 Sickle Cell Disease

Sickle cell disease (SCD) is an autosomal recessive condition caused by a point
mutation in the HBB gene on Chromosome 11 coding for beta-globin causing recur-
ring small vessel occlusion. Retrospective analysis of a North American series of
SCD patients who suffered ischemic stroke revealed that 19 of 44 patients (43%)
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displayed angiographic MMD. In this series, the average age at the time of ischemic
insult was 17 years old, and in contrast to the overall female predominance in MMS,
68% of these patients were male [52]. Pediatric SCD patients with MMD were also
shown to be more than twice as likely to suffer an ischemic insult than those without
MMD [52]. In a European series of 25 adult SCD with MMD, 32% of these patients
showed a unilateral disease pattern which is higher than the 21% described in a
cohort of MMS cases with diverse accompanying diseases described in a previous
European series [9, 53]. Pediatric SCD patients with MMV have been successfully
treated with surgical revascularization via pial synangiosis effectively reducing the
rate of ischemic stroke over two years of follow-up [54].

2.3.5 Others

In addition to the aforementioned conditions that have been confirmed to coincide
with MMD in several international series, further case reports have illustrated the
presence of additional disorders that may accompany MMD. Rheumatic conditions
such as systemic lupus erythematodes and Sjorgen’s syndrome have been found to
coincide with cases of unilateral MMD with affection of the posterior circulation
[55]. Antiphospholipid syndrome and thrombophilia (Protein S and Protein C defi-
ciency) have been described in pediatric patients with MMD [56, 57]. Pediatric case
reports have also shown coincidence of inherited metabolic syndromes, Fanconi’s
anemia, phakomatosis, and ulcerative colitis [36, 37, 58-60].

2.3.6 Acquired Conditions

In addition to inherited disease patterns, several acquired conditions are associated
with MMD. Of these, the history of cranial radiation has been most intensively
studied. Here, radiation induces ischemic necrosis and promotes pathological vas-
cular remodeling [38]. Patients receiving radiation for tumors of the skull base such
as craniopharyngioma, optic glioma, or germ cell tumors are at increased risk of
developing MMD [61]. The time point at which MMD can be observed following
radiation can range between 2 and 5 years, however, this can vary greatly [40, 62].
A case series of 54 pediatric patients receiving radiotherapy in the parasellar region
revealed that up to 95% of children developed MMD within 12 years of initial radia-
tion [63]. Development of MMD has also been reported in patients receiving proton
beam therapy [64]. Additional case reports have confirmed postinfectious cases of
MMD particularly in children and adolescents after bacterial meningitis [65, 66].

2.4  Surgical Revascularization and Outcome

To date, surgical revascularization remains the primary treatment for MMD as it
aims at restoring perfusion in order to stabilize cerebrovascular hemodynamics and
reduce hemorrhagic and ischemic events [12, 67]. Both direct and indirect
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revascularization techniques have been successfully employed in MMS patients
[68]. Among indirect revascularization techniques, pial synangiosis and EDAS are
most commonly reported in the literature, particularly in pediatric patients [69, 70].
In a retrospective single-center analysis of surgical revascularization performed on
MMS versus MMD patients, MMS patients were found to have an increased risk of
postoperative stroke (OR 4.16, p = 0.09) compared to those with MMD as well as
higher surgical morbidity (8.7% vs. 3.5%) [8]. It may be hypothesized that the pres-
ence of accompanying disease per se increases the risk of surgical morbidity,
although this has not yet been thoroughly examined in larger case-control studies.

Long-term follow up of MMS patients following surgical treatment have shown
that while approximately 30% of unilateral cases had progressed to bilateral disease
over a mean time of 2.2 years [69], no significant increase in ischemia or hemor-
rhage was observed [70]. Factors associated with progression include contralateral
abnormalities on initial angiography, a previous history of congenital cardiac anom-
aly, history of cranial irradiation, Asian ancestry, and familial MMS [69]. Patients
diagnosed with MMS at a younger age were found to progress more rapidly than
were those diagnosed later in life [69].

In the largest European Caucasian series of MMS patients, a study performed in
our institute reports that 92% of patients received surgical treatment [9]. Combined
revascularization techniques (STA-MCA bypass plus EDS and or EMS) were used
most commonly in this cohort. Long-term follow up in these patients (mean
51 months) showed that 88% of patients had no new symptoms, whereas four
patients (18%) reported persisting TIA symptoms which were not associated with
new ischemic lesions on MRI scans. Bypass patency was found to be present in 89%
of cases at long-term follow up controls. Four patients underwent revision bypass
surgery using intermediate- and high-flow bypasses as well as STA-MCA with the
use of the frontal STA branch.

2,5  Future Perspectives in Diagnosis and Patient Care

Recognition of MMS as a disease variant of MMD is established in the current
international guidelines for diagnosis and treatment of moyamoya disease. Despite
an extensive list of underlying conditions that constitute MMS in these guidelines
there is great variation of how MMS is defined in clinical practice and research.
Standardization of terminology as well as underlying conditions could simplify
international collaboration when dealing with this rare condition.

With increasing integration of next generation sequencing technologies in the
clinical routine, there is great potential for expanding our current knowledge of the
etiology and pathophysiological mechanisms connecting the underlying conditions
discussed in this chapter with MMD. Although linkage studies performed in fami-
lies with MMD have introduced five potential candidate genes associated with the
development of the MMD phenotype, no clear susceptibility gene has yet been iden-
tified [71]. In regard to MMS, an autosomal recessive homozygous mutation of the
GUCY1A3 gene (coding for the a-subunit of a major NO receptor) has been
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identified as causing abnormal vascular remodeling in patients with Achalasia and
MMS [72]. Furthermore, X-linked deletions on Xq28 leading to loss of the MTCP1/
MTCPINP and BRCC3 genes have been found in three unrelated families to cause
a phenotype with short stature, facial dysmorphism, and hypergonadotropic hypo-
gonadism in addition to MMD [73].

Insights into the genetic links between MMD and the accompanying diseases

found in MMS could provide a means of screening for patients at risk of developing
ischemic or hemorrhagic stroke and guide the timing of possible surgical treatment
to improve long-term outcome in this heterogenous group.
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Abstract

The clinical features of unilateral moyamoya disease differ from those of bilat-
eral moyamoya disease, e.g., cerebral blood flow pattern and age distribution,
and it remains to be determined whether unilateral moyamoya disease belongs to
the same clinical entity as moyamoya disease or constitutes a distinct entity.
However, both share many common features, e.g., both are chronically progres-
sive. Moreover, bypass surgery is effective in preventing stroke. The R4810K
mutation in RNF213 contributes greatly to the disease risk in East Asian coun-
tries. Considering that prevention of the disease progression is the main thera-
peutic strategy for moyamoya disease, clarification of the mechanisms of disease
progression is very important. In this context, unilateral moyamoya disease
would serve as a model for disease progression because the unaffected side
allows observation of the phenotypes of progression from a very early stage. In
this chapter, we summarize the diagnostic criteria and clinical and radiological
features of unilateral moyamoya disease and discuss current topics, including the
differential diagnosis from transient cerebral arteriopathy, biomarkers of unilat-
eral moyamoya disease, contralateral progression, and posterior cerebral artery
involvement. Knowledge on the characteristics of unilateral moyamoya disease
is important for understanding the pathophysiology of moyamoya disease.
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3.1 Introduction

Unilateral moyamoya disease was formerly considered a distinct clinical entity and
has been regarded as “probable” moyamoya disease. The diagnostic criteria of moy-
amoya disease are gradually changing with growing understanding of the genetics
and pathophysiology of the disease, and currently, both bilateral and unilateral
lesions are regarded as “definite” moyamoya disease. Unilateral moyamoya disease
constitutes 10%—20% of all cases of moyamoya disease. Although the rate of con-
tralateral progression varies among studies, it occurs in both children and adults.
Considering that unilateral and bilateral moyamoya disease are classified under a
single family and share common genetic factors, i.e., RNF213 mutations [1, 2], they
are safely considered to share a common pathological background. However, some
reports have shown that the progression pattern or cerebral blood flow (CBF) pat-
tern differs between unilateral and bilateral moyamoya disease, and thus, whether
they are the same clinical entity remains to be determined. It is also possible that the
contribution of nongenetic factors is different between unilateral and bilateral moy-
amoya disease.

Regardless of whether unilateral and bilateral moyamoya disease are identical,
they share common features that are useful in understanding the pathophysiology of
the disease. The distinguishing characteristics of both unilateral and bilateral moy-
amoya disease are progressive stenosis around the terminal region of the internal
carotid artery (ICA) and the development of fine collaterals. Understanding the
mechanism of disease progression will improve the management of patients.
Although it is possible that the process of progression may differ between unilateral
and bilateral moyamoya disease, it is advantageous to be able to observe the pro-
gressive changes from a very early stage (Suzuki stage 0—1) in cases of contralateral
progression in unilateral moyamoya disease. Therefore, it is necessary to review the
characteristics of unilateral moyamoya disease in association with bilateral moy-
amoya disease and other unilateral arteriopathies such as focal cerebral arteriopathy
(FCA) to better understand the pathophysiology of moyamoya disease.

3.2  Definition of Unilateral Moyamoya Disease

Unilateral moyamoya disease was formerly regarded as a distinct clinical entity and
has been regarded as “probable” moyamoya disease. In 2012, childhood-onset uni-
lateral moyamoya disease with stenotic changes on the contralateral side was
regarded as “definite” moyamoya disease [3]. According to the current guidelines of
the Research Committee on Spontaneous Occlusion of Circle of Willis (moyamoya
disease) [4], both bilateral and unilateral lesions are regarded as “definite” moy-
amoya disease when patients are diagnosed by conventional angiography, although
when diagnosis is performed with only magnetic resonance angiography, only bilat-
eral lesions can be diagnosed as moyamoya disease. Patients with moyamoya
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disease and underlying diseases such as neurofibromatosis type 1, autoimmune dis-
eases, or Down syndrome can also be regarded as having moyamoya disease (cor-
rectly known as quasi-moyamoya disease) in the broad classification [5, 6].
However, lesions caused by atherosclerosis or cranial irradiation should not be
treated as moyamoya disease. Conventional angiography is necessary for the diag-
nosis of unilateral moyamoya disease because it is sometimes difficult to distin-
guish it from non-moyamoya arteriopathy and middle cerebral artery disease.

3.3 (Clinical and Radiological Features

The proportion of unilateral moyamoya disease cases was 19.7% in a Japanese
study comprising 180 patients [7]. In other studies, it was reported to be approxi-
mately 15% (9.4%—18.0%) [8—16]. The age distribution in unilateral moyamoya
disease shows two peaks, similar to that in bilateral moyamoya disease, but the
proportion of childhood-onset disease is smaller in unilateral moyamoya disease
than in bilateral moyamoya disease [7]. A report from China showed only one peak
distribution, with a mean age at diagnosis of 30.8 years [2]. Ikezaki et al. reported a
female-to-male ratio of 1.65, which is not different from that in moyamoya disease
[7]. However, many reports showed a ratio of >2.0. In contrast, Ogata et al. reported
that the female-to-male ratio in unilateral moyamoya disease was lower and between
those in moyamoya disease and atherosclerotic intracranial arteriopathy [17].
Because the ratio is affected by ethnicity, surgical case-only analysis, year of enroll-
ment, and use of magnetic resonance imaging (MRI) screening for asymptomatic
patients, it varies across studies. Furthermore, a nationwide comprehensive study is
needed to clarify the difference in the female-to-male ratio between unilateral and
bilateral moyamoya disease.

Clinical manifestation also varies across studies. Some reports showed that
symptomatic cases and left-side involvement were higher or hemorrhagic onset was
common in unilateral moyamoya disease, whereas others showed that asymptom-
atic cases were more common (55.6%) [10]. This is susceptible to diagnostic and
reporting biases. In a series of surgical cases, there were no asymptomatic cases.
Screening examination by MRI such as brain checkup increases the incidence rate
of asymptomatic unilateral moyamoya disease. Yu et al. compared patterns of hem-
orrhagic stroke between adult patients with bilateral moyamoya disease and those
with unilateral moyamoya disease [18]. Patients with unilateral moyamoya disease
and acute intracranial hemorrhage were at the earlier Suzuki stage and had a higher
incidence rate of hypertension than patients with bilateral moyamoya disease.
Intraventricular hemorrhage was more common in bilateral moyamoya disease,
whereas subarachnoid hemorrhage was more common in unilateral moyamoya
disease.

Familial cases accounted for 4.1%—17.6% of cases of unilateral moyamoya dis-
ease and ranged between 5% and 10% in most studies [2, 7, 10-12, 19-21]. Zhang
et al. reported that familial cases accounted for 12.2% of bilateral moyamoya



36 Y. Mineharu and S. Miyamoto

disease cases and 5.5% of unilateral moyamoya disease cases [2], suggesting that
the proportion is higher in bilateral moyamoya disease. In accordance with this find-
ing, the rate of bilateral involvement was higher in mutants than in wild types for the
RNF213 p.R4810K mutation [22].

Only a few studies have assessed CBF in unilateral moyamoya disease. Ogata
reported the differences in angiographic and CBF characteristics between unilateral
and bilateral moyamoya disease [17]. Ethmoidal moyamoya vessels were more
prominent in patients with moyamoya disease than in those with unilateral moy-
amoya disease. CBF at resting state in patients with unilateral moyamoya disease
was significantly higher than that in patients with bilateral moyamoya disease or
those with atherosclerotic arteriopathy. The vascular reserve capacity was higher in
patients with unilateral moyamoya disease, but it was not statistically significant. It
was speculated that collateral flow from the unaffected hemisphere prevents the
decrease of blood flow. However, caution is advised when interpreting the results of
this study because the patients with unilateral moyamoya disease were mostly
asymptomatic, whereas most of the patients with bilateral moyamoya disease and
those with atherosclerosis had a stroke.

Angiographic characteristics are common in both unilateral and bilateral moy-
amoya disease. Both show progressive steno-occlusive changes at the terminal
region of the ICA, accompanied by fine collaterals at the base of the brain.
Nevertheless, some reports suggested that the initiation of stenosis in unilateral
moyamoya disease may be different, i.e., stenosis starts at the distal part of the
MCA or anterior cerebral artery (ACA) but not at the terminal region of the ICA. For
instance, Liu et al. reported a patient with unilateral moyamoya disease associated
with the RNF213 mutation who underwent vertebral artery dissection followed by
MCA and ACA stenosis before developing the angiographic moyamoya phenotype
[23]. However, MCA stenosis in patients with bilateral moyamoya disease is likely
to be underestimated. Therefore, the finding does not necessarily indicate that the
progression pattern of arterial stenosis differs between unilateral and bilateral moy-
amoya disease. Additional clinical studies or preclinical models are necessary to
examine the difference between unilateral and bilateral moyamoya disease.

34 Biomarkers

Several studies aimed to identify biomarkers for unilateral moyamoya disease.
Homocystinuria is a well-known cause of quasi-moyamoya disease. Ge et al.
showed that serum homocysteine level was elevated in patients with moyamoya
disease and was significantly higher in patients with unilateral moyamoya disease
than in those with bilateral moyamoya disease [15]. Jeon et al. reported that
CRABP-I expression levels in bilateral moyamoya disease were significantly higher
than those in unilateral moyamoya disease (p = 0.044) [24]. Both homocysteine and
CRABP-I regulate retinoic acid, which is important for the generation of regulatory
T cells, suggesting the role of autoimmunity in the development of unilateral
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moyamoya disease. In accordance with this finding, Chen et al. showed that autoim-
mune disease was more common in patients with unilateral moyamoya disease than
in those with bilateral moyamoya disease, although no specific disease was identi-
fied [25].

The R4810K mutation in RNF213 has been reported to be associated with unilat-
eral and bilateral moyamoya disease. The prevalence of the R4810K mutation was
reported to be lower in patients with unilateral moyamoya disease [22]. To date, no
specific gene has been identified to cause unilateral moyamoya disease. MRV-1 has
been reported to be associated with moyamoya disease in patients with NF1. Such
genetic factors may be identified in unilateral moyamoya disease in future studies.

In summary, compared with patients with bilateral moyamoya disease, hyperten-
sion and autoimmune disease were more common and homocysteine levels were
higher in hemorrhagic stroke cases, whereas RNF213 mutation was less common in
patients with unilateral moyamoya disease. These findings suggest that the balance
of genetic and nongenetic factors may differ between unilateral and bilateral moy-
amoya disease.

3.5 Differentiation of Moyamoya Disease
from Non-moyamoya Arteriopathy, Including FCA

Intracranial arteriopathy is a common condition that resembles moyamoya disease
but does not fulfill the diagnostic criteria for moyamoya disease. Such an arteriopa-
thy is regarded as non-moyamoya arteriopathy. However, no clear distinction can be
made between moyamoya disease and non-moyamoya arteriopathy. In the case of
rapid progression of unilateral arteriopathy within a family of familial moyamoya
diseases, the development of moyamoya vessels was not evident [26]. Some patients
with moyamoya disease exhibit a typical feature of moyamoya arteriopathy on one
hemisphere and an atypical feature on the other hemisphere. The frequency of the
R4810K mutation was reported to be correlated with a number of diagnostic criteria
for moyamoya disease (bilateral and basal moyamoya vessels and involvement of
the terminal ICA), suggesting that non-moyamoya arteriopathy may be a spectrum
of moyamoya disease or RNF213-related vasculopathies. However, no specific fac-
tor was identified other than RNF213, and the rationale for this hypothesis is insuf-
ficient. In the same context, quasi-moyamoya disease was also shown to be
associated with RNF213 [5], but further evidence is needed if we classify it under
the same entity as moyamoya disease.

In cases of unilateral pediatric arteriopathy, differential diagnosis from transient
cerebral arteriopathy (FCA) is necessary. FCA is also known as transient cerebral
arteriopathy. However, transient indicates that the arterial narrowing is not progres-
sive, and symptoms are not necessarily transient. Moreover, most children are left
with permanent arterial abnormalities and residual neurological deficits. Therefore,
FCA would be the preferred technical term. Braun et al. reported that among chil-
dren with FCA in Europe, only 6% had progressive arteriopathy including
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moyamoya disease [27]. Conversely, Yeon et al. reported that moyamoya disease is
more prevalent in East Asian countries and that FCA was not well recognized. They
reported that 20% of cases of childhood arteriopathy, whose features are distinct
from those of moyamoya disease at diagnosis, were progressive [28]. Stroke was
preceded by chickenpox in 44% of patients with FCA and in none of the patients
with progressive arteriopathies [27]. Araki et al. reported a case of bilateral FCA
with occlusion of the left ICA followed by focal narrowing of the right ACA [29].
The patient did not have the R4810K mutation. In contrast, Echizenya et al. reported
a patient with FCA with the R4810K mutation in whom arteriopathy occurred after
viral infection and who recovered completely [30]. Thus, a combination of genetic
and nongenetic factors does not necessarily induce progression of the arteriopathy
or formation of moyamoya collaterals, suggesting that more than two factors may
be necessary for disease progression in moyamoya disease. Comparative analysis,
especially comparison of genetic architecture, has not been conducted between uni-
lateral moyamoya disease and FCA. Future studies are warranted.

3.6 Contralateral Progression

Sixteen studies have analyzed contralateral progression of unilateral moyamoya
disease (Table 3.1) [2, 7-12, 19-21, 31-35]. Ten studies included only surgical
cases, two included only adult cases, and five included only pediatric cases. The
percentage of contralateral progression ranged from 17.8% to 66.6% (median
28.5%) in pediatric cases and from 0 to 50.0% (median 14.6%) in adult cases. Zhang
et al. performed one of the largest studies enrolling both pediatric and adult patients
with unilateral moyamoya disease (17 children and 84 adults); they reported that the
rate of contralateral progression was 22.2% and 14.6%, respectively [2]. Three stud-
ies consistently showed that pediatric patients aged <7 years develop contralateral
progression faster than older populations [11, 12, 19] as well as develop the contra-
lateral lesion within 3 years. These findings indicate that children have a higher risk
of contralateral progression and a shorter progression period.

Several candidates were determined as predictors of contralateral progression.
Age at diagnosis is one of the most reliable factors, as discussed above. Angiographic
abnormalities (equivocal findings of stenosis) at the MCA or ACA have been also
reported in several studies, although some denied it [12]. Kuroda et al. compared the
risk of progression between the untreated hemisphere of moyamoya disease and the
unaffected side of unilateral moyamoya disease. They showed that the interval from
diagnosis to progression was shorter in patients with moyamoya disease [8], sup-
porting the notion that angiographic narrowing is a predictor of disease progression.
Recently, Church et al. analyzed a large cohort of 217 patients with unilateral moy-
amoya disease including Asian and Caucasian populations and reported that hyper-
lipidemia is a risk of contralateral progression [21]. Comorbidities related to
quasi-moyamoya disease such as NF1 have been proposed as risk factors for contra-
lateral progression, but the results are inconsistent [19, 21]. Further replication stud-
ies are necessary to draw conclusions.
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Although it has not been reported whether the mutation in RNF213 is associated
with the contralateral progression of unilateral moyamoya disease, it has now been
examined in the SUPRA Japan study. Considering that Asian ancestry and family
history of moyamoya disease are risk factors for contralateral progression, the
RNF213 R4810K mutation may also be considered a risk factor.

In terms of patient care, a periodical examination by MRI is recommended to
detect progression at an early stage before the onset of symptoms. Pediatric patients,
especially those aged less than 9 years, should undergo examinations within a year’s
interval at least for 3 years. Because some studies showed that contralateral progres-
sion occurs after 5 years, and because long-term follow-up data are insufficient, it is
recommended that patients continue to undergo periodical examinations.

3.7 PCA Involvement

Involvement of the posterior cerebral artery (PCA) is associated with poor progno-
sis in moyamoya disease. Thus, it is important to understand the risk of PCA
involvement in unilateral moyamoya disease as well. It has been reported that PCA
involvement tends to occur on the ipsilateral side. Matsushima reported that two of
six pediatric patients with unilateral moyamoya disease had PCA involvement on
the ipsilateral side [31]. Mugikura showed that PCA involvement occurs predomi-
nantly on the ipsilateral hemisphere [36]. Furthermore, the mechanism of disease
progression of posterior circulation on the side of the anterior circulation needs to
be evaluated in future studies.

3.8 Perspectives

Unilateral moyamoya disease shares a common genetic background (RNF213
mutation) with bilateral moyamoya disease. However, patients with unilateral moy-
amoya disease were shown to have a lower frequency of the R4810K mutation, and
nongenetic factors such as homocysteine level, hyperlipidemia, hypertension, and
autoimmune disease were more predominant. The balance or the number of risk
factors may differ between unilateral and bilateral moyamoya disease. Given that
even moyamoya disease exhibits laterality, both unilateral and bilateral moyamoya
disease should reflect different phases or phenotypes of the same disease; however,
current evidence is insufficient to prove this presumption. Further comprehensive
analyses comparing bilateral and unilateral moyamoya disease, FCA, quasi-
moyamoya disease, and intracranial atherosclerotic disease are warranted. After
replicating the effect of hyperlipidemia or homocysteine on unilateral moyamoya
disease progression, preclinical models will be strongly required to prove the clini-
cal findings and test the efficacy of therapeutic drugs such as statin or folic acid.
Further studies on unilateral moyamoya disease will help better our understanding
of the pathophysiology of moyamoya disease and provide a therapeutic strategy.
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RNF213 as a Susceptibility Gene for
Moyamoya Disease has Multifunctional
Roles in Biological Processes
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Yasuhisa Nakamura, Jiyeong Kim, and Akio Koizumi

Abstract

RNF213 has been identified as a susceptibility gene for moyamoya disease
(MMD), and a rare founder variant in RNF213 p. R4810K markedly increases
the risk of MMD in East Asian populations. RNF213, a huge protein, harbors
two tandem AAA+ ATPase domains and a ring finger domain. Although the
physiological and pathological roles of RNF213 are largely obscure, RNF213
has been reported to be involved in various biological processes, and these pro-
cesses are possibly linked to susceptibilities to several stressors. In this chapter,
we review the functional properties of RNF213, focusing particularly on its vari-
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ants such as p.R4810K, and the RNF213-associated susceptibilities reported in
some stress models. The low penetrance of RNF213 p.R4810K, however, implies
that environmental factors play an essential role in MMD development in addi-
tion to genetic predisposition. We also introduce our ongoing research and inter-
mediate results on the environmental factors involved in RNF213-mediated
MMD development.

Keywords

Moyamoya disease - RNF213 - p.R4810K - Ubiquitin ligase - ATPase -
Environmental factors - Infection

4.1 Introduction: RNF213 and Moyamoya Disease

The incidence of Moyamoya Disease (MMD) is much higher in East Asia (0.94/10°
person-years in Japan [1], 1.7/10° in Korea [2], 0.43/10° in China [3]) than in other
parts of the world such as the USA (0.086/10°) [4]. Furthermore, 10%—15% of
Japanese patients with MMD have a family history of this disease [5]. Such regional
differences and familial occurrences strongly suggest an important role for genetic
predisposition to MMD etiology in the East Asian population. Since the 1990s, the
genetic factors involved in MMD have been explored, and linkage and association
studies have been conducted. The “skipping generation” phenomenon, which is
unique to MMD inheritance, has not allowed linkage analyses to converge into a
single locus for MMD [6]. Deep insight into the inheritance of MMD revealed the
existence of a “carrier status,” and this observation enabled us to identify a single
robust MMD locus on 17q25.3 by extensive linkage analyses using three-generation
Japanese families [6]. Additionally, positional cloning of this locus [7] and whole
exome sequencing [8] identified p.R4810K (c.14429 G > A, rs112735431, hereafter
called R4810K), as reported independently by a genome-wide association study [9].

Our previous study of sporadic MMD cases in Japan, Korea, and China showed
that RNF213 R4810K is frequently found in Japanese (90%), Korean (79%), and
Chinese (23%) patients and this variant dramatically increased the risk of MMD
(odds ratio = 112) [8]. Following on from these studies, genetic screening for
RNF213 R4810K and other RNF213 variants was conducted in MMD patients in
Asia and other regions as well. Consequently, while many non-R4810K mutations
have been identified in MMD patients worldwide, RNF213 R4810K was found to
be absent in Caucasian, Hispanic and African populations including in control indi-
viduals and MMD cases alike, suggesting that RNF213 R4810K is an Asian-specific
variant and may contribute to the high incidence of MMD in East Asia [10, 11].
Moreover, RNF213 R4810K recently emerged as a risk factor for several vascular
diseases such as ischemic stroke [12], coronary artery disease [13], and pulmonary
hypertension [14].

RNF213 R4810K, however, was also observed in 1%—-2% of the general East
Asian population [8, 15]. This indicates that there are numerous unaffected carriers
of MMD in East Asia (estimated to be 15 million), and that there is a low penetrance
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of RNF213 R4810K in MMD (assuming that MMD occurs in 1/300 carriers), even
though RNF213 R4810K substantially increases susceptibility to this disease [15].
Therefore, it is strongly suggested that in addition to R4810K, environmental fac-
tors play a critical role in MMD development (Fig. 4.1a).

RNF213, also called mysterin, encodes an extremely large protein (591 kDa) of
5207 amino acids (NP_001243000.2), and contains two tandem AAA+ ATPase
domains and a ring finger (RING) domain (Fig.4.1b) [8, 18]. Biochemical assays
have revealed the enzymatic activities of these domains, indicating that RNF213 is
a unique protein containing a combination of ATPase and ubiquitin ligase activities
[8]. The RNF213 protein forms a putative hexameric oligomer, the stabilization and
destabilization of which is considered to be regulated by the first AAA+ domain or
second AAA+ domain, respectively [18]. The ubiquitin ligase (E3) family mediates
protein ubiquitination and resultant target protein degradation or regulating various
signaling processes [19]. However, the substrate (or substrates) of RNF213 await
identification. Notably, most of the MMD-associated rare RNF213 variants such as
R4810K are located in the C-terminal portion, which includes the RING domain
(Fig. 4.1b) [10, 11], indicating that the functional alterations caused by mutations in
this region may be linked with MMD etiology.

After RNF213 was identified as a susceptibility gene for MMD, although its physi-
ological and pathological roles remain largely unknown, many studies have shown
that it is involved in various biological processes. Therefore, we review in this chapter

East Asian Population

RNF213 R4810K
carriers

Environmental factor(s) -
(Infection? Immune function?)

Genetic factor ‘
(RNF213 R4810K)

0.03-0.06 %
b ) 1st AAA+ 2nd AAA+ RING
RNF213 protein 2397-2628 2738-2987 3997-4093 R4810K
5207 AA | ; ; e - 1
(AA number) 1 1000 2000 3000 4000 5000

Clustered region of
MMD-associated rare variants

Fig. 4.1 RNF213 as a susceptibility gene for MMD. (a) Schematic model of the genetic and
environmental factors involved in RNF213-mediated MMD in the East Asian population. MMD
prevalence is described elsewhere [16, 17]. (b) Genomic structure and domains in RNF213. The
domain structure is based on the study by Morito et al. [18]. AA amino acid, AAA+ ATPase domain,
RING ring finger domain
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the functional properties of RNF213, focusing particularly on its variants (e.g.,
R4810K), and on the RNF213-associated susceptibilities that have been revealed by
several stress models. We also introduce our ongoing research aimed at elucidating
the environmental factors involved in RNF213-mediated MMD development.

4.2 Functional Properties of RNF213 and its Variants
4.2.1 Upregulation of RNF213 by Inflammatory Substances

Several studies using cultured cells have shown that RNF213 is induced by inflam-
matory substances [20-22]. Interferons (IFNs), antiviral cytokines, and viral mimic
Poly(I:C) lead to marked upregulation of RNF213 in endothelial cells (ECs) [20-
22]. However, lipopolysaccharide, a bacterial cell wall component, was found not to
induce RNF213 expression in ECs, even though it elevated RNF213 levels in fibro-
blasts [20, 22]. These findings suggest that viral infections, but not bacterial ones,
can result in RNF213 upregulation in ECs. Notably, IFNs have antiangiogenic
activities [23] and RNF213 is associated with such activities. An RNF213 knock-
down rescued the reduced angiogenesis induced by IFN-f in cultured ECs [21],
indicating that RNF213 is a possible mediator of the antiangiogenic effects of IFNs.
From these results, it is speculated that inflammation (especially that caused by viral
infections) might be a candidate environmental factor associated with MMD.

4.2.2 Inhibitory Effects of RNF213 Variants on EC Functions
and Cell Division

4.2.2.1 EC Dysfunction

Induced pluripotent stem cell (iPSC)-derived vascular ECs (iPSECs) from MMD
patients carrying the RNF213 R4810K variant display reduced angiogenesis in an
in vitro assay [24]. RNF213 R4810K overexpression, but not wild-type RNF213
overexpression or suppression of RNF213 by RNA, inhibited angiogenesis and cell
migration in human cultured ECs [21, 24]. Similar EC dysfunctions were observed
in ECs overexpressing other RNF213 mutants (D4013N, R4019C, and V4146A)
found in Caucasian MMD patients [25]. Furthermore, in mouse models, EC-specific
overexpression of the Rnf213 mutant also inhibited hypoxia-induced cerebral
angiogenesis [21].

Gene expression analysis of iPSECs shows that securin (otherwise called PTTG1;
Pituitary Tumor Transforming Gene 1), a protein involved in angiogenesis in in vitro
models and new vessel formation in in vivo models [26-28], is downregulated in
MMD patients [24]. Securin levels have been found to decrease in ECs overexpress-
ing RNF213 R4810K, but not in ECs overexpressing wild-type RNF213 [24].
Securin knockdown also led to angiogenesis inhibition in ECs, a situation similar to
that invoked by RNF213 R4810K [24]. These results raise the possibility that
securin plays a role in the EC dysfunction induced by RNF213 variants.
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Smooth muscle cells (SMCs) are also involved in angiogenesis. iPSC-derived
vascular SMCs derived from patients with MMD were tested for their angiogenic
function [29]. Extensive studies on iPS SMCs derived from patients failed to reveal
differences in their transcriptome profiles or cellular functions including prolifera-
tion, migration, and contractile ability. By contrast, significant differences in the
transcriptome of iPS ECs derived from patients with MMD were observed.

Collectively, these studies suggest that patient-derived iPS ECs and SMCs could
provide a novel tool for investigating the pathological processes in vivo. At present,
these data also indicate that ECs may play a more pivotal role in MMD than SMCs.

4.2.2.2 Abnormal Mitosis

Apart from the inhibition of angiogenic activity in ECs, the observation of securin
downregulation suggests that RNF213 R4810K is possibly linked with cell division
and chromosome segregation abnormalities, prompting the hypothesis that RNF213
R4810K impairs mitosis, thereby resulting in mitotic failure during proliferation in
MMD patients.

To elucidate the mechanism underlying mitotic failure, we investigated the pos-
sibility that RNF213 R4810K alters the reorganization process of cytoskeletal ele-
ments during cell division. Embryonic fibroblast cells from Rnf213 R4757K
(corresponding to human R4810K) knock-in mice show abnormal mitotic spindle
orientation and mitotic delay in anaphase (Fig. 4.2a). Overexpression of the R4810K
variant led to fewer actin filaments in U20S cells compared with those overexpress-
ing wild type RNF213 protein (Fig. 4.2b).

MEF (WT) wWT

1-0 1-1 1-2 1-3
MEF (Knock-in)

-- - - s
2-4 2-5

Fig. 4.2 Influence of the R4810K variant in the cell. (a) Live images of WT and knock-in mouse
embryonic fibroblast (MEF) cells. Images were obtained every 15 min. (b) F-actin staining of cells
overexpressing RNF213. U20S cells expressing the wild type or variant RNF213. Actin (Red),
RNF213 (Green), DNA (Blue)

2-6
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4.2.3 Stabilizing Effect of RNF213 on Cytoplasmic Lipid Droplets

High-resolution microscopic imaging has revealed that RNF213 is located on the
surface of cytoplasmic Lipid Droplets (LDs), the ubiquitous organelles that store
neutral lipids and act as a source of metabolic energy and fat substances [30].
Overexpression and knockdown/knockout studies have shown that RNF213 stabili-
zation of LDs occurs mainly by the elimination of adipose triglyceride lipase from
LDs [30]. Loss-of-function mutations in the AAA+ domains and deletion of the
RING domain both equally impaired this LD targeting, and led to different abnor-
mal RNF213 distribution; diffusion throughout the cytosol and amorphous
aggregate-like pattern formation, respectively [30]. Several MMD-related RNF213
variants in the RING domain (C3997Y, H4014N, C4017S, and C4032R) have also
been reported to cause impaired LD targeting, while D4013N, another RING
domain variant, and R4810K did not [30]. These results raise the possibility that fat
metabolism may be potentially linked with MMD etiology.

4.2.4 NFkB Activation and Apoptosis by RNF213 Variants

Recently, in vitro ubiquitination analysis using the RNF213 RING domain showed
that RNF213 generated K63-linked polyubiquitin chains through cooperation with
Ubc13/UevlA, a ubiquitin-conjugating enzyme [31]. Most of the MMD-associated
variants in the RING domain of RNF213 (C3997Y, P4007Y, H4014N, C4017S,
C4032R, and P4033L) reduce its ubiquitin ligase activity [31]. In cellular experi-
ments using full-length RNF213, these variants enhanced NFxB activation and
apoptosis [31]. Interestingly, these effects were completely prevented by a critical
point mutation and deletion of the RNF213 AAA+ domain, indicating that these
RING variants-induced NFkB activation and apoptosis were dependent on the
AAA+ domain [31]. Nevertheless, in common with LD stabilization (Sect. 4.2.4.),
some RING domain variants found in MMD patients (D4013N, R4019C, and
W4024R) do not lead to reduced ubiquitin ligase activity, NFkB activation, and
apoptosis [31]. Thus, the possibility exists that such inconsistent effects of the
MMD-associated RNF213 variants may be related to the degree of genetic pene-
trance of the variants.

4.2.5 RolesPlayed by RNF213 Domains and Variants

The effects of ablating the domains and the MMD-associated rare variants in
RNF213 on the above-described functions are summarized in Table 4.1. The EC
dysfunctions and mitotic abnormalities were caused by the MMD-associated vari-
ants including R4810K, but not RNF213 knockdown [24, 32], suggesting that these
deleterious effects are exerted through a gain-of-function mechanism. However,
RNF213 knockdown, ablation of the AAA+ and RING domain activities, and the
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Table 4.1 Effect of RNF213 knockdown, ablation of AAA+, and RING domain activities and
rare MMD-associated variants on RNF213 functions

Function
NF«B activation
Genetic variant or EC function | Mitosis LD targeting and | and apoptosis
modification [21, 24, 25] [32] stabilization [30] | [31]
RNF213 knockdown No effect No effect | Impaired n.d.
AAA+ Loss-of-function | No effect n.d. Impaired Impaired*
domain | mutations and/
or AAAA
RING ARING n.d. n.d. Impaired* n.d.
domain (incomplete)
C3997Y n.d. n.d. Impaired* Induced
(incomplete)
P4007Y n.d. n.d. n.d. Induced
D4013N Impaired n.d. No effect No effect
H4014N n.d. n.d. Impaired* Induced
(incomplete)
C4017S n.d. n.d. Impaired* Induced
(incomplete)
R4019C Impaired n.d. n.d. No effect
W4024R n.d. n.d. n.d. No effect
C4032R n.d. n.d. Impaired* Induced
(incomplete)
P4033L n.d. n.d. n.d. Induced
V4146A Impaired n.d. n.d. n.d.
R4810K Impaired Impaired | No effect n.d.

EC endothelial cells, LD lipid droplet; n.d. not determined. *Impaired NFxB activation and apop-
tosis induced by the variants indicated in the RING domain. “LD targeting and stabilization were
lost in most cells (~80%), but they remained intact in a small portion of them (~20%)

presence of some MMD-associated variants led to impaired LD targeting and stabi-
lization [30]. Furthermore, the degree of these suppressive effects varies; RNF213
knockdown and nulling of the AAA+ domain completely abolished LD targeting
and stabilization, deletion, and some variants in the RING domain induce incom-
plete inhibition, but other definitive MMD-associated variants (D4013N and
R4810K) have no effect [30]. In the case of NFxB activation and apoptosis, a simi-
lar variety of inducing effects of the RNF213 variants in the RING domain was
reported [31]. Interestingly, AAA+ domain deletion or mutations greatly suppressed
such NFkB activation and apoptosis induction, suggesting that these NFxB- and
apoptosis-inducing activities of the RNF213 variants are dependent on the RNF213
AAA+ domain [31]. These variable roles of the RNF213 domains and variants sug-
gest that RNF213 is a multifunctional protein involved in several biological pro-
cesses, possibly through different mechanisms. To elucidate the role of RNF213 in
MMD pathology, future studies will be required to uncover the mode of action by
which MMD-associated RNF213 variants affect gene functions and lead to MMD
development.
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4.3  Susceptibilities Related to RNF213
4.3.1 Hypoxia and Hypoperfusion

Several studies using genetically modified mice have suggested that RNF213 is linked
with susceptibilities to hypoxia and hypoperfusion. After exposure to hypoxia, Rnf213
R4757K (corresponding to human R4810K) EC-specific transgenic (EC-Tg) mice
display inhibited compensatory cerebral angiogenesis, whereas Rnf213 knockout
(KO) and Rnf213 wild-type EC-Tg mice did not [21]. The RNF213 R4757K variant
also had an effect on hypoxia-induced extracranial vasculopathy. In a hypoxia-induced
mouse model of pulmonary hypertension, overexpression of the Rnf213 R4757K
variant in ECs aggravated their physiological and histopathological phenotypes [14].
These vascular abnormalities under hypoxia may be associated with the above-men-
tioned EC dysfunction caused by R4810K (Sect. 4.2.2). Furthermore, Banh et al.
reported that RNF213 coordinates protein tyrosine phosphatase-1B (PTP1B) and
hypoxia-inducible factor-1 (HIF1), and plays a role in the cellular response to hypoxia
by controlling non-mitochondrial oxygen consumption in cancer cells [33]. PTP1B
and HIF1 signaling could also be a pathway through which the RNF213 R4810K vari-
ant affected vascular function under hypoxia.

In contrast to hypoxia, both the RNF213 KO and the RNF213 R4757K variants
are able to increase hypoperfusion susceptibility. In chronic cerebral hypoperfusion
mouse models based on bilateral common carotid artery stenosis, Rnf213 KO mice,
but not Rnf213 R4757K EC-Tg ones, show a markedly worsened decrease in cere-
bral blood flow (CBF) during the early phase, while CBF restoration was impaired
in both KO and EC-Tg mice during the late phase [34]. During the early phase of
cerebral hypoperfusion, arteriogenesis which is expansion and remodeling of pre-
existing arterioles play a critical role in the maintenance of CBF [35]. Therefore,
suppressing RNF213 potentially leads to lowered arteriogenesis under cerebral
hypoperfusion, a notion supported by the finding that the vascular remodeling
induced by artery ligation is prevented in Rnf213 KO mice [36].

The above evidence supports the notion that RFEN213 likely affects susceptibility
to hypoxia and hypoperfusion, as is observed in steno-occlusive diseases including
MMD via angiogenesis and arteriogenesis. Further animal and molecular studies
are needed to elucidate the mechanisms by which RNF213 affects the vascular sys-
tem under hypoxia and hypoperfusion stress.

4.3.2 Endoplasmic Reticulum Stress in Diabetes

RNF213 ablation has been reported to improve diabetes in Akita mice [37]. Akita
mice are a well-known mouse model of Endoplasmic Reticulum (ER) stress-
associated diabetes in which misfolding of mutant insulin results in ER stress and
pancreatic 3 cell death [38, 39]. Male Rnf213 KO/Akita mice, which are generated
by interbreeding Rnf213 KO with Akita mice, have lowered blood glucose levels
and improved glucose tolerance in comparison with male Akita mice [37]. Notably,
improved pancreatic f cell damage in Rnf213 KO/Akita mice was revealed by
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electron microscopy and immunohistochemistry for insulin and for CHOP, a marker
of ER stress-associated apoptosis [37]. These results raise the possibility that
RNF213 influences the susceptibility of pancreatic 3 cells to ER stress by regulating
insulin misfolding and/or the ER stress response in Akita mice.

4.3.3 Lipotoxicity

Recently, a genome-wide short hairpin screen identified RNF213 as a lipid metabo-
lism modulating gene [40]. RNF213 knockdown almost completely normalized the
cellular lipidome alterations caused by palmitate, a saturated fatty acid, and reduced
palmitate-induced cellular toxicity by preventing the accumulation of di-saturated
glycerophospholipids [40]. This protection against lipotoxicity is possibly associ-
ated with RNF213 function stabilizing LDs (Sect. 4.2.3.). Moreover, RNF213 was
able to block ER stress and NF-kB pathway activation downstream of lipotoxic
stress [40], which might be linked with the above-mentioned involvement of
RNF213 in ER stress in Akita mice (Sect. 4.3.2) and in variant-mediated NFxB
activation and apoptosis (Sect. 4.2.4).

4.4  Relationship with Infection and Immune
Function in MMD

As already mentioned, approximately 1/300 carriers of the RNF213 p.R4810K vari-
ant develop MMD. It is therefore thought that certain environmental factors are likely
to trigger its onset. Although the environmental factors relevant to MMD have not
been specified, the age of onset is often 5-10 years, and the relatives of those with
MMD who carry R4810K are much more likely to develop MMD. Hence, the poten-
tial factors affecting shared traits within the family members are worth investigating.

Until the 1980s, the prevailing hypothesis was that MMD was an acquired dis-
ease caused by prior infection. Currently, the development of moyamoya blood ves-
sels caused by infections or autoimmunity (among other possibilities) is regarded as
moyamoya syndrome. However, since the discovery of the RNF213 mutation,
immunity, infection, and genetic interactions cannot be overlooked in the pathologi-
cal process, and therefore merit further attention.

In case reports and case-controlled studies, various bacterial and viral infections
have been proposed to cause moyamoya syndrome. They include Leptospira,
Neisseria pneumococcus, Propionibacterium acnes, Streptococcus pneumoniae,
beta-hemolytic group A Streptococcus, Mycobacterium tuberculosis, Haemophilus
influenzae, Mycoplasma pneumoniae, varicella-zoster virus (VZV), measles virus
(MeV), human immunodeficiency virus, cytomegalovirus (CMV), and Epstein-Barr
virus (reviewed in [41, 42]). However, few confirmatory and systematic studies of
infectious diseases and MMD have been published.

Previous studies exploring the relationships involved in immune function disorders,
such as autoimmune diseases and human leukocyte antigen (HLA) abnormalities, have
shown that antiphospholipid antibody syndrome, systemic lupus erythematosus, Graves’
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disease, and HLA class I/Il allogeneic abnormalities are accompanied by moyamoya
syndrome (Reviewed in [41]). Expression of the RNF213 gene, which has been reported
to be induced by interferon, causes endothelial damage, suggesting a relationship
between it and bacterial and viral infections. Moyamoya syndrome has been sometimes
associated with Kawasaki disease, which is considered a systemic vasculitis associated
with infection. Recent metagenomic analysis of patients with Kawasaki disease promi-
nently detected the Streptococcus genus in their intestines during the acute phase of the
disease, and an increase in the Ruminococcus genus in the remote period after recovery
[43]. Although this example highlights an association between intestinal bacteria and
vasculitis, no studies have reported an association between intestinal bacteria and
MMD. However, the pattern of onset and familial segregation may be related to shared
microflora in affected families.

Thus, we are conducting several research projects on the above hypotheses.
Various viral antibody titers (past infection history) in MMD with RNF213
p-R4810K are compared with RNF213p.R4810K carrying controls (sporadic cases,
n = 66; family cases, n = 45; and age and sex 1: 1 matched controls). This design is
an important combination for eliminating the effects of different backgrounds from
the presence or absence of the RNF213 R4810K mutation. The intermediate results
of these experiments are shown in Table 4.2. VZV and MeV were positive in all the
samples, making their comparison difficult. Rubella virus positivity was slightly
higher in the patient group, and CMV was slightly higher in the controls in both
sporadic and family cases. However, no significant differences were found. It is
unlikely that such a common viral infection would make a difference, and we are
searching for other viral antibody titers that may be associated with angiopathy.

Further evaluation of the intestinal microflora of patients with MMD is also
ongoing in our laboratory. Preoperative fecal samples from MMD patients have
been obtained, and the composition and diversity of the bacteria are undergoing
evaluation by sequencing the 16S rRNA V3/V4 region of these microbes by next-
generation sequencing (NGS) with comparisons performed on an age- and sex-
matched control group.

As mentioned above, after the discovery of the RNF213 MMD susceptibility
gene, the momentum for exploring its relationship with infection and immunity
continues to increase. The advent of NGS has great potential for elucidating the
involvement of intestinal flora in relation to MMD in the future.

Table 4.2 Seroprevalence of selected viral antibodies in MMD patients and age- and sex-matched
controls

\VAY MeV RuV CMV
n (+) = & = | = & =)
Sporadic | Case 66 66 0 66 0 64 2 57 9
Control |66 |66 0 66 0 60 6 62 4
Familial Case 45 |45 0 45 0 42 3 39 6
Control |45 |45 0 45 0 39 6 42 3

VZV varicella-zoster virus, MeV measles virus, RuV rubella virus, CMV cytomegalovirus. (+):
positive; (—): negative
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4,5 Conclusions and Perspectives

RNF213 is one of the major genetic risk factors for MMD, especially in East Asian
countries. Many rare RNF213 variants such as R4810K have been found in MMD
patients worldwide. Attempts to elucidate MMD etiology have identified the roles
played by these MMD-associated variants in RNF213 gene functions and associ-
ated biological processes. However, the diverse effects of the variants on distinct
phenotypes (Table 4.1) make it difficult to understand how the variants cause
MMD. Recently, Ahel et al. proposed that RNF213 contains a dynein-like core with
six ATPase units and a multidomain E3 module comprising an E3-back, E3-RING,
E3-shell, and E3-core, based on their cryo-electron microscopic analysis using
mouse Rnf213 [44]; thereby providing a molecular framework to help further inves-
tigations on the role of the MMD-associated RNF213 variants in disease etiology.
Their study provides a novel functional aspect for RNF213 whereby RNF213 stays
as a monomer for functionality and contains an E3 ligase activity in an undefined
C-terminal region. This contradicts the current concept that the primary structure of
the RNF213 protein’s sequence predicts that it functions as a hexamer forming
AAA+ walker protein with E3 ligase activity. At present, however, it remains
unknown how to evaluate their study. To obtain a clear understanding on the basis
of unification of various hypothesis, we should evaluate roles of RNF213 mutations
in the pathological process through robust phenotypes induced by RF213 muta-
tions, suggesting importance of the development of in vivo animal models or cells
derived from animal models rather than in vitro cellular model using gene transfec-
tion. More efforts are needed in this direction.

Finally, to clarify the role of RNF213 in MMD etiology, it will be essential to
identify the environmental factors and elucidate the mechanisms in which these fac-
tors interact with RNF213 in the development of MMD. Infections and inflamma-
tory states have been suggested as the candidates for environmental factors that
trigger MMD onset. Both future epidemiological and experimental (especially ani-
mal experiments using RNF213 genetically modified models) studies will be needed
to obtain clarity.
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Abstract

RNF213 was identified as the susceptibility gene for moyamoya disease. Further,
several studies have clarified genotype—phenotype correlation of RNF213 in
patients with moyamoya disease. Although the frequency or the influence of the
genotype differed in each ethnic, but especially Asian founder p.R4810K homo-
zygous variant of RNF213 was associated with severe clinical manifestation at
the disease onset or younger age at disease onset in Japanese and Korean patients
with moyamoya disease. Also, the other rare variant of RNF213 may influence
severe phenotype. Moreover, it has been recently clarified that the other diseases
such as intracranial artery stenosis, moyamoya syndrome, extracranial artery ste-
nosis, or cerebral aneurysm were potentially influenced by RNF213.
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5.1 Introduction

In 2011, RNF213 was identified as the susceptibility gene for Moyamoya disease
(MMD) [1, 2]. In particular, in East Asia, the most frequent variant is RNF213
p.R4810K variant, which was thought to be the Asian founder variantin MMD. Also,
other variants have been detected both in East Asia and other countries. There is a
difference in the distribution of those variants of RNF213 and the clinical phenotype
between the countries.

In the last ten years, several studies have clarified genotype—phenotype correla-
tion of RNF213 in patients with MMD and the other diseases associated with
RNF213. Here, we summarized the clinical phenotype of RNF213 variant in MMD,
the difference of the phenotype between the countries, and other RNF213-associated
diseases. Through this manuscript, we describe genetic information using
NM_001256071.1 as the reference transcriptional sequence of RNF2I3 in the
GRCh37 (hgl9) assembly; RNF213 founder variant was described p.R4810K.

5.2 RNF213 p.R4810K Genotype-Phenotype Correlation
in Moyamoya Disease in East Asia

Several studies reported genotype—phenotype correlation in East Asia. Although
RNF213 p.R4810K was identified as an Asian founder variant, there are differences
in the distribution or the clinical manifestation with the clinical manifestation
between Japan and Korea, and China. Therefore, we describe this genotype—pheno-
type correlation in each country (Table 5.1).

5.2.1 Japan and Korea

In Japan and Korea, the distribution of the p.R4810K founder variant and clinical
feature in each genotype was similar. By the past studies with relatively large par-
ticipants, [2-5] the frequency of this variant was reported to be 73.4-90%, and the
homozygous variant was reported to be 5.3—7.9%. Furthermore, the other rare vari-
ants were detected.

In Japan and Korea, the homozygosity of the p.R4810K founder variant was
associated with a severe phenotype, especially with cerebral infarction and early
age at the disease onset. There are several important studies showing the genotype—
phenotype correlation at the disease onset. Kim EH et al. reported that the homozy-
gous p.R4810K variant was associated with younger age at the disease onset,
cerebral infarction at the disease onset, and cognitive impairment [4]. Miyatake
et al. reported that the homozygous p.R4810K variant was associated with younger
age at the disease onset, cerebral infarction at the disease onset, and involvement of
posterior cerebral artery [3]. Our past study also confirmed that p.R4810K homozy-
gous variant was associated with clinical phenotype at the disease onset [5, 11].
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Interestingly, in most studies in Japan and Korea, there is no significant differ-
ence in age at the disease onset and cerebral infarction at the disease onset between
p-R4810K heterozygous variant and the wild type, although the presence of the
family history in the p.R4810K homozygote and heterozygote was superior to the
wild type.

About angiographical features, there are a few reports. Kim EH et al. reported
that there was no difference in Suzuki stage, bilateral vasculopathy, involvement
with posterior cerebral artery between the genotypes [4]. On the other hand,
Miyatake et al. reported that PCA involvement in p.R4180K homozygous variant
and bilateral vasculopathy in p.R4810K homozygous and heterozygous variant was
significantly higher than the other genotypes [3].

Kim WH et al. reported collateral flow patterns in MMD were different between
the RNF213 p.R4810K genotype [6]. Leptomeningeal flow patterns from posterior
circulation to anterior circulation are significantly observed in p.R4810K wild type
in Korean patients with MMD. This result also may mean the pathogenicity of this
variant.

There are fewer reports regarding the phenotypes in the long-term cohort. We
previously reported that genotype—phenotype correlation of p.R4810K in 94
Japanese patients with MMD with a median follow-up period of 8 years after direct
or combined bypass surgery [5]. In this study, the incidence rate of recurrent stroke
was low regardless of p.R4810K genotype, even patients with p.R4810K homozy-
gous variant, which has been thought the most pathogenic in Japanese and Korean
patients. In other words, we consider that optimal bypass surgery can be effective
for all genotypes. We consider that we have not to decide treatment strategy by
using this genotype at the present knowledge. Despite the result of genotyping, we
will have to do the best treatment and optimal bypass surgery. In the near future, a
larger study is needed to validate.

5.2.2 China

The distribution of the p.R4810K genotype is quite different from Japan and Korea
in East Asia. The frequency of RNF213 p.R4810K heterozygous and homozygous
variants in MMD patients in China was much lower, instead of that the wild type
was much higher compared to those in Japan and Korea [7, 10]. In the largest recent
study of Chinese population [8], the frequency of p.R4810K homozygous variant,
heterozygous variant, and the wild type were 0.5%, 22.4%, and 76.1%, respectively.
Furthermore, they reported that the p.R4810K homozygous and heterozygous vari-
ants were associated with early age at onset, but not with severe manifestation like
cerebral infarction at onset. The initial symptom in 66.7% of Chinese patients with
the p.R4810K homozygous variant was a transient ischemic attack, and only one
out of six cases presented with cerebral infarction at onset. This finding was not
suggestive of the link between p.R4810K homozygote and severe clinical manifes-
tation in China, which were quite different with Japanese and Korean patients.
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Q Zhang reported case descriptions of four MMD Chinese patients with
p-R4810K homozygous variant. They described indirect bypass was effective for all
patients and early surgical intervention should be considered under evaluation of the
homozygote in Japan and Korea [12]. P Ge reported that in long-term cohort
p-R4810K genotype was not associated with recurrent stroke or neurological status,
and this genotype may not be the long-term outcome in Chinese patients. Their
opinion was similar to our previous study with Japanese patients [5], but further
investigations will be needed because the distribution of this genotype or type of
bypass surgery between the studies [13]. P Ge also reported that association between
p-R4810K variant and postoperative collateral formation [9]. They described that
postoperative collateral formation was better in patients with p.R4810K heterozy-
gous variant than those with the wild type.

5.3 The Other Rare Variants of RNF213

Rare variants in RNF213 other than p.R4810K have been detected in several studies
in Asian and Caucasian patients as mentioned later. In the past studies, the positive
association of these rare variants with MMD was proven with variable threshold test
using a C score of Combined Annotation Dependent Depletion (CADD) [11].

Few studies reported the clinical phenotype of the other rare variant except
RNF213 p.R4180K. We described Japanese pediatric patients with the other rare
variant [14]. He had severe manifestation with infarction onset and progression of
posterior cerebral arteries, but his genetic screening showed p.R4810K wild type in
spite of the presence of family history. Instead of the founder variant, the other rare
variant, p.R4062Q heterozygous variant, was detected. We describe another one-
year patient with the other rare variant as a compound heterozygous variant together
with p.R4810K, who presented recurrent stroke after initial bypass surgery [11]. C
scores of CADD of these rare variants were higher than that of p.R4810K. The func-
tion of RNF213 was not completely understood. Even in Japanese patients with the
higher frequency of p.R4810K, we cannot explain all genetic factors using only
RNF213 p.R4810K because of the influence of the other rare variant than
p-R4810K. If we would predict or diagnose this p.R4810K founder variant, there
would be a risk for us to overlook the risk caused by the other rare variants.

5.4 RNF213 Variant in Caucasian

The distribution in Caucasian MMD patients was quite different. Basically, RNF213
p-R4180K Asian founder variant was not discovered in Caucasian patients.

By Guey et al. [15], the p.R4810K variant was not identified in 68 Caucasian
MMD probands, but 23 other rare variants were identified in 19 probands (27.9%),
most of which variants located in the C-terminal region of RING-finger domain.
Kobayashi also reported that RNF213 rare variants were identified in 22.2% (4/18)
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of patients from Slovakia and the Czech Republic, although p.R4810K was not
identified [16]. Furthermore, Cecchi et al. [17] reported that the p.R4810K was not
found in non-Asian patients, but the other rare variants were identified 5 of the 22
European American probands (23%) and in both of two the Hispanic American
probands.

Their studies confirmed RNF213 was one of the causative genes for MMD not
only in Asians but also in Caucasians. However, how the rare variants affected clini-
cal phenotype such as disease severity was not analyzed well. In the near future,
reports regarding genotype—phenotype correlation of RNF213 rare variants in dif-
ferent ethnic patients are expected for further elucidation.

5.5 RNF213 and Diseases Other than Moyamoya Disease

After the discovery of RNF213 as the susceptibility gene of moyamoya disease, the
significant association between RNF213 and the other diseases has recently been
reported (Fig. 5.1). The functional roles of how RNF213 have influenced is unknown,
so it is important to understand the influence of RNF213 on other diseases. We sum-
marized RNF213-related diseases.

1. Moyamoya syndrome
Moyamoya syndrome (MMS, Quasi MMD), MMD based on the different underly-

ing disorders such as Neurofibrosomasis Typel (NF1) or hyperthyroidism, was dis-
tinguished from MMD [18]. However, several studies reported that RNF213 was

[ Caucasian ] [ East Asian ]

Environmental factors

Fig. 5.1 The spectrum of moyamoya disease and the other diseases associated with RNF213.
Pathology of each disease is composed of genetic factor and environmental factor. Involvement of
RNF213 with several diseases including moyamoya disease has been reported. The further to the
left the disease located, the less the weight of genetic background of RNF213 and the more the
weight of the other environmental factor
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significantly associated with these diseases [19-23]. The frequency of RNF213
p.-R4810K was reported to be widely from 0% to 66.7%, which differed in each
study. This difference was caused by the extreme rarity of this type of disease and
these studies included the various kinds of underlying entities.

The study of NF1-associated MMS showed that RNF213 might be a susceptible
gene for moyamoya development of patients with NF1 [21]. RNF213 p.R4810K
variant was detected in 3 (18.7%) out of 16 patients with NF1-associated MMS, on
the other hand, none in 97 NF1 patients without MMS. Another genetic study with
15 patients with hyperthyroidism-associated MMS showed not only p.R4810K vari-
ant in six patients but also four other rare variants of RNF213 in four patients [23].

Totally, the frequency of RNF213 in MMS was less than MMD although there
was a difference between the studies. These results suggest that RNF213 may con-
tribute to the pathogenesis of MMS in addition to the environmental factor of the
underlying disease.

2. Intracranial artery stenosis and occlusion (ICASO)

Following the discovery of RNF213 in MMD, Miyawaki et al. reported for the first
time that RNF213 was detected in 20/84 Japanese patients (23.8%) with non-MMD
intracranial artery stenosis and occlusion (ICASO) [24, 25]. Then, several studies con-
firmed a similar association in East Asia [26-28]. Although ICASO was often founded
from middle-aged to elderly, in particular, RNF213 p.R4810K variant was common in
early-onset stroke patients with intracranial artery stenosis (24%) [29].

Matsuda et al. investigated 59 relatives of patients with MMD and showed that
six of 34 individuals with p.R4810K heterozygous variant intracranial artery steno-
occlusive lesions [30]. On the other hand, none of the family members with the
p-R4810K wild type showed intracranial stenotic lesions. As they mentioned, the
significance of RNF213 p.R4810K genotyping for screening was limited because of
low rate that this variant penetrates and high rate of this among normal population,
but genotyping for family members of patient with MMD may be useful.

Also, Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL) was known to primarily affect small cerebral
arteries caused by NOTCH3. However, stenosis of major intracranial arteries is
reportedly sometimes affected. Interestingly, the frequency of p.R4810K variant in
CADASIL patients with ICAS (4/17; 23.5%) was significantly higher than those
without ICAS (2/107; 1.9%) [31].

Moreover, the studies with high-resolution MRI showed that outer vessel diam-
eter in ICASO patients with RNF213 p.R4810K variant than those with the wild
type [27, 32]. These results may suggest the important role of RNF213 in patients
with ICASO, although further studies are needed to validate these results.

3. Extracranial artery stenosis

Although there has been no large studies regarding the association regarding extracra-
nial artery stenosis in MMD because of its rarity, the most recent study by TK Jee [33]
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revealed the frequency of extracranial arteriopathy and RNF213 in patient with MMD
for the first time. Among 63 Korean young adult patients with MMD, 11 patients
(17%) had significant stenosis of extracranial arteries with coronary and aorta com-
puted tomography angiography: Coronary in six patients, superior mesenteric in two,
celiac in two, renal in one, and/or internal iliac artery in one. Importantly, four out of
six (67%) patients with RNF213 p.R4180K homozygous variant presented with extra-
cranial arteriopathy, which was higher than 14% with the heterozygous variant and
8% in the wild type. They clarified that moyamoya disease and RNF213 are linked
with extracranial artery stenosis. As they mention, we may consider investigation of
extracranial arteries for MMD patients with the homozygous variant.

Morimoto et al. revealed a significant association of RNF213 p.R4810K with
coronary artery disease, not MMD [34]. In their study, the allele frequency of
p-R4810K was 2.04% in patients with coronary artery disease to 0.98% in control.
The frequency of the p.R4810K carrier was 3.87% to 0.98% in control, including
two p.R4810K homozygous variant.

Besides these studies, there are several case reports to support the association
between RNF213 and extracranial artery stenosis. In particular, the involvement of
RNF213 p.R4810K homozygous variant was the most frequently reported. We
experienced middle-aged female patients with several extracranial artery stenoses
harboring p.R4810K homozygous variant, instead of having no manifestation of
MMD [35]. She also had coronary artery stenosis followed by coronary artery
bypass surgery, and stenosis of the abdominal artery and superior mesenteric artery.
Her two children and her uncle had typical MMD with p.R4810K heterozygous
variant, but she had no evidence of MMD in spite of the presence of the homozy-
gous variant. Further, Y Bang reported a similar case with p.R4810K homozygous
variant presenting with systemic vasculopathy instead of MMD [36]. Chang et al.
reported five patients with pulmonary artery stenosis associates with RNF213 and
MMD [37]. Three out of those five patients have MMD and the others did not have
MMD, but genotyping of four patients of five revealed RNF213 p.R4810K homozy-
gous variant. Fukushima et al. also reported two patients with RNF213 p.R4810K
homozygous variant suffering from MMD and pulmonary artery stenosis [38].
Further, Hara et al. reported that two MMD patients with renal artery stenosis with
RNF213 p.R4810K heterozygous variant [39].

On the other hand, negative correlation of RNF213 with some other arterial dis-
eases was reported. In the report by Tashiro et al., RNF213 p.R4810K was positive in
69% of the MMD patients (40/58), none of the intracranial vertebral artery dissection
have p.R4810K (0/24) [40]. Also, only one out of 34 patients with extracranial carotid
atherosclerosis was positive for RNF213 p.R4810K by Miyawaki et al., the frequency
of which was almost equal to control population [25]. Further, Araki et al. reported
one pediatric patient with focal cerebral arteriopathy with RNF213 p.R4810K Wild
type, [41] but further larger study will be needed to validate the association.

4. Aneurysm

Not only stenotic arterial diseases but also cerebral aneurysms may be influenced by
RNF213. S Zhou reported that RNF2I3 was significantly associated with
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intracranial aneurysms in the French-Canadian Population [42]. Their genetic anal-
ysis using discovery cohort of affected family and validation cohort revealed that
rare variant of RNF213 was significantly associated with intracranial aneurysm in
French-Canadian. Among 25 affected individuals from 249 discovery and valida-
tion cohorts, 14 rare variants in RNF213 were detected. Most of the rare variants of
RNF213 in intracranial aneurysm were located in the entire exon including 2 AAA+
functional domains, although those in MMD were located posteriorly near RING
finger domain. Also, Sauvigny T reported that four variants in RNF213 (three
patients) in 35 unrelated individuals and three affected members of a family per-
formed by exome sequencing in Germany [43]. As they mentioned, genetic drift or
ethnic-specific variant in RNF213 may influence the difference of phenotype of this
gene. In other words briefly, the role of RNF213 may differ in each ethnic or district,
however, the mechanism has still not been elucidated.

5. Others

Intracranial artery dissection or de novo MMD after stereotactic radiosurgery after
arteriovenous malformation were reported in Japanese patients with RNF213
p.-R4810K variant [44]. Also, reversible cerebral angiopathy after viral infection
leading to cerebral infarction was reported in those with RNF213 p.R4810K [45].
However, they all were single case reports and this variant was founded in 2-3% of
normal population in Japan. Therefore, further studies or accumulation of similar
cases will be needed to validate their associations.

5.6 Conclusion

We described the correlation between RNF213 and clinical features in MMD and
the other diseases. MMD has complicated pathology because of multifactorial dis-
ease composed of genetic and environmental factors, but there was a certain ten-
dency of genotype—phenotype correlation of RNF213 in MMD in each ethnic.
Furthermore, recent studies revealed RNF213 was associated with other diseases
except MMD, which means the spectrum of RNF213 was broader than expected
before. In the present era after the discovery of RNF213, unknown mechanism
regarding MMD and RNF213 was still remain. Further research such as epigenomic
or environmental factors will be needed to clarify the mechanism of them.
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Abstract

Although originally associated with susceptibility to moyamoya disease (MMD),
the RNF213 c.14429G > A (p.Arg4810Lys, rs112735431) variant is reportedly
significantly associated with Intracranial Artery Stenosis (ICAS), not diagnosed
as MMD, and with noncardiac ischemic stroke in the Japanese population. The
RNF213 p.Argd810Lys variant is generally found in about 2% of East Asian
populations, including the Japanese and Korean, but is almost completely absent
in other populations, including Europeans. Thus, the RNF213 p.Arg4810Lys
variant is thought to be a genetic characteristic of ischemic stroke in East Asian
populations. In addition, associations have been identified in coronary stenosis/
renal artery stenosis and pulmonary hypertension. The RNF213 p.Arg4810Lys
variant continues to attract attention as a potential cause of systemic vascular
disease. As functional analysis of RNF213 continues to progress, molecular cas-
cades related to the regulation of RNF213 expression and cell activity are gradu-
ally being clarified, although the mechanisms underlying disease development
remain unclear, thus further analysis is warranted.
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6.1 Ring Finger Protein 213 (RNF213)

The RNF213 gene was originally associated with susceptibility to moyamoya dis-
ease (MMD), which is a cerebrovascular disorder characterized by chronic progres-
sive stenosis of the terminal portions of the bilateral internal carotid arteries and the
formation and development of abnormal vascular networks (moyamoya vessels) at
the base of the brain as collateral tracts [1-3]. MMD has long been suspected to
have a genetic background due to the predominant occurrence among family mem-
bers and the higher incidence among populations in Japan and other East Asian
countries. In 2011, two different groups reported that the RNF213 gene, located at
17q25.3, was associated with susceptibility to MMD with the use of different meth-
ods [4, 5]. The protein encoded by RNF213 contains a novel RING finger domain
at the C-terminus of the gene and an AAA ATPase domain at the central part of the
gene. Hence, the gene product is considered a new type of protein with E3 ubiquitin
ligase and ATP degradation functions. Among the variants of RNF213, only one has
been strongly associated with MMD in East Asian populations, including the
Japanese. The variant c. 14429G > A, p.Arg4810Lys, rs112735431, the reference
sequence of RNF213 in this chapter, is currently the most common reference
sequence (National Center for Biotechnology Information Reference Sequences
NM_001256071 and NP_00124300). In this RNF213 missense variant, which was
reportedly detected in about 80% of Japanese patients with MMD, the arginine resi-
due at amino acid position 4810 is changed to a lysine residue. Notably, about 2%
of the Japanese population have this variant [4].

The RNF213 p.Arg4810Lys variant in MMD has been detected in various popula-
tions in East Asia, including Japan, Korea, and China [5, 6]. On the other hand, the
RNF213 p.Arg4810Lys variant is rare and not associated with MMD in European
populations [7-9]. A summary of past reports on the associations of the RNF213
p-Arg4810Lys variant with MMD in Japanese [8, 10-16], Korean [8, 11, 17-21], and
Chinese populations [8, 11, 22-27] is shown in Table 6.1. Interestingly, the frequency
of the RNF213 p.Arg4810Lys variant in patients with MMD is similar to that in
Japanese and Korean populations, but slightly lower than in the Chinese population,
suggesting differences in the genetic background of MMD among these populations.

6.2  RNF213 and Intracranial Artery Stenosis

Intracranial Artery Stenosis (ICAS), as a leading cause of ischemic stroke, is mostly
caused by arteriosclerotic changes in the intracranial blood vessels due to lifestyle-
related diseases, such as hypertension, diabetes, and dyslipidemia, as well as vari-
ous acquired factors associated with disease onset [12]. However, the prevalence of
ICAS differs among different populations and is most predominant in East Asian,
Hispanic, and African populations, suggesting the involvement of genetic factors in
the onset of ICAS [28-32].

There are strict diagnostic criteria for MMD [33], which include [1] the presence
of a progressive stenotic lesion at the terminus of the internal carotid artery [2], the
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development of moyamoya vessels in the basal ganglia as collateral circulation, and
[3] the lack of underlying diseases that may cause arteriostenosis, such as chromo-
somal disorders, genetic diseases, inflammatory diseases, trauma, and tumors.

Imaging and exclusion of other diagnoses are the basis of the diagnostic criteria for
MMD. However, it may be difficult to arrive at a clear diagnosis of MMD in actual
clinical practice. Especially in the elderly, atherosclerotic changes occur to some
extent. So, it is sometimes difficult to diagnose ICAS in old age as compared with
MMD or atherosclerosis. Through analysis of RNF213 p.Arg4810Lys in various cere-
brovascular diseases in Japanese populations, about 23% of ICASs those do not meet
the diagnostic criteria for moyamoya disease and are usually diagnosed as atheroscle-
rosis were reported to have RNF213 p.Arg4810Lys. Thus, RNF213 p.Arg4810Lys
variant was proven to be significantly associated with ICAS [13, 14, 16].

To date, similar analyses have been performed in Korea [17, 19, 20, 34-36] and
China [37-40], which have demonstrated a significant association between ICAS and
the RNF213 p.Argd4810Lys variant [5]. A summary of the results of previous studies
is presented in Table 6.1. Similar to MMD, there was a similar frequency of the
RNF213 p.Arg4810Lys variant between ICAS patients and controls in studies of
Japanese and Korean populations, but a lower frequency in Chinese populations.
Reportedly, the RNF213 p.Arg4810Lys variant is present in about 2% of the Japanese
and Korean populations, and about 1% of the Chinese population, but is rarely found
in other populations, such as Europeans [41]. This difference in the frequency of the
RNF213 p.Arg4810Lys variant is considered an important genetic factor underlying
the high incidences of MMD and ICAS in East Asian populations.

6.3  Variants of RNF213 Other than p.Arg4810Lys Associated
with ICAS

The RNF213 gene is located on the long arm of chromosome 17 and encodes a large
protein consisting of 5207 amino acids. The RNF213 p.Arg4810Lys variant is
absent in about 20% of MMD patients in Japan and most MMD patients in Europe.
Several studies have been performed to identify RNF2/3 variants, other than
p-Arg4810Lys, associated with MMD [8-12, 15, 22, 24, 26, 42].

Our group analyzed the entire RNF213 sequence of 168 ICAS patients and 1194
controls with the use of a next-generation sequencing to search for variants other
than p.Arg4810Lys related to ICAS [43]. A total of 138 missense variants were
identified in this cohort. In a case control association study that statistically exam-
ined differences in the frequency of variants between cases and controls, only the
p.Arg4810Lys variant was significantly associated with ICAS. Analysis of the
entire RNF213 sequence also reconfirmed the association of the p.Arg4810Lys vari-
ant with ICAS [43].

Other RNF213 variants, which are extremely rare in the general population, were
also identified in ICAS patients. There have been many reports of rare RNF213 vari-
ants in MMD, which were reviewed and compared with the rare variants identified in
the ICAS patients in the present study (Fig. 6.1). The RNF213 variants p.Cys118Arg
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and p.Leu2356Phe, which were identified in the present study, were previously
reported in MMD, suggesting a correlation with ICAS. On the other hand, the variants
p-Ser193Gly, p.Vall817Leu, and p.Asp3329Tyr were not found in the controls or
reported in the Single Nucleotide Polymorphism Database (https://www.ncbi.nlm.
nih.gov/snp/), suggesting that this is the first report of these variants in ICAS [43].

The pathogenicity of these rare variants was predicted by in silico analysis
with the Polymorphism Phenotyping v2 tool (http://genetics.bwh.harvard.edu/
pph2/) and the Combined Annotation Dependent Depletion tool (https://cadd.
gs.washington.edu/). However, it is essential to determine if these rare variants are
actually involved in the onset and progression of MMD and/or ICAS. To date, an
animal model of MMD by genetic modification of RNF213 has not yet been estab-
lished, which should be addressed in future studies. Reportedly, rare variants with
a RING finger domain located on the C-terminus of the RNF213 gene are signifi-
cantly more abundant in MMD in European populations. It has been suggested
that dysfunction of the C-terminus of the RNF2/3 gene is involved in the develop-
ment of MMD [44]. In the present study, the rare variants identified in ICAS were
not necessarily concentrated on the C-terminus, suggesting that the difference in
the position of the RNF213 mutation may influence the phenotype.

6.4  Features of ICAS with the RNF213 p.Arg4810Lys Variant

ICAS with the RNF213 p.Arg4810Lys variant is characterized by negative remodel-
ing, in which the outer diameter of blood vessels is reduced at the stenosis site [45,
46]. The most common stenotic sites of ICAS with the RNF213 p.Arg4810Lys vari-
ant occur in the internal and middle cerebral arteries of the anterior cerebral circula-
tion, rather than the vertebral and basilar arteries in the posterior cerebral circulation
[16, 35, 47]. Also, ICAS with the RNF213 p.Arg4810Lys variant is reportedly more
common in females, as with MMD [47].

The vascular smooth muscles of the internal carotid artery in the anterior cir-
culation are developmentally derived from the neural crest, whereas those of the
vertebral basilar artery in the posterior circulation are derived from the mesoderm
[48, 49]. This difference in embryological background may be related to the site
where the RNF213 p.Arg4810Lys variant is likely to cause vascular stenosis.

In addition, a Korean group reported that MMD and ICAS with the RNF213
p.Arg4810Lys variant are long-term risk factors for the recurrence of cerebral
infarction [50]. Hence, further large-scale analyses are expected.

6.5 Associations of General Ischemic Stroke and the RNF213
p.Arg4810Lys Variant

Recently, it has been reported that the RNF213 p.Arg4810Lys variant is a genetic
risk factor for general ischemic stroke and an important genetic factor related to
cerebrovascular disease in the Japanese population [51]. In this report, association
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analysis of the RNF213 p.Arg4810Lys variant with noncardiogenic stroke among
383 patients and 1011 controls reported the RNF213 p.Arg4810Lys variant in 5.2%
of noncardiogenic ischemic stroke patients and 2.1% of the controls, indicating a
significant association with noncardiogenic ischemic stroke. This result was recon-
firmed in two other large Japanese cohorts. Among the subtypes of noncardiogenic
ischemic stroke, large artery atherosclerosis was most significantly associated with
the RNF213 p.Arg4810Lys variant.

6.6  Associations of Systemic Vascular Diseases
with the RNF213 p.Arg4810Lys Variant

Other than ICAS, the RNF213 p.Arg4810Lys variant has been associated with sys-
temic vascular stenosis, renal artery stenosis, coronary artery stenosis, pulmonary
artery stenosis [52-56], and pulmonary hypertension [57-59] (Table 6.1). Notably,
the prognosis of pulmonary hypertension with the RNF213 p.Arg4810Lys variant is
relatively poor, thus early lung transplantation should be considered in such cases
[60]. Thus RNF213 p.Arg4810Lys variant has attracted increased attention as a pos-
sible cause of systemic vascular disease.

6.7  Functional Analysis of the RNF213 Gene

As mentioned earlier, the RNF213 gene is located on the long arm of chromosome 17
and encodes a protein consisting of 5207 amino acids [10, 11]. The RNF213 protein
contains a RING finger domain and an AAA ATPase domain, and, therefore, is con-
sidered a new type of protein with E3 ubiquitin ligase and ATP degradation functions
[10, 11]. The RNF213 p.Arg4810Lys variant reportedly can reduce angiogenic poten-
tial at the endothelial cell level in vitro [61], which results in the dysfunction of vas-
cular endothelial cells in vivo [34]. Dysfunction of RNF213 alone does not damage
the blood vessels or cause the development of vascular lesions in vivo, as determined
with the use of knockout and brain in knock-in mice [62, 63]. On the other hand,
angiogenesis was reportedly suppressed in RNF2 13 variant knock-in mice in response
to hypoxic stress, suggesting that factors other than the RNF213 variant are required
for the development of vascular lesions [64]. Known molecular cascades, such as the
INFp and WNT signaling pathways, are related to the regulation of RNF213 expres-
sion and cell activity [65, 66]. In addition, RNF213 is involved in intracellular lipid
metabolism [67]. Recently, the mouse RNF213 protein structure was clarified using a
cryo-electron microscope [68]. It has been reported that the MMD-related variants on
the C-terminus of the RNF213 gene act as an E3 ubiquitin ligase and generally ame-
liorate the functions of RNF213. A decrease in the function of RNF2I3 as an E3
ubiquitin ligase has been associated with the onset of MMD and ICAS [69]. However,
the precise mechanisms by which RNF213 and its variant cause intracranial arterial
stenosis in humans has not been clarified, thus further studies are warranted.
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6.8 Future Perspectives and Issues

The RNF213 gene continues to attract attention due to associations with systemic
vascular disease, as well as ICAS and MMD. RNF213 p.Arg4810Lys variant is
present in about 2% of the Japanese population. So it is not necessarily associated
with the development of ICAS and MMD, as other additional factors are necessary.
Therefore, the identification of such factors should be addressed in future functional
analysis studies of the RNF213 gene.
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Abstract

This chapter precisely reviews the pathophysiology and clinical features of tran-
sient ischemic attack (TIA) and headache in pediatric moyamoya disease.
Clinical features of TIA and headache are unique and almost specific for pediat-
ric moyamoya disease. Therefore, the author strongly believes that the under-
standing of the mechanisms through which TIA and headache occur is quite
important to know the moyamoya disease in depth and to perform appropriate
surgical treatment for pediatric patients with moyamoya disease.
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7.1 Introduction

Moyamoya disease is known to frequently cause transient neurological symptoms
such as transient ischemic attack (TIA) and headache attack in pediatric patients
with moyamoya disease [1, 2]. The mechanisms through which these attacks occur
are not fully understood, but we strongly believe that early diagnosis and early,
appropriate surgical revascularization is the most important factor in preventing the
neurological sequelae due to ischemia stroke in children with moyamoya disease.
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In this chapter, we will discuss the mechanisms of TIAs and headache attacks in
pediatric moyamoya disease by reviewing in detail previous studies on TIAs and
headache attacks in pediatric patients with moyamoya disease.

7.2 Transient Ischemic Attack
7.2.1 Clinical Features and Mechanism

Moyamoya disease is known to cause transient ischemic attacks in many patients,
both children and adults [1-3]. Since moyamoya disease essentially begins with a
narrowing of the arteries around the terminal portion of the internal carotid artery,
many of the neurological symptoms such as hemiparesis and aphasia are often attrib-
uted to the cerebral cortex in the frontal and/or temporal lobe. Especially in severe
pediatric cases, however, unusual paraparesis, tetraparesis, or loss of consciousness
may occur due to dense cerebral ischemia in the bilateral hemispheres [1]. In such
cases, we should not misdiagnose it as epilepsy. On the other hand, it is well known
that about 30% of patients with moyamoya disease also have stenotic lesions in the
posterior cerebral artery (PCA) [4-9]. Disease progression in PCA has been reported
to occur up to 15 years after surgical revascularization [10]. Because the PCA is a
crucial source of collateral circulation in moyamoya disease, the involvement of
PCA often causes neurological symptoms originating from not only the occipital
lobe but also the adjacent parietal and posterior temporal lobes [7, 11]. The former
includes visual symptoms such as homonymous hemianopsia, while the latter
includes sensory aphasia and the numbness of the contralateral face and extremities.

The mechanism by which TIA occurs in moyamoya disease has not been speci-
fied. However, it is well known that cerebral hemodynamics is moderately impaired
in pediatric moyamoya patients with TIA, but is markedly disturbed in them with
ischemic stroke [12]. In addition, many of the infarcts are localized in the MCA-
ACA or MCA-PCA watershed zone when TIA progresses to ischemic stroke
(Fig. 7.1). These facts strongly suggest that hemodynamic ischemia is more likely
involved in the occurrence of TIA than artery-to-artery embolism. This speculation
is supported by the fact that the efficacy of antiplatelets is still controversial to pre-
vent TIA and ischemic stroke [13, 14].

Clinical presentation of TIA in pediatric moyamoya disease is highly specific. It
is widely known that TIA readily occurs after hyperventilation, such as crying or
blowing a whistle or harmonica. However, there are almost no reports proving that
TIA occurs after hyperventilation in adult cases of moyamoya disease, which sug-
gests that the mechanism through which TIA occurs may differ between pediatric
and adult cases. Previously, there are excellent reports on the mechanism of TIA in
pediatric cases. Thus, it was already reported by several investigators in the 1970s,
soon after the discovery of this disease, that hyperventilation-induced hypocapnia
more distinctly reduced cerebral blood flow in patients with moyamoya disease than
in healthy controls. It has also been reported that hypercapnia due to CO, loading
causes little or no change in cerebral blood flow, or leads to an increase in cerebral
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Fig. 7.1 Typical finding of plain CT scan in a 8-year-old boy who developed ischemic stroke.
Note that cerebral infarction is mainly located in the borderzone between the MCA and ACA ter-
ritories or between the MCA and PCA territories

blood flow in the temporo-occipital area but not in the frontal area [15-18]. Surgical
revascularization improves the response of cerebral blood flow to hypercapnia [15].
At this time, Takeuchi et al. (1983) already hypothesized that “a decrease in cere-
bral perfusion pressure may induce a maximally dilated state of the peripheral arte-
rioles, leading to a loss of response to hypercapnia and an excessive reaction to
hypocapnia” and “the pathophysiology may be most prominent in the frontal lobe in
moyamoya disease” (author’s translation). These speculations are still true even in
today’s world where measurement techniques of cerebral blood flow and metabo-
lism have advanced dramatically, and the author believes that the depth of the think-
ing of researchers at that time is extraordinary [18]. Then, Karasawa et al. (1986)
precisely evaluated the findings on cerebral angiography during hypercapnia/hypo-
capnia. As the results, hypocapnia led to a decrease in arterial diameter in the arter-
ies of the brain surface and in the moyamoya vessels of the basal ganglia. This
change was more pronounced in the moyamoya vessels of the basal ganglia.
Contrast opacification was also reduced in the MCA-ACA watershed zone [15].
Similar results have been reported by Takahashi et al. (1985) [19].

Specific response to hyperventilation in pediatric moyamoya disease has been
also studied in the field of electrophysiology. Hyperventilation is known to induce
synchronous slow waves on EEG in healthy children, which is observed in almost
all parts of the brain and disappears with the cessation of hyperventilation. This
phenomenon is called as “build up” phenomenon. In pediatric moyamoya disease,
however, a few minutes after the build up disappears after hyperventilation, non-
synchronous slow waves with higher amplitude occur, which is completely different
from the build up phenomenon. This phenomenon, called re-build up phenomenon,
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is very specific to childhood moyamoya disease, and does not occur in adults with
moyamoya disease (Fig. 7.2a). Because TIA has been often observed during re-
build up phenomenon in pediatric moyamoya patients, several investigators have
studied its pathophysiology using a variety of modalities to elucidate the mecha-
nisms through which TIA develops in pediatric moyamoya disease [20]. Using '*O
positron emission tomography (PET), Kameyama et al. (1986) serially measured
cerebral blood flow (CBF) and cerebral metabolic rate for oxygen (CMRO,) before
and after hyperventilation in three pediatric cases of moyamoya disease. As the
results, both CBF and CMRO, significantly decreased in response to 3-min hyper-
ventilation. A decrease in CMRO, was more pronounced than that in CBF. More
interestingly, continuous measurement of PaO, and PaCO, revealed that hyperven-
tilation led to an increase in PaO, as well as a decrease in PaCO, during
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Fig. 7.2 (a) Typical EEG finding in a 4-year-old girl demonstrating the build up phenomenon
during hyperventilation (HV) and the re-build up phenomenon after the cessation of HV. (b)
Representative findings of acetazolamide-loaded cerebral blood flow map on SPECT and MEG in
a 8-year-old girl (left) and a 12-year-old boy (right). Note a strong correlation between the area
with impaired reactivity to acetazolamide (arrows) and the localization of original current dipoles
of re-build up phenomenon
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hyperventilation, and then the cessation of hyperventilation induced a rapid fall of
Pa0, as well as a gradual recovery of PaCO,. They speculated that re-build up phe-
nomenon may occur through not only ischemic hypoxia but also hypoxic hypoxia
probably because of respiratory inhibition in response to PaO, elevation during
hyperventilation [21]. Using '**xenon inhalation method and single photon emission
tomography (SPECT), Isobe and co-workers measured CBF before and after hyper-
ventilation in 11 pediatric patients with moyamoya disease, and found a strong cor-
relation between the areas where the re-build up phenomenon emerges on EEG and
the areas where CBF markedly decreases after hyperventilation [22, 23]. Kuroda
et al. (1995) reported that the re-build up phenomenon originated from the cerebral
cortex where cerebrovascular reactivity to acetazolamide is severely impaired and
disappeared after effective surgical revascularization [24]. In addition, they first
applied near-infrared spectroscopy (NIRS) into this research field and continuously
measured cerebral oxygenation state before and after hyperventilation in two pedi-
atric patients. NIRS is known capable to monitor the changes in the concentrations
of oxidized hemoglobin (oxy-Hb), deoxidized hemoglobin (deoxy-Hb), and total
Hb (tHb) through the detectors put on the scalp noninvasively and to have a good
time resolution (one datum per second). As the results, hyperventilation promptly
decreased the concentrations of oxy-Hb and tHb in the frontal area on NIRS, caus-
ing the build up phenomenon. When the hyperventilation was stopped, the build up
phenomenon disappeared, but the concentrations of oxy-Hb and tHb remained
lower than the control value. Then, the concentration of oxy-Hb further decreased
and the concentration of deoxy-Hb started to increase, leading to the occurrence of
the re-build up phenomenon. Thereafter, the re-build up phenomenon disappeared
as the parameters on NIRS gradually recovered to their control values. The results
strongly suggest that the involved brain is exposed to more severe hypoxia after the
cessation of hyperventilation than during hyperventilation in pediatric moyamoya
disease [25]. The findings on NIRS correlates very well with those on O PET
reported by Kameyama et al. [21]. Subsequently, Qiao et al. (2003) first analyzed
the spontaneous magnetic brain activity on a whole-head magnetoencephalography
(MEG) system during and after hyperventilation in four pediatric patients with
moyamoya disease. They found that the original current dipoles of the re-build up
slow waves were mainly originating from the deep cortical sulci in the area where
cerebrovascular reserve was disturbed on SPECT (Fig. 7.2b) [26]. However, no sub-
sequent studies have been reported to elucidate the mechanism of the re-build up
phenomenon in moyamoya disease, probably because the risk of TIA and ischemic
stroke due to hyperventilation has reduced the availability of EEG itself.

7.2.2 Natural Course of TIA

Many pediatric patients have been reported to develop ischemic stroke after they
repeated TIAs. In fact, Maki et al. (1976) reported that 8 of 24 pediatric patients had
a poor outcome. Of these, one patient died of acute subdural hematoma, two had a
severe motor and mental deficits, and the other five required special education. They
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concluded that their functional outcome was “good” in one-thirds, “borderline” in
one-third, and “poor” in one-thirds, and that repeated TIAs followed by ischemic
stroke was one of the determinants to predict poor outcome [27]. Kurokawa et al.
also reported that the prevalence of patients with mild-to-severe disabilities
increased up to about 50% with duration of illness [28]. Such a transition from TIA
to ischemic stroke may result from severe cerebral ischemia since the onset of the
disease as well as from a stepwise deterioration of cerebral hemodynamics in
response to a disease progression.

On the other hand, however, several reports have shown that the frequency of
TIAs gradually declines through adolescence in patients with repeated TIAs only
and no conversion to ischemic stroke [28-30]. In fact, Kurokawa et al. (1985)
reported that TIAs frequently occurred during the first 4 years after the onset and the
frequency decreased thereafter [28]. This phenomenon may be related to the fact
that the incidence of moyamoya disease is high in children between the ages of 5
and 15 years, but is much lower in young adults around the age of 20 years. Although
the mechanism is not entirely understood, the author speculates that it is closely
related to the fact that cerebral blood flow in children drastically changes with
growth. In children, cerebral blood flow is reported to greatly vary with growth;
Using the '**xenon inhalation method, Takeuchi et al. (1983) measured the mean
CBF value in healthy children and found that the mean value of CBF was 67.7 ml/
min/100 g in healthy children (7-17 years of age), but was 53.6 ml/min/100 g of
CBF in healthy adults (22-67 years old). They also found a more pronounced
decrease in CBF with growth in children than in adults [18]. Subsequently, Ogawa
et al. (1990) also measured CBF in healthy children and adults, and reported that
CBF was higher than 100 ml/min/100 g in infants, but rapidly declined by age of
20 years followed by a gradual decline thereafter. According to their data, the
changes in CBF showed a nonlinear curve as follows [31]:

Y =146.5-58.4log X, where X is theage (P < 0.0L,R =-0.903).

Kuroda et al. (1993) also reported a negative correlation between CBF and age in
healthy children. More interestingly, they found that once surgical revascularization
improved CBF in children with moyamoya disease, CBF gradually declined with
growth, just as it does in healthy children [12]. These dynamic profiles of CBF in
children are most likely linked to those of brain metabolism. Thus, Kennedy and
Sokoloff (1957) showed that brain oxygen utilization was about 1.3 times higher in
children than in adults [32]. Chugani et al. (1987) measured cerebral metabolic rate
for glucose (CMRGIc) using PET, and concluded that the value was very low at
birth, increased by 3 to 4 years old, and continued at high levels until 9 years old,
when the value started to decrease, reaching adult value by the latter part of the
second decade [33].

Based on these observations, I speculate the mechanism through which TIA
decreases in frequency with growth as follows: Children with severely impaired
cerebral hemodynamics since the onset of the disease repeat TIAs and develop isch-
emic stroke within several years, leading to a poor functional outcome. On the other
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Fig. 7.3 A diagram demonstrating Kuroda’s theory about the relationship between the age and
cerebral blood flow (CBF) in healthy children (red) and moyamoya patients with severe (blue) and
mild-to-moderate CBF decrease (green). See the text in detail

hand, children with mild-to-moderate impairment of cerebral hemodynamics at the
onset will grow up with repeated TTAs. Because normal CBF levels gradually decline
with growth, it is likely that patients’ CBF levels will not differ much from healthy
controls at some point in time and the frequency of TIAs may gradually decrease and
even disappear (Fig. 7.3). So, it is not surprising that there are not a small number of
cases of repeated mild TIAs in childhood that were not diagnosed as moyamoya
disease in the hospital, but in time their TIAs disappeared and they became adults.
Some of them may go their entire lives without experiencing any stroke. But, some
others may develop the rupture of dilated, fragile moyamoya vessels due to a long-
lasting hemodynamic stress, causing hemorrhagic stroke at around the age of 40
years (Fig. 7.3). In fact, a recent cohort study has found that adult moyamoya disease
that may have occurred in childhood was associated with a higher incidence of hem-
orrhagic stroke than adult-onset moyamoya disease, with a higher incidence of len-
ticulostriate and choroidal channels as spontaneous collaterals [34].

7.3 Headache Attack

As with TTA, the clinical presentation of headache attacks in pediatric moyamoya
disease is very different from that of adults. The occurrence of headache attacks in
pediatric moyamoya disease appears to have been recognized soon after the disease
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was discovered, but scientific analysis did not start to be done until the 1990s. Since
then, several case reports have pointed out that children with moyamoya disease
develop migraine-like headaches [35-38].

For these two decades, there are several reports on headache attacks with rela-
tively large cohorts [39-42]. According to these reports, the frequency of pediatric
patients with headache attacks ranges from 22 to 38% of all pediatric patients. Their
ages are distributed throughout childhood. There is no difference in age or gender
between children with and without headache attacks [39-42]. Some children have
recurrent headaches alone, while others have recurrent headaches and TIAs. In
some patients, TIAs may occur with headache attacks [42].

Typically, their headache resembles migraine without aura and is associated with
nausea and/or vomiting in one-thirds of them. Their headache usually occurs in the
morning, especially when they woke up [39, 42]. Their headache attacks are often
severe, because most of them cannot go to their school or kindergarten. The fre-
quency of headache attacks was every day, every week, or every month in most of
the cases. All of them repeat severe headaches in the unilateral or bilateral frontal
and/or temporal area [39, 40]. Symptomatic drugs are not effective to relieve them
[42]. Therefore, it should be stated that headache attacks in pediatric moyamoya
disease are quite frequent and have a significant impact on daily life, including
school [39]. Headache attacks usually resolve spontaneously in about 2-5 h [39,
40]. As a result, many pediatric patients complain of a headache in the morning and
miss school but feel fine by noon, so their mothers who do not know that moyamoya
disease is the cause may even suspect that their child is skipping school by pretend-
ing to have a headache.

These observations strongly suggest that the mechanisms of TIA and head-
ache attack development are in very close proximity. Suzuki’s angiographical
stage is more advanced in pediatric patients with headache attacks than in those
without [39]. Using cold xenon CT, Okada et al. (2012) measured CBF in the
MCA territory, but found no significant difference in CBF between headache
group and non-headache group. In pediatric patients, cerebrovascular reactivity
(CVR) to acetazolamide was lower in headache group than in non-headache
group, although statistical significance was borderline probably due to a small
sample size [41]. Subsequently, however, Kawabori et al. (2012) reported that a
decreased CBF and impaired CVR to acetazolamide were significant predictors
for the occurrence of headache attacks. More importantly, there was a very strong
correlation between the localization of headache and the area with impaired cere-
bral hemodynamics [39].

Several investigators have also evaluated the therapeutic effect of surgical revas-
cularization on headache attacks in pediatric moyamoya disease. Thus, headache
remained in 25 to 63% of patients after EDAS surgery [40, 42]. At least a 2-month
period is required to resolve headaches after EDAS [43]. On the other hand, Okada
et al. (2012) reported that headache markedly improved in 23 of 25 patients just
after STA-MCA double anastomosis and advocated the superiority of direct bypass
over EDAS in treating headache attacks. In their surgical procedures, two branches
of the STA were anastomosed to two cortical branches of the MCA feeding to the
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frontal and temporal lobe, respectively [41]. Kawabori et al. (2013) demonstrated
that headache completely disappeared in all patients within 2 weeks after STA-
MCA single or double anastomosis and encephaloduro-myo-arterio-pericranial
synangiosis (EDMAPS). They also anastomosed one of the STA branches to the
frontal branch of the MCA. On postoperative cerebral angiography, surgical collat-
erals widely provided collateral blood flow to the operated hemispheres through
direct and indirect bypass, including the area with a headache before surgery.
Postoperative CBF study also revealed that both CBF and CVR significantly
improved in the operated hemispheres, including the area where patients repeated
headache before surgery [39].

These facts strongly suggest that persistent cerebral ischemia is closely involved
in the development of migraine-like headache attacks in pediatric moyamoya dis-
ease [39, 41]. As mentioned above, most headache attacks occur primarily in the
frontal region. However, EDAS primarily improves cerebral hemodynamics only in
the parietal region, so a significant number of patients may still experience head-
ache attacks even after EDAS. In addition, indirect bypass procedures such as
EDAS require several months to complete angiogenesis between the donor tissues
and brain surface (see Chap. 18), which may delay the resolution of headache after
EDAS. On the other hand, STA-MCA anastomosis with or without indirect bypass
has a great potential to improve cerebral hemodynamics in the frontal lobe just after
surgery by anastomosing the STA branch to the frontal branch of the MCA. The fact
may be able to explain the reason why headache attacks quickly disappear after
STA-MCA anastomosis targeted to the frontal lobe [39, 41]. More scientifically,
Olesen et al. (1993) reported three patients who had repeated migraine episodes
because of severe stenosis or occlusion of the internal carotid artery. All of them had
reduced cerebral blood flow in the involved hemispheres. They hypothesized that
borderline ischemia may increase the risk of spreading cortical depression and
lower the threshold for developing migraine, thereby inducing aura with or without
headaches [44]. Their hypothesis is extremely interesting in considering the mecha-
nism of headache attacks in pediatric moyamoya disease.
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Abstract

Ischemic stroke in moyamoya disease (MMD) is caused by cerebral hypoperfu-
sion due to insufficient development of collateral circulation after the progres-
sion of steno-occlusive lesions. Although cerebral infarction is not a majority
onset in ischemic MMD, its occurrence can cause severe neurological deficits or
cognitive dysfunctions. Infarct patterns are greatly affected by collateral path-
way. Therefore, patients with MMD may show different infarct patterns from
those with conventional ischemic stroke due to atherosclerotic disease. In addi-
tion to cerebral blood flow, multiple parameters such as cerebrovascular reactiv-
ity, cerebral blood volume, and oxygen extraction fraction are generally measured
using positron emission tomography or single photon emission computed tomog-
raphy to evaluate hemodynamic or metabolic status and stratify the risk of future
stroke. Magnetic resonance imaging and cerebral angiography are adjunctive
modalities for that purpose. Thus, the assessment of hemodynamic compromise
is essential for the optimal treatment and verification of performing revascular-
ization surgery for patients with ischemic MMD.
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8.1 Introduction

The main mechanism for cerebral infarction in moyamoya disease (MMD) is cere-
bral hemodynamic ischemia due to insufficient development of collateral circula-
tion caused by progression of the steno-occlusive lesions. Cerebral microembolism
may also play an alternative role and transient embolic signals have been observed
by transcranial Doppler sonography in a few cases [1]. However, cerebral hemody-
namic compromise is considered as the main cause of ischemic symptoms, and the
incidence of embolic signals in patients with MMD is lower than that in patients
with atherosclerotic lesions [1]. Cerebral infarctions are often multiple and occur in
watershed areas in MMD (Fig. 8.1). Ischemic events, such as transient ischemic
attacks or cerebral infarction, are more frequent in pediatric patients than in adult
patients, as adult patients may present with hemorrhagic as well as ischemic stroke.
Furthermore, patients under 3 years of age often show an aggressive clinical course,
presenting with sudden onset of infarction. Forty percent of them experience a
recurrence of ischemic stroke in a short time span while awaiting revascularization
surgery [2]. A registry study from Japan showed that cerebral infarction accounted

L " |
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Fig. 8.1 Radiological findings of an adult patient. (a) Fluid-attenuated inversion-recovery imag-
ing demonstrates subcortical infarction in anterior deep watershed area of the right frontal lobe and
clear ivy signs in the sulci of bilateral hemispheres. (b) Lateral views of right internal carotid
angiography and right vertebral angiography indicate insufficient collateral circulation in the ante-
rior watershed area. (c¢) Single photon emission computed tomography scans reveal decline in the
cerebral blood flow and cerebrovascular reactivity (CVR) in bilateral frontal lobes, where the
hemodynamic status in the right hemisphere is worse than that in the left
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for 22% of all patients with a recent onset of MMD, and that the proportion of adult
patients with MMD experiencing initial ischemic events has been increasing
recently [3]. In contrast to East Asian countries, including Japan, that have a greater
proportion (~ 30%) of adult patients presenting with hemorrhage, the significant
majority of adult patients in Western countries present with ischemic symptoms [3,
4]. Female patients and those with a prior history of stroke are reported to be at a
greater risk of experiencing subsequent ischemic events [4].

8.2 Symptomatology

The initial clinical signs of infarction in patients with MMD rely on the location and
size of the injury, and may include neurological deficits, recurrent transient isch-
emic attacks, headache, seizures, and alteration of consciousness [5]. When poste-
rior cerebral artery (PCA) lesions progress and occipital infarction occurs, visual
disturbances are frequently seen [6, 7]. Motor weakness affecting the lower extrem-
ities is also clinically relevant for ischemia resulting from PCA lesions since the
posterior pericallosal arteries supply the medial part of the precentral area more so
than the anterior cerebral artery does. One of the reasons infarction occurs more
frequently in patients younger than 3 years of age may be because they cannot voice
transient ischemic attack symptoms and these become apparent to their caregivers
only after they develop infarction [8]. Multiple infarctions and chronic ischemic
injury can lead to cognitive dysfunction and poor social outcomes in both pediatric
and adult patients [9—12]. Intelligence is the main cognitive function adversely
affected in pediatric patients, whereas adult patients commonly experience impaired
executive function [11]. A previous study on pediatric patients showed that cortical
infarction showed a more significant association with a poor intellectual outcome
compared to white matter infarction [9]. While executive functioning is generally
attributed to the frontal lobes [13], ischemic stroke in the parietal and occipital
regions is also associated with impairment of executive function [10].

8.3  Radiological Features: Locations and Collateral Flows

Infarct patterns are greatly affected by the collateral pathway and vulnerability of
the brain to ischemia and therefore patients with MMD may show different infarct
patterns to patients with conventional ischemic stroke caused by atherosclerotic dis-
ease. The involvement of the PCAs is a key factor contributing to ischemic stroke in
MMD and it is observed in approximately 30% of pediatric and adult patients at
initial diagnosis [14, 15]. Thus, patients with PCA lesions experience cerebral
infarction more frequently than those without [15]. The mechanism of cerebral isch-
emia in this case may mainly be due to a decrease in the collateral flow from the
PCA. In MMD, the arteries of the posterior circulation are crucial in compensating
for the weakened anterior circulation when stenosis of the internal carotid artery
(ICA) and middle cerebral artery progresses. In addition, the collateral flow from
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the PCA via the posterior communicating artery is very important in reducing the
incidence of border zone infarction, and the proximal ICA steno-occlusive lesion is
reported to be significantly associated with the incidence of ischemic stroke [16, 17].

A North American study of pediatric patients categorized infarct patterns into cor-
tical, subcortical, and watershed infarctions [5]. More than half of the patients showed
infarction in the watershed border zone, in particular the deep watershed zone. This is
because the watershed zone is especially vulnerable to reduction in cerebral perfusion
in MMD. The location of ischemic stroke may further vary depending on the disease
stage. Previous studies have shown that cerebral infarctions tend to be distributed
throughout the anterior watershed area in less advanced cases, while lesions were
often located in the posterior watershed area or the PCA territory in more advanced
cases [18, 19]. In addition, the subcortical area of the watershed zone was likely
involved in less advanced cases, whereas the outer cortical and wider area were
involved in more advanced cases [19]. Another study done in Korea categorized the
patterns of infarction in pediatric and adult patients into gyral, atypical territorial,
honeycomb, classic territorial, multiple-dot, border zone, and deep lacunar [20]. This
study demonstrated that the gyral pattern was the most common, while the deep lacu-
nar was seen less frequently. Among the pediatric patients gyral and border zone
infarcts were more frequent, whereas the classical territorial pattern was more fre-
quently encountered in adult patients. The location of the infarct was confined to the
cortex more frequently in pediatric patients, whereas simultaneous cortical and sub-
cortical infarctions were more common in adult patients.

Lacunar infarction occurs less frequently and is reportedly detected in
11.8%—16.2% of adult patients and 2.5% of pediatric patients with MMD [20, 21].
The lower incidence of lacunar infarction, when compared to other patterns of
infarction, may be attributed to chronic perfusion compromise and the development
of basal moyamoya vessels. Another study showed a lower incidence of recurrent
stroke and better functional outcome in patients with lacunar infarction compared to
those with non-lacunar infarctions [21].

8.4 Cerebral Hemodynamic Compromise

Hemodynamic compromise plays a major role in the risk of ischemic stroke in
patients with MMD. Surgical revascularization is an effective treatment to improve
cerebral perfusion in such cases. Assessment of hemodynamic status is essential in
deciding an optimal treatment plan for each patient and justifying an invasive surgi-
cal option when necessary.

8.4.1 Compensatory Mechanisms against Cerebral Perfusion
Pressure Decrease

As arterial stenosis progresses, cerebral perfusion pressure (CPP) may decrease in the
distal circulation. The extent of this decrease is affected by the degree of stenosis as
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well as the development of collateral flow. However, arterial stenosis does not always
consistently predict the decrease in CPP. There are two autoregulatory mechanisms to
maintain the supply of oxygen and glucose to the brain when CPP decreases.

The first mechanism is vascular autoregulation, which regulates vascular resis-
tance via dilation of arterioles to maintain cerebral blood flow (CBF) within the
normal range. This condition is detected by an increase in cerebral blood volume
(CBV), and is described as Powers stage I [22, 23]. Vascular mean transit time
(MTT) is defined as the ratio of CBV to CBF. Prolonged MTT is used to detect
arteriolar dilation. The second mechanism is metabolic compensation, via an
increased oxygen extraction fraction (OEF). OEF can increase to maintain normal
oxygen metabolism (cerebral metabolic rate of oxygen [CMRO,]), when there is a
reduction in CBF or oxygen supply. This condition is called misery perfusion [24],
or Powers stage II [23].

Derdeyn et al. proposed a modified model of compensatory responses to CPP
reduction (Fig. 8.2) [25]. In the autoregulatory range, CBF decreases and OEF
increases slightly to maintain CMRO,. CBV may not change or may increase. When
autoregulatory capacity is exceeded, it leads to a sharp decrease in CBF and increase
in OEF and MTT. CBV may increase slightly, remain elevated, or continue to
increase. Further decrease in CPP exceeds the capacity of compensation and results
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Fig. 8.2 Schema of hemodynamic and metabolic changes in response to reductions in cerebral
perfusion pressure [25]. The area between points A and B represents the autoregulatory range. The
area between points B and C represents the points that exceed the limits of autoregulation. The area
between C and D represents the exhaustion of compensatory mechanisms to maintain normal
oxygen metabolism. Point D represents neuronal death. CBF Cerebral blood flow, CBV Cerebral
blood volume, MTT Mean transit time, OEF Oxygen extraction fraction
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in cerebral infarction. In this model, the first modification is that a slight decrease in
CBF leads to an increase in OEF through the autoregulatory range of CPP reduc-
tion. Second, CBV measurements may be variable through the autoregulatory
range. This is because CBV is a complex physiological parameter; it is composed of
arterial, capillary, and venous compartments. There may be individual biological
variability in the cerebral vasodilatory response to reduced CPP. Thus, this modified
model describes OEF and CBV as independent parameters and does not clearly
define stages I and II as defined by Powers et al., reflecting the reality of hemody-
namic status in patients with cerebral ischemia.

8.4.2 Evaluation of Cerebral Perfusion Pressure Decrease

Certain patterns of collateral blood flow are correlated with hemodynamic compro-
mise in MMD. However, anatomical angiography does not always accurately reflect
the amount of blood flow. Furthermore, the measurement of CBF alone is not suf-
ficient to evaluate cerebral hemodynamics. This can be attributed to two reasons.
First, CBF may be maintained at a normal range via autoregulation, even though
CPP decreases. Second, CBF may be reduced when the metabolic demand is low,
but CPP is normal. Considering these factors, there are three key parameters to
assess hemodynamic compromise: cerebrovascular reactivity (CVR), CBV, and
OEF. Although positron emission tomography (PET) is still the gold standard to
evaluate hemodynamic parameters, the usefulness of perfusion computed tomogra-
phy (CT) and perfusion magnetic resonance imaging (MRI), such as dynamic sus-
ceptibility contrast MRI and arterial spin-labeling MRI have been reported [26-28].

CVR measurement is obtained after the application of a cerebral vasodilatory
stimulus such as acetazolamide by using a variety of modalities such as single pho-
ton emission computed tomography (SPECT), PET, and perfusion CT/MRI. Kuroda
et al. categorized hemodynamic status into four types using measurements of CBF
and CVR: Type 1, normal CBF and CVR; Type 2, normal CBF and reduced CVR;
Type 3, reduced CBF and CVR (Fig. 8.1); and Type 4, reduced CBF and normal
CVR [29]. Type 2 is considered to be similar to Powers stage I and Type 3 is similar
to Powers stage II. Type 4 represents matched hypometabolism. However, it is also
known that approximately 40% of affected hemispheres with abnormally reduced
CBF and CVR (Type 3) do not exhibit increased OEF or misery perfusion [30, 31].

CBYV can also be measured by PET and SPECT. When MTT is measured using
perfusion CT/MRI, CBYV is obtained in combination with the measurement of CBF
using the equation: CBV = CBF x MTT. An increase in CBV and MTT indicates a
lowering of CPP prior to CBF reduction. Measurement of MTT is considered to be
more sensitive than that of CBV alone, but it is not very specific in detecting auto-
regulatory vasodilation. Normal CBV is often observed in patients with increased
OEF (Fig. 8.2). This finding hints at the presence of a variable vasodilatory capacity
or a chronic compensatory mechanism.

The hemodynamic status with increased OEF is defined as misery perfusion, and
it indicates metabolic compensation in response to CPP reduction. Although OEF



8 Ischemic Stroke 105

has been measured exclusively by '°O-gas PET so far, OEF measurements using
quantitative susceptibility mapping of MRI have recently been carried out, and a
good correlation with PET-OEF has been reported [32].

The ability to maintain CPP during acute or chronic ischemia depends on the
capacity of the cerebral collateral circulation. A recent study showed a correlation
between the morphological features of angiography and the hemodynamic status
using PET [33]. In this study, scanty or vacant blood flow was observed in the
watershed area using fused three-dimensional digital subtraction angiography,
which is consistent with the perfusion abnormality defined by decreased CBF,
increased CBYV, and prolonged MTT.

8.5 IvySign

The ivy sign was first reported as a characteristic radiological marker of the pial
network observed in MMD on post-contrast images and on fluid-attenuated
inversion-recovery (FLAIR) images [34, 35]. The ivy sign is useful as an indirect
indicator of hemodynamic status of the leptomeningeal collateral pathways in
MMD (Fig. 8.1). Studies have shown the presence of the ivy sign on FLAIR images
in 46—66% of involved hemispheres in patients with MMD [36-39]. Although the
mechanism of the ivy sign has not been fully understood, it is generally considered
to be a slow flow of blood within the pial arteries via leptomeningeal collaterals and
dilated pial vasculature compensating for decreased CPP [40]. The ivy sign is asso-
ciated with ischemic symptoms and hemodynamic compromise, such as a decrease
in CBF and CVR when assessed by SPECT. PET studies have also shown a signifi-
cant correlation between the ivy sign and increased CBV or OEF [40, 41]. Thus, the
ivy sign can be a predictor of ischemic recurrence in patients with MMD. A recent
study shows that it has a dose-response effect; hemispheres with ivy signs in broader
regions have a greater likelihood of experiencing subsequent ischemic events [42].
Thus, the ivy sign could be an adjunctive radiological marker to screen for high-risk
ischemic patients who need revascularization surgery.

8.6  Surgical Indications

The goal of using surgical revascularization to treat ischemic MMD is to prevent
cerebral infarction and future cognitive dysfunction due to chronic ischemia by
improving cerebral perfusion status. It is generally recommended for patients with
clinical symptoms due to hemodynamic compromise indicated by parameters such
as CBF, CVR, CBYV, OEF, and MTT. Although the surgical indications and the defi-
nition of hemodynamic compromise vary among surgeons, it is important to diag-
nose hemodynamic compromise early and precisely, so that appropriate intervention
can be taken before the occurrence of irreversible brain damages. This is especially
important in pediatric patients who typically present a more progressive clinical
course than adults.
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8.7  Antiplatelet Therapy for Ischemic MMD

There is no clinical evidence for the efficacy of antiplatelet therapy in preventing
ischemic stroke in MMD. One registry study from Japan showed that antiplatelet
therapy does not decrease the recurrence rate of ischemic stroke [3]. In a worldwide
survey of experts in the field of MMD treatment, 14% of Asian (Japanese and
Korean) experts and 64% of non-Asian experts agreed with the usage of long-term
antiplatelet drugs. On the other hand, 57% of Asian experts and 27% of non-Asian
experts maintained that antiplatelet drugs are not needed to treat MMD [43]. Asian
experts who do not prescribe antiplatelet therapy answered that they are afraid of the
possibility of a cerebral hemorrhage, and they do not believe that it is useful against
hemodynamic insufficiency. In contrast, the supporters of antiplatelet therapy
answered that antiplatelet drugs improve microcirculation, prevent microembolism,
and benefit the postoperative result by maintaining blood flow through the bypass.
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Abstract

The Japan Adult Moyamoya (JAM) Trial was a unique randomized controlled
trial demonstrating the effectiveness of direct bypass surgery for hemorrhagic
moyamoya disease. Prespecified subgroup analysis undertaken as part of the trial
demonstrated that posterior-dominant initial hemorrhage is a significant predic-
tor of rebleeding and an effect modifier for surgery. Periventricular anastomo-
sis—fragile collaterals formed by the lenticulostriate arteries, thalamic
perforators, and choroidal arteries—might present a clue to the mechanism of
high rebleeding risk linked to posterior hemorrhage. Angiographic analyses of
the JAM Trial revealed that choroidal collaterals and the involvement of the pos-
terior cerebral artery are associated with posterior hemorrhage, and subsequent
cohort analysis of the nonsurgical group has revealed that choroidal anastomosis
is a strong predictor of rebleeding. A better understanding of periventricular
anastomosis might contribute to further progress in the surgical treatment of
hemorrhagic moyamoya disease.
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9.1 Introduction

The Japan Adult Moyamoya (JAM) Trial is the only Randomized Controlled Trial
(RCT) for moyamoya disease. The trial revealed the effectiveness of direct bypass
in preventing rebleeding in adult hemorrhagic moyamoya disease. In this chapter,
the authors discuss the mechanism and treatment of hemorrhagic moyamoya dis-
ease with a focus on the results of the JAM Trial (see also Chap. 13).

9.2 The JAM Trial

The rebleeding rate of hemorrhagic moyamoya disease can be as high as 7% per
year, and the outcome after rebleeding is poor [1]. The rupturing of the fragile col-
lateral vessels typical of the disease, the so-called moyamoya vessels, has been
considered the mechanism of hemorrhage in moyamoya disease. The diminishing
of such collateral vessels after bypass surgery is well known [2]. This recognition
has given rise to the hypothesis that bypass surgery can prevent rebleeding by reduc-
ing the hemodynamic burden on the fragile collateral vessels typical of the disease.
This hypothesis, however, had remained untested before the JAM Trial.

The JAM Trial was a multicentered RCT, the purpose of which was to test the
above hypothesis [3, 4]. The inclusion criteria of the trial are shown in Table 9.1. At
the beginning of the study, the optimal sample size was calculated on the assump-
tion that the incidence of adverse neurological events was 8%/y in the nonsurgical
group and 4%/y in the surgical group. The follow-up period was 5 years, and the
sample size of 160 (80 patients per group) was expected to provide 80% of the sta-
tistical validity required to detect a difference between the two groups with a signifi-
cance level of 0.05. However, this number was reduced to 80 in January 2006 when
a far smaller number of patients were discovered to be eligible for the study, as
indicated later [3]. Despite the change in sample size, the trial required 12 years to
complete.

In the randomization process, the participants were classified as exhibiting either
anterior or posterior hemorrhage: the former was defined as hemorrhage occurring
in the putamen, caudate, or anterior half of the body of the lateral ventricle; the latter
was defined as hemorrhage occurring in the thalamus, the posterior half of the body
of the lateral ventricle, or the atrium. Accordingly, each participant was randomly
assigned to either the surgical or the nonsurgical group. The JAM Trial Group
adopted stratified randomization, which balanced the proportion of anterior and
posterior hemorrhage patients assigned to each category, as it had been hypothe-
sized that the surgical effects and rebleeding risk might vary between those with
anterior hemorrhage and those with posterior hemorrhage.

The patients assigned to the surgical group underwent direct bypass, superficial
temporal artery (STA) to middle cerebral artery (MCA) anastomosis, performed by
registered neurosurgeons in different sessions for each side. Neither indirect bypass
alone nor high-flow bypass using venous or radial artery graft was permitted. The
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Table 9.1 Patient eligibility of the Japan Adult Moyamoya Trial, reprinted from the Japan Adult
Moyamoya Trial Group (Neurol Med Chir 44:218-219, 2004)

1. Clinical requirements
(1) Age: Between 18 and 60 years at the time of the initial bleeding episode
(2) Independent in daily life (modified Rankin disability scale 0-2)
(3) Intracranial hemorrhage, intraventricular hemorrhage, or subarachnoid hemorrhage
within the preceding 12 months
(4) At least one month has passed after the last stroke episode, either ischemic or
hemorrhagic
(5) At least one month has passed after the completion of acute phase treatment for the
hemorrhage and for the related secondary pathophysiology (e.g., hydrocephalus)
2. Radiological requirements

(1) Computed tomography/magnetic resonance imaging

(a) Absence of extensive infarction spreading widely over the territory of a main arterial
trunk

(b) Absence of contrast enhancement in the infarcted area
(2) Angiography

Angiographic findings should satisfy the diagnostic criteria of the spontaneous occlusion
of the circle of Willis (moyamoya disease) published by the Ministry of Health, Labor and
Welfare of Japan:

(a) Occlusive lesions are present in the terminal portion of the intracranial internal carotid
artery, or in the proximal portion of the anterior or middle cerebral arteries.

(b) Abnormal vascular network demonstrated in the region of basal ganglia and thalamus
(moyamoya vessels) in the arterial phase

(c) These findings are present bilaterally

3. Exclusion criteria
(1) Not independent in daily life (modified Rankin disability 3-5)
(2) Atherosclerotic carotid disease, or cardiac arrhythmia which may cause thromboembolic
complications
(3) Malignant tumors or organ failure of the heart, liver, kidney, or lung
(4) Unstable angina or myocardial infarction within the past 6 months
(5) Hematological abnormality showing bleeding diathesis
(6) Uncontrolled diabetes with a serum fasting blood glucose level of more than 300 mg/dl,
or requiring insulin
(7) Hypertension with a diastolic blood pressure of more than 110 mmHg
(8) Treated by extracranial—-intracranial bypass surgery before enrollment
(9) Pregnancy

*The Japan Adult Moyamoya Trial Group thereafter amended the inclusion criteria on age as that
between 18 and 65 years

primary endpoint was defined as all adverse events, and the secondary endpoint was
arebleeding attack. All participants were followed for 5 years by a team comprising
a particular neurologist and neurosurgeon.

9.3  Primary Results of the JAM Trial

A total of 80 participants, comprising 42 surgical and 38 nonsurgical patients, were
eventually enrolled in the trial. All patients completed the 5-year follow-up, and no
crossover or failure to follow-up occurred. Kaplan—-Meier method revealed that the
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incidence of both endpoints was significantly lower in the surgical group than in the
nonsurgical group (primary endpoint, P = 0.048; secondary endpoint, P = 0.042;
Fig. 9.1). The rebleeding rate calculated according to the person-year method was
7.6% per year in the nonsurgical group versus 2.7% per year in the surgical group.
The hazard ratio (HR) of the secondary endpoint estimated with the Cox propor-
tional hazard model was 0.355, indicating that the rebleeding rate had decreased by
two-thirds. On the other hand, the upper limit of 95% confidence interval of the HR
slightly exceeded 1, and the primary report of the JAM Trial published in Stroke
characterized the results as “statistically marginal.” The discrepancy in statistical
significance between the Kaplan—-Meier method and Cox proportional hazard model
is apparently attributable to the problem of sample size mentioned above. Conducting
an RCT with a larger sample size, however, seems unfeasible considering the diffi-
culty of participant recruitment for the JAM Trial. It should be noted that the pri-
mary report of the JAM Trial was accepted by Stroke in 2014 with the following
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Fig. 9.1 Kaplan—Meier curves for the primary (a) and secondary (b) endpoints, modified with
permission from Miyamoto et al. (Nippon Rinsho 2014;72; supple 7: 639-42 [Japanese])
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conclusion: Kaplan—Meier analysis revealed the significant difference between the
surgical and nonsurgical group, suggesting the preventive effect of direct bypass
against rebleeding [3].

9.4 Prespecified Subgroup Analysis of the JAM Trial

The JAM Trial Group then investigated the prespecified question of whether the
surgical effects and natural course varied with the hemorrhage site at onset, which
had been the rationale for the stratified randomization. First, a subgroup analysis by
hemorrhage site was performed for all 80 patients. As shown in Fig. 9.2, the HR for
the surgical group relative to the nonsurgical group was very low (0.07) in the pos-
terior hemorrhage group, suggesting a high degree of surgical effectiveness, whereas
the HR exceeded 1 (1.62) in the anterior hemorrhage group. The test for interaction
revealed that the surgical effects varied significantly with the hemorrhage site
(P=0.013).

The JAM Trial Group then limited the analysis to the nonsurgical group, which
comprised 38 patients, including 21 exhibiting anterior hemorrhage and 17 exhibit-
ing posterior hemorrhage. As shown in Fig. 9.3, the incidence rates for the primary
end points were significantly higher for the posterior group than for the anterior
group (P =0.003). This indicates that the natural outcome also varied with the hem-
orrhage site.

These results suggest that patients with posterior hemorrhage have a poorer natu-
ral prognosis and accrue greater benefit from surgery. Direct bypass should be con-
sidered especially for the posterior hemorrhage group. These results were published
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| | |
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Fig. 9.2 Forest plot showing results of the prespecified subgroup analysis in the Japan Adult
Moyamoya Trial, reprinted with permission from Funaki et al. (Clin Neurosci 2016;34:1218-1221
[Japanese])
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in Stroke in 2016 [5]. It should be noted that these results are not the product of post
hoc analyses; they were obtained from “prespecified” analysis to test the prede-
scribed hypothesis under stratified randomization.

9.5 Mechanism of Bleeding in Moyamoya Disease:
Periventricular Anastomosis

The results of the subgroup analysis in the JAM Trial raise new questions about the
higher risk of rebleeding evident in patients exhibiting posterior hemorrhage.
Answering this question requires an understanding of the fragile collateral vessels
typically associated with the disease. The issue of hemorrhage site can eventually be
traced to the fragile collateral vessels responsible for bleeding (see also Chap. 13).

Hemorrhage in moyamoya disease occurs in various sites of the cerebrum,
including the basal ganglia, thalamus, subcortical area, subependymal area, and
ventricle [6]. The wide distribution of potential hemorrhage sites can be explained
by the presence of the various abnormal collateral vessels that cause the hemor-
rhage. Although researchers had considered so-called “basal moyamoya vessels” as
the vessels responsible for bleeding, some of the hemorrhages occurring in moy-
amoya disease cannot be traced to the basal moyamoya vessels comprising the len-
ticulostriate arteries.

In 2003, Morioka et al. reported that abnormal dilatation and extension of the
anterior choroidal artery or the perforator from the posterior communicating artery
were more commonly observed in hemorrhagic moyamoya disease than in the isch-
emic form of the disease [7]. This finding suggests that not only lenticulostriate
arteries but also thalamic perforators and choroidal arteries are associated with hem-
orrhage in moyamoya disease. A recent study using high-resolution black-blood
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MRA has demonstrated that all three arteries—Ienticulostriate, thalamic perforat-
ing, and choroidal—share the common feature of serving as collaterals to the cortex
[8]. These arteries anastomose to the medial end of the medullary or insular arteries,
which supply blood from the cortex to the cerebral depths in normal anatomy. As a
result of this change, the direction of blood flow in the medullary artery is reversed
to supply blood from the depths to the cortex. This type of collateral system, typical
of moyamoya disease, has been referred to as “periventricular anastomosis”
(Fig.9.4) [8, 9].

The formation of periventricular anastomosis is explained by the theory of
ventriculofugal and ventriculopetal arteries [10]. According to this famous the-
ory advocated by Van den Bergh in 1969, the deep white matter is supplied by
two arterial systems: the ventriculopetal artery (i.e., medullary artery) from the
surface to the ventricle; and the ventriculofugal artery form the ventricle to the
surface (Fig. 9.5). The ventriculofugal artery, also known as the subependymal
artery [11], is formed by the peripheral ends of the perforating or choroidal
arteries [12].

The ventriculofugal and ventriculopetal arteries form no anastomosis in nor-
mal anatomy, as the border zone between these arteries is believed to be the
cause of periventricular ischemia. In moyamoya disease, a long-standing corti-
cal ischemia might induce an abnormal connection between these arteries and
result in periventricular anastomosis. In the early 1970s, Kodama et al. sug-
gested the possibility of such a connection forming between perforating and
medullary arteries [13].

The results of recent studies shed light on the significance of periventricular
anastomosis as a hemorrhage-prone collateral in moyamoya disease [8, 14-16].
Anastomotic sites in the periventricular collaterals are considered especially fragile
because of the histopathological connection between vessels. Even microaneurysms
frequently emerge at the sites of anastomoses because of the characteristic inflec-
tion points that typically form in the collaterals at these sites.
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Fig. 9.4 Schematic illustration showing a coronal plane of the left hemisphere and three types of
periventricular anastomosis, reprinted with permission from Funaki et al. (Neurol Med Chir
(Tokyo) 2015;55(3):204-9)
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Fig. 9.5 (a, b) Schematic illustration showing ventriculopetal/ventriculofugal arterial system on
a coronal plane for the normal brain (a) and moyamoya disease (b) (¢) Flow-sensitive black-blood
MR angiography showing lenticulostriate-type periventricular anastomosis, reprinted with permis-
sion from Funaki et al. (Jpn J Neurosurg 2017;26:4—11 [Japanese])

9.6 Why Does the Posterior Hemorrhage Group Have a Poor
Natural Prognosis?

The JAM Trial Group performed additional analyses to answer the question of why
patients exhibiting posterior hemorrhage are at higher risk of rebleeding. In this
analysis, angiographic findings of abnormal collaterals causing hemorrhage were
classified into three types—Ilenticulostriate, thalamic, and choroidal anastomoses—
according to the theory of periventricular anastomosis (Fig. 9.6) [15].

Lenticulostriate anastomosis. A positive angiographic indicator of lenticulostriate
anastomosis is extreme dilatation and extension of the lenticulostriate arteries with at
least one artery extending beyond the level of the pericallosal artery in the lateral view.
In such situations, the lenticulostriate arteries are reasonably considered to extend
beyond the upper level of the lateral ventricle to connect to the medullary arteries.

Thalamic anastomosis. A positive angiographic indicator of thalamic anastomo-
sis is extreme dilatation and extension of the thalamic perforators with at least one
perforator extending beyond the position of the medial posterior choroidal artery in
the lateral view. In such a situation, the thalamic perforators are reasonably consid-
ered to extend beyond the thalamus to connect to the medullary arteries.
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Lenticulostriate Thalamic Choroidal

Fig.9.6 Angiographic definition of collaterals in Japan Adult Moyamoya Trial. (a) Lenticulostriate
anastomosis. (b, ¢) Thalamic anastomosis. (d) Choroidal anastomosis. Anterior—posterior and lat-
eral views are shown in the upper and lower row, respectively. (a, b), and (d) are right carotid
angiography; (c) is right vertebral angiography. The perforating or choroidal arteries are shown as
arrows, the medullary arteries as arrowheads, reprinted with permission from Funaki et al. (Jpn J
Neurosurg 2017;26:4—-11 [Japanese])

Choroidal anastomosis. This is defined as an anastomosis between the choroidal
artery and the medial end of the medullary artery. Both the anterior and the lateral
posterior choroidal arteries can serve as the origin of such an anastomosis. Positive
angiographic (lateral view) indicators of choroidal anastomosis are as follows: (1)
extreme dilatation and extension of the choroidal artery with a sharp deviation of the
lateral ventricle at its peripheral portion to connect to the medullary artery; (2)
extreme extension of the anterior choroidal or lateral posterior choroidal artery
beyond the atrium of the lateral ventricle to the body of the lateral ventricle; or (3)
extension of the medial posterior choroidal artery penetrating the corpus callosum
to the pericallosal artery.

Analysis of the 75 hemorrhagic hemispheres in the JAM Trial revealed that cho-
roidal anastomosis and involvement of the posterior cerebral artery (PCA) were the
significant characteristics of posterior hemorrhage [15]. Choroidal anastomosis
typically forms around the atrium and is located in the most posterior of the collater-
als [9]. This suggests that the high rebleeding risk of posterior hemorrhage is attrib-
utable to the extreme fragility of a choroidal anastomosis distributed posteriorly.

This hypothesis was tested with two additional analyses of the JAM Trial [14,
16]. First, an ancillary study using the 5-year follow-up data on the nonsurgical
cohort of the JAM Trial revealed that the presence of choroidal anastomosis is an
independent predictor of rebleeding [14]. The adjusted HR for rebleeding in the
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choroidal-positive group relative to the negative group was 11.10 (95% confidence
interval, 1.37-89.91), suggesting that rebleeding risk is more than ten times higher
in the choroidal-positive group than in the negative group. This finding is notable
considering that the significance of choroidal anastomosis was first demonstrated in
the longitudinal analysis. Second, a case control study compared the data set of the
JAM Trial with the angiographic data of adult patients with ischemic-onset moy-
amoya disease [16]. This analysis revealed that the characteristic pattern of abnor-
mal vascular networks at the base of the brain differ in the ischemic- and
hemorrhagic-onset types, with the latter patients showing a significantly higher pro-
portion of thalamic and choroidal anastomoses than the former.

9.7 The Mechanism of Bypass Surgery
in Preventing Hemorrhage

The diminishing of the numerous abnormal vessels typical of moyamoya disease
following surgery is a well-known postsurgical phenomenon. This can reasonably
be explained by the mechanism of periventricular anastomosis. Our data reveal that
retrograde flow in the medullary artery can be restored to normal (from surface to
depth) after surgery, resulting in elimination of the pathological anastomosis and
normalization of the perforating or choroidal arteries [17]. Accordingly, this change
might be observed as shrinkage of the abnormal vessels because normograde flow
in the medullary artery is almost invisible.

Such a change, which can be viewed as a normalization of periventricular vascu-
lature, is considered a key mechanism of bypass surgery in preventing rebleeding,
as suggested from the JAM Trial. In other words, a bypass whose perfusion overlaps
the cortical distribution of the periventricular anastomosis can normalize the out-
flow of the medullary artery, resulting in successful shrinkage of the periventricular
anastomosis.

According to our additional data of interest, among the three subtypes of peri-
ventricular anastomosis, choroidal anastomosis was the type most likely to normal-
ize following bypass surgery [17]. This result corresponds well with the results of
prespecified subgroup analysis in the JAM Trial, which suggests the posterior hem-
orrhage group accrues greater benefit from bypass surgery [5] because choroidal
anastomosis is considered a typical bleeding source in posterior hemorrhage. The
variance in the likelihood of normalization might be attributable to the differing
cortical distribution patterns seen in the subtypes of periventricular anastomosis.
Our most recent study revealed that choroidal anastomosis outflows were to the
lateral cortex predominantly posterior to the central sulcus, whereas outflows of the
lenticulostriate anastomosis were more likely to be characterized as medial and
anterior [18].

The knowledge of periventricular anastomosis might promote a new direct-
bypass strategy focusing on hemorrhage prevention, which targets the responsible
periventricular anastomosis (Fig. 9.7) [19].
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Fig. 9.7 (a) Lateral view angiography of the left internal carotid artery before surgery revealing
choroidal anastomosis (black arrowheads), extending to the target vessel (arrow). Note the aneurysm
observed at the site of the anastomosis (asterisk). (b) Corresponding brain surface image generated
with MR angiography data. White arrowheads indicate the central sulcus. The target vessel is exposed
on the postcentral gyrus (arrow). (¢) Lateral view angiography of the left external carotid artery
obtained 9 months after surgery revealing patency of the bypass and accurate anastomosis to the
target vessel (arrow). (d) Lateral view angiography of the left internal carotid artery obtained
9 months after surgery revealing marked shrinkage of the choroidal anastomosis and aneurysm,
reprinted with permission from Funaki et al. (Neurol Med Chir (Tokyo). 2019;59(12):517-22)

9.8 Additional Sub-analyses of the JAM Trial

Analysis of the nonhemorrhagic hemispheres included in the JAM Trial suggests
that choroidal anastomosis is also a predictor of de novo hemorrhage [20]. The
annual risk of de novo hemorrhage in the nonhemorrhagic hemispheres was rela-
tively high (5.8% per year). Given that the nonhemorrhagic hemisphere in hemor-
rhagic moyamoya disease resembles a nonhemorrhagic hemisphere in asymptomatic
or less-symptomatic patients, choroidal anastomosis might also be a predictor of de
novo hemorrhage in asymptomatic individuals in these populations.
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The last analysis of the JAM Trial focused on subgroup analysis by baseline
hemodynamic failure [21]. This analysis revealed that hemodynamic failure is an
independent risk factor for subsequent hemorrhage in hemorrhagic moyamoya dis-
ease. Moreover, the analysis revealed that the subgroup exhibiting hemodynamic
failure tended to accrue greater benefit from surgery; however, the test for interac-
tion was not statistically significant (P = 0.056) [21].

9.9 Summary

The results of the JAM Trial are dramatically changing the treatment of hemor-
rhagic moyamoya disease. The recent findings on choroidal anastomosis might also
overturn the conventional understanding of the mechanism of hemorrhage that
focuses solely on the “basal moyamoya vessels.” Such a paradigm shift might pro-
mote further progress in the surgical treatment of hemorrhagic moyamoya disease.
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Cognitive Function in Pediatric 1 0
Moyamoya Disease

Satoshi Kuroda

Abstract

Since the very early stage of moyamoya disease discovery, it has been known
that cerebral infarction can cause cognitive dysfunction in children with moy-
amoya disease. In recent years, there are fewer children who develop cerebral
infarction after a long period of repeated TIAs through the improved ability to
diagnose moyamoya disease at an early stage. However, infants often have sud-
den onset of ischemic stroke, and the sequelae of cognitive dysfunction as well
as motor dysfunction are still an issue that cannot be completely resolved. In this
chapter, the author will review the pathophysiology of cognitive dysfunction in
pediatric patients with moyamoya disease, their radiological findings, and effec-
tive surgical revascularization. The author strongly believes that early diagnosis
and surgical revascularization should be performed before they still repeat TIAs
or headache attacks and have not progressed to a completed stroke in order to
improve the intellectual prognosis of pediatric patients with moyamoya disease.
In addition, we should plan to perform surgical revascularization through “large”
craniotomy covering the frontal lobes for this purpose.
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10.1 Introduction

Since the very early stage of moyamoya disease discovery, it has been known that
cerebral infarction can cause cognitive dysfunction in children with moyamoya dis-
ease. Cognitive dysfunction, along with motor dysfunction, is a factor that has a sig-
nificant impact on the quality of later life of pediatric patients with moyamoya disease.
Therefore, a detailed understanding of the causes, pathophysiology, and effective
treatment of cognitive dysfunction in pediatric moyamoya disease is crucial for
improving the long-term prognosis of pediatric patients with moyamoya disease.

10.2 Clinical Features

In the 1980s, cognitive dysfunction in pediatric moyamoya disease patients began
to be studied in detail. Several investigators have reported that a significant sub-
group of children with moyamoya disease develops cognitive dysfunction. In recent
years, many pediatric patients with moyamoya disease have undergone surgical
revascularization in the early stages of their illness. Therefore, we can only specu-
late about the natural history of cognitive function in pediatric patients based on
data from the past, when surgical revascularization was less common. Kurokawa
etal. (1985) reported that intellectual outcome is very poor in pediatric patients with
moyamoya disease, including mild intellectual and/or motor impairment in 26%,
requirement for special school or care by parent or institutes after reaching the teen
years in 11%, and continuous 24-h care in 7% [1].

Ishii et al. (1984) measured intelligence scores in 20 pediatric patients with moyam-
oya disease, and reported that the older children had lower intelligence. Thus, full-scale
intelligence quotient (FSIQ) was 108.0 + 12.9, 96.8 + 22.6, 82.6 + 16.4 in children at
5-8, 9-12, and 13-16 years of age, respectively [2]. Matsushima et al. (1991) also
reported similar results [3]. These findings strongly suggest that a longer duration of
disease exposes the developing brain to ischemia or hypoxia for a longer period and
finally intellectual deterioration increased with time. In fact, poor intellectual outcome is
closely related to an early age at the onset, and cognitive function starts to decline within
5-10 years after the onset [4]. For example, the prevalence of cognitive dysfunction is
1/13 (7.7%), 2/4 (50%), and 6/9 (67.8%) after 0—4, 5-9, and 1015 years after the onset
of moyamoya disease, respectively [1]. However, diagnosis and surgical treatment are
much faster than before the 1980s, because moyamoya disease is now widely recog-
nized among pediatricians, physicians, and neurologists. Therefore, it is likely that the
number of pediatric patients suffering from cognitive dysfunction is decreasing, and the
number of detailed studies is limited since the 2000s [5].

Using **xenon inhalation method, Ishii et al. (1984) reported a significant correla-
tion between hemispheric cerebral blood flow (CBF) and intelligence score [2].
Bowen et al. (1998) reported two children with cognitive dysfunction due to moy-
amoya disease. Although plain CT scans detected no parenchymal lesions in the
brain, both had a distinct impairment of cerebrovascular reserve in the bilateral hemi-
spheres. Especially, this hemodynamic impairment is most prominent in the frontal
lobes, which results in abnormally posterior-dominant distribution of CBF [6].
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10.3 Effects of Surgical Revascularization
on Intellectual Outcome

Ishii et al. (1984) mainly performed EMS for 20 children with moyamoya disease,
and reported that full-scale IQ improved after surgery in 8 of 20 cases [2]. On the
other hand, cognitive function did not recover after EDAS [3]. Matsushima et al.
(1990) reported that intellectual outcome was poor, especially in children with dis-
ease onset at less than 2 years of age even after encephalo-duro-arterio-synangiosis
(EDAS) [7]. Bowen et al. (1998) longitudinally monitored cognitive function in two
children with moyamoya disease after superficial temporal artery to middle cerebral
artery (STA-MCA) anastomosis combined with EDAS on both sides. Cognitive
function was still severely impaired when neurophysiological testing was examined
3 months after surgery. However, repeated testing at 1 and 2 years later demon-
strated a stepwise improvement of cognitive function in both children [6]. As
described in Chap. 18, surgical revascularization is accepted as an effective treat-
ment to prevent further TIA, ischemic stroke, and hemorrhagic stroke in moyamoya
disease. However, it should be reminded that about 15 to 30% of children with
moyamoya disease still experience some difficulties in social or school life due to
residual cognitive dysfunction even after surgery [5, 7-11]. Ishikawa et al. (1997)
reported that 7 (30.4%) of 23 patients with moyamoya disease were poorly educated
or were on the job of just simple tasks [8]. Collectively, these reports suggest that a
history of ischemic stroke, cerebral infarction on CT/MRI, and the onset at younger
than 5 years of age are closely associated with poor intellectual outcome.

In recent years, several studies have conducted statistical analyses to extract the
factors that determine the intelligence outcome after surgical revascularization in
pediatric patients with moyamoya disease. Using a univariate analysis model,
Matsushima et al. (1997) reported that only FSIQ before surgery significantly pre-
dicted their intellectual outcome after EDAS. However, it should be noted that their
study had a non-negligible bias because they excluded patients with an FSIQ lower
than 70 from their study. In addition, no multivariate analysis was performed in this
study, probably because the sample size was small (n = 20) [10]. Subsequently, we
conducted a multivariate analysis study using a larger cohort (n = 52). Of 52 pediat-
ric patients, 8 (15.4%) were judged as mentally impaired status (FSIQ < 70). As the
results, we found two independent predictors for poor intellectual outcome, includ-
ing a history of completed stroke (odds ratio, 33.4; 95% confidential interval [CI],
2.4-474) and small craniotomy surgery (odds ratio, 19.6; 95%CI, 1.8-215). The
majority of pediatric patients with a history of completed stroke already have
sequelae such as hemiparesis before surgical revascularization, and motor dysfunc-
tion may be closely related to poor intellectual outcome. As the first conclusion,
therefore, early diagnosis and surgical revascularization should be performed before
they still repeat TIAs or headache attacks and have not progressed to a completed
stroke in order to improve the intellectual prognosis of pediatric patients with moy-
amoya disease.

Furthermore, we classified craniotomies for surgical revascularization into two
groups: a small craniotomy group focusing on the temporo-parietal area and a large
craniotomy group extending to the frontal area, and investigated the impact of
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craniotomy location and size on the intellectual outcome. “Small” craniotomy cen-
tered on the temporo-parietal area has been used for EDAS and encephalo-myo-
synangiosis (EMS) with or without direct bypass procedure. Following EDAS/
EMS, TIAs such as hemiparesis easily disappear after surgery, because this surgical
technique provides sufficient blood flow to the motor cortex through the surgical
collaterals. The disadvantage of this technique, however, is that cerebral ischemia in
the frontal lobe persists even after surgery, because the revascularized area is limited
to the temporal and parietal regions and is confined to the craniotomy field [12, 13].
We found that both CBF and its reactivity to acetazolamide were significantly lower
in small craniotomy group than in large craniotomy group [12, 14]. These findings
correlate well with previous data. Thus, Sato et al. (1990) reported that intellectual
outcome was poor in 9 of 13 pediatric patients who underwent EDAS or EMS. In
fact, CBF improvement was limited around the surgical field, but blood flow reduc-
tion was persistent in the frontal lobe [13]. Ohtaki et al. (1998) also reported that
STA-MCA anastomosis combined with extensive omental transplantation over the
bilateral frontal lobes effectively prevented the worsening of cognitive function in
pediatric moyamoya disease [15]. As the second conclusion, therefore, we should
plan to perform surgical revascularization through “large” craniotomy covering the
frontal lobes in order to improve the intellectual prognosis of pediatric patients with
moyamoya disease (Fig. 10.1).

10.4 Pathophysiology

The cognitive function does not originate in a specific region of the brain. Based on
above-mentioned knowledge, however, it is at least certain that the frontal lobe is
playing a central role in the performance of the cognitive function. Indeed,
Nakagawara et al. (2012) performed '**I-iomazenil (IMZ) SPECT in adult moyam-
oya patients with cognitive dysfunction and found that the neuronal integrity was
specifically reduced in the medial frontal lobe and anterior cingulate [16].

On the other hand, it is unclear through which mechanisms cognitive function is
impaired in moyamoya patients without parenchymal lesions such as cerebral
infarction. In these patients, cognitive function is reported to recover to the normal
level after appropriate surgical revascularization. One clue is the speculation that
cognitive dysfunction in pediatric moyamoya disease may be related to cerebral
ischemia-induced suppression of brain metabolism. Previously, Karasawa and co-
workers (1981) conducted a pioneering study and found that oxygen consumption
in pediatric moyamoya disease was reduced before surgery, but predominantly
increased at 6 months after surgery [17]. Using '*O positron emission tomography,
Taki et al. (1988) measured CBF, cerebral blood volume (CBV), cerebral metabolic
rate for oxygen (CMRO,), and oxygen extraction fraction (OEF) in five pediatric
patients with a mean age of 11 years. They found no significant difference in CMRO,
when compared with healthy adult volunteers with a mean age of 31 years. As
described in Chap. 7, however, CBF is much higher in children around 10 years of
age than in adults. Therefore, it is probable that oxygen metabolism was lower in the
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EMS EDMAPS

Fig. 10.1 Upper panels show that the location and size of craniotomy largely differ between EMS
(small craniotomy group; left) and EDMAPS (large craniotomy group; right). In the former, crani-
otomy size is small and is centered on temporo-parietal area, but in the latter, craniotomy is largely
extended to the frontal area and its size is also larger. Lower panels demonstrate representative
findings on left external carotid angiography 3 to 4 months after EMS (left) and EDMAPS (right).
Note that the extent of surgical collaterals via indirect bypass depends on the location and size of
craniotomy

pediatric patients included in this study than in healthy children of the same age,
because CBF and CMRO, are tightly coupled [18]. Indeed, Shirane et al. (1997)
measured hemodynamic and metabolic parameters, using O PET, and found that
CMRO, was decreased in the frontal and parietal lobes with pronounced ischemia
[19]. Hosoda et al. (2010) reported that all intellectual parameters, including Full-
Scale Intelligence Quotient (FSIQ), Verbal Intelligence Quotient (VIQ), and
Performance Intelligence Quotient (PIQ), were positively associated with CMRO,
in the lower part of the bilateral frontal lobe, the right anterior temporal lobe, and
the medial occipital lobe. The VIQ was also positively linked to CMRO, in the left
inferior frontal lobe. Although the findings are very interesting, this study included
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both pediatric and adult patients, the relationship between oxygen metabolism and
cognitive function in only pediatric cases is unknown [20].

Subsequently, we prospectively analyzed the parameters on *O-gas PET before
and after STA-MCA anastomosis combined with encephalo-duro-myo-arterio-peri-
cranial synangiosis (EDMAPS) in patients with moyamoya disease (see Chap. 18)
[21, 22]. In pediatric patients, CMRO, was decreased in 16 of 21 adult hemispheres
(76%), but significantly improved in all eight hemispheres without any ischemic or
hemorrhagic lesions after surgery. On the other hands, CMRO, was decreased in 38
of 48 adult hemispheres (79%), but significantly improved in only 13 of 22 lesion-
free hemispheres after surgery. Therefore, there was a big discrepancy in postopera-
tive improvement of oxygen metabolism between pediatric and adult patients.
Further statistical analysis revealed that postoperative improvement of oxygen
metabolism could be observed in pediatric and young (<40 years) adult patients
(Fig. 10.2) [23]. The finding correlates very well with those reported previously.
Morimoto et al. (1999) measured hemodynamic and metabolic parameters in 5

Fig. 10.2 Representative radiological findings of an 8-year-old girl who developed transient
weakness of the left extremities due to moyamoya disease and underwent STA-MCA anastomosis
and EDMAPS on both sides. Left panels demonstrate the findings on right (upper) and left external
carotid angiography (lower) 4 months after surgery. Note that extensively developed surgical col-
laterals widely provide blood flow to the bilateral cerebral hemispheres, including the frontal
lobes. Right panels show the findings on pre- (upper) and postoperative '*O-gas PET (lower). Note
a marked decrease in CBF (arrows) and CMRO, (arrowheads) in the right hemisphere followed by
postoperative improvement 4 months after surgery
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adult patients aged from 19 to 46 years before and after surgery. Following surgery,
CMRO, markedly improved in two of five patients. Age of these two patients was
19 and 20 years, while age of other three patients ranged from 40 to 46 years [24].

These observations on oxygen metabolism in moyamoya disease strongly sug-
gest that cerebral oxygen metabolism may be reversibly depressed in pediatric (and
young adult) patients without any parenchymal lesions. In other words, the lesion-
free brain of younger humans may have a potential ability to downregulate their
oxygen utilization and to protect their brain against chronic ischemia and/or hypoxia
by reducing its metabolic demand. This phenomenon is very similar to the condition
of reversible brain hibernation [25]. Although the precise mechanism of spontane-
ous downregulation of oxygen metabolism in the young or immature brain, the
author wonders that this phenomenon may be deeply involved in cognitive dysfunc-
tion in pediatric moyamoya patients without cerebral infarct [23].

Recently, several MRI studies have reported that impaired white matter micro-
structure and axon connectivity are involved in cognitive dysfunction in adults with
moyamoya disease, but this technique has not been studied in pediatric moyamoya
disease until now.

10.5 Conclusion

For a long time, it has been known that cognitive dysfunction in pediatric moyam-
oya disease is closely related to clinical factors such as infantile onset, completed
stroke, and cerebral infarction. However, recent statistical analysis has revealed that
in addition to completed stroke, small craniotomy surgery centered on the temporo-
parietal area is associated with poor intellectual outcome. Therefore, two strategies
would be essential to further improve intellectual outcomes in pediatric patients.
First, early diagnosis and surgical revascularization should be performed before
they still repeat TIAs or headache attacks and have not progressed to a completed
stroke. Second, we should perform surgical revascularization through “large” crani-
otomy covering the frontal lobes that are considered to play a crucial role in cogni-
tive function.
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Abstract

Moyamoya disease is an occlusive cerebrovascular disease characterized by ste-
nosis or occlusion at the distal ends of bilateral internal arteries. The unusual
vascular network (moyamoya vessels) around the circle of Willis with this dis-
ease is considered to represent collateral channels formed as a result of progres-
sive brain ischemia. Recently, difficulty with social independence accompanied
by cognitive impairment in adult has been recognized as an important unsolved
social issue faced by patients with adult moyamoya disease. Several reports pub-
lished, but the patients with cognitive impairment have difficulty in proving their
status because the standard neuroradiological and neuropsychological methods
to define cognitive impairment with moyamoya disease are not determined.
These patients with cognitive impairment should be supported by social welfare
as psychologically handicapped persons. In this chapter, recent reports including
our study about cognitive impairment in adult moyamoya disease are summarized.
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Moyamoya disease is an occlusive cerebrovascular disease characterized by pro-
gressive stenosis or occlusion at the distal ends of bilateral internal arteries [1]. The
etiology of the disease is not fully undefined. The findings that the incidence of the
disease is highest in, but not confined to, Japanese and that the condition is fre-
quently familial suggest the involvement of a genetic factor including RNF213 in its
pathogenesis [1]. The unusual vascular network (moyamoya vessels) around the
circle of Willis with this disease is considered to represent collateral channels
formed as a result of progressive brain ischemia [1-3]. Extracranial-intracranial
bypass surgery with or without indirect procedures has been established as an effec-
tive neurosurgical intervention that increases cerebral blood flow (CBF) and cere-
bral vascular reserve (CVR) prevents from ischemic attacks [4, 5]. However,
difficulty with social independence accompanied by cognitive impairment in adults
has recently been recognized as an important unsolved social issue faced by patients
with adult moyamoya disease [6-8].

In our report, it provides a profile of neurocognitive dysfunction in adult patients
with moyamoya disease using structured neuropsychologic tasks. A broad range of
cognitive functions was disrupted particularly in the patients who had difficulty
with social independence. Mean scores of moyamoya patients with cognitive
impairment frontal lobe evaluation tasks (Trail Making Test B and Theory of Mind)
were significantly lower than healthy patients [9].

These patients with cognitive impairment should be supported by social welfare
as psychologically handicapped persons. The characteristics of these patients are
physically independent in daily life, but economically dependent. Because it is very
difficult for them to obtain vocational skills because of cognitive impairment. But
they have difficulty in proving their status because the standard neuroradiological
and neuropsychological methods to define cognitive impairment with moyamoya
disease are not determined.

Generally, cognitive impairment has been described as a neuropsychological dis-
order occurring after strokes that shows as disturbances in memory, attention, per-
formance, and social behavioral in mainly pediatric cases [10, 11]. However, recent
reports have focused on adult cases with neurocognitive impairment even without
neuroradiological evidence of major stroke [8, 9, 12]. It is indicated that even if
infarction has not yet occurred, brain dysfunction was associated with persistent
hemodynamic compromise in the medial frontal lobes that can be visualized using
['ZI]iomazenil (IMZ)-single photon emission CT (SPECT) [8]. In addition, a com-
mon methodology for neuropsychological evaluation of these patients is yet to be
fully determined [6, 12, 13]. As for Japanese neurosurgeons, we want to establish
the standard finding of the cognitive impairment in the patients with moyamoya
disease. A prospective multicenter trial is on-going in Japan [14]. Our inclusion
criteria are described especially included as follows contents: (1) Without a large
structural lesions (less than 1 cortical artery region) on neuroradiological studies.
(2) No neurological disorder influencing neuropsychological assessment, e.g. apha-
sia, hemianopsia, and agnosia. (3) Modified Rankin scale ranging from 0O to 4.
Without serious cognitive dysfunction assessed by subjective, objective symptoms
or daily life situation [14]. As background data of the patients including in this



11 Cognitive Dysfunction in Adults 137

study, institute, sex, age, history of education, history of jobs, familial history, rea-
son for diagnosis, modified Rankin scale, medication, and neurological deficit are
recorded.

In our study [14], MRI scans were also performed in all subjects. The scans were
acquired on a 1.5 T or a 3 T scanner. T1 structural sequences (3D MPRAGE on
Siemens and Philips, 3D IR-SPGR on GE), FLAIR, T2WI (Dual Echo), T2*WI,
and TOF-MRA images are obtained in this study [15]. Brain N-isopropyl-p- ['*I]
iodoamphetamine (/23/-IMP) SPECT using QSPECT/dual-table autoradiographic
(ARG) method with three-dimensional stereotactic surface projection (3D-SSP) is
performed to calculate regional cerebral blood flow. To assess regional cerebral vas-
cular reserve, Diamox challenge SPECT is performed. '**I-lomazenil (IMZ)-SPECT
using QSPECT method with 3D-SSP is performed to assess cortical neuronal loss.
Cortical neuron loss was analyzed using the stereotactic extraction estimation (SEE)
method (level 3: gyrus level) for 3D-SSP Z-score maps as previously reported [8].
These data will clarify the role of neuronal loss and volume of the brain in the cog-
nitive dysfunction of moyamoya disease.

We used the batteries for neuropsychological assessment as follows [14]. Basic
cognitive ability was evaluated using the Wechsler Adult Intelligence Scale-Third
Edition (WAIS-III) to assess intelligence, the Wechsler Memory Scale-Revised
(WMS-R) to assess memory [16, 17], and supplemental subtests for each task.
Several frontal-functioning tests were also administered to detect specific neuropsy-
chological deficits associated with adult moyamoya disease that co-occurs with dif-
ficulty in social independence. The Frontal Assessment Battery (FAB) tested general
frontal cognitive ability. The Trail Making Test Part A (TMT-A) assessed speed of
information processing [15, 18] and the Trail Making Test Part B (TMT-B) and the
Wisconsin Card Sorting Test assessed executive ability [5]. Word-fluency test and
Frontal Systems Behavior Scale (FrSBe) are also used for frontal lobe function [19,
20]. The Beck Depression Inventory—Second Edition (BDI II) and State-Trait
Anxiety Inventory (STAI) assess depressive state [21, 22]. In addition, WHOQOL26
assesses quality of life. These batteries are useful to assess neurophysiological func-
tions of moyamoya disease. The item of neuroradiological and neuropsychological
study is summarized in Table 11.1. To study the cognitive functions of the patients
with moyamoya disease, we emphasize these batteries are important.

This study was named Cognitive Dysfunction Survey of the Japanese Patients
with Moyamoya Disease (COSMO Japan study) and the protocol is already pub-
lished. Inclusion of the patients was already closed, all the data obtained in this
study is analyzing now. These data will clear the origin of cognitive impairment in
adult moyamoya disease [14].

lustrative case. 30 year-old, female. MRI (FLAIR) image indicates no major
infarction or gross injured area. MRA shows severe stenosis of both internal carotid
arteries which is a characteristic of moyamoya disease. She has cognitive dysfunc-
tion mainly topographical disorientation. She was dismissed several times by com-
panies (Fig. 11.1).

Patients with moyamoya disease often suffer higher cognitive impairments such
as memory, attention, and social behavioral disturbances [9, 12, 13]. However
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Table 11.1 Neuroradiological and Neuropsychological studies employed cognitive dysfunction
study of moyamoya disease

Neuroradiological study
SPECT

IZ-IMP SPECT
12[-IMZ-SPECT
MRI
MPRAGE/IR-SPGR
FLAIR

T2WI (dual echo)
T2*WI

TOF-MRA
Neuropsychological study
WAIS-III

WMS-R

FAB

WCST

Stroop test

Word fluency

TMT A/B

BDIII

STAI

FrSBe
WHOQOL26

confirmatory diagnosis of higher cognitive dysfunction in patients with moyamoya
disease without obvious brain damages on CT or MRI imaging has not been estab-
lished and could become social issue [8]. Such cognitive impairments may occur in
patients with medial frontal lobe damage including the anterior cingulate cortex.
Karzmark et al. reported that twenty patients (67%) of adult moyamoya disease
exhibited small T2 hyperintensities in the cerebral subcortical white matter on brain
MRI but no evidence of gray matter damage. Significant cognitive impairment was
present in 7 patients (23%). Executive functioning, mental efficiency, and word
finding were the ability areas most frequently impaired, whereas memory was rela-
tively intact. Clinically significant emotional distress (depression and/or anxiety)
was present in 11 patients (37%). Comparable cognitive findings were also observed
in the subset of 10 patients (33%) with completely normal static brain MRI [12].
Kazumata et al. performed neurobehavioral and neuroimaging examinations in 25
adults with MMD prior to and > 12 mo after revascularization surgery. In this study,
cognitive function was investigated using the Wechsler Adult Intelligence Scale-III,
Trail Making Test, Wisconsin Card Sorting Test, Continuous Performance Test,
Stroop test, and Wechsler Memory Scale. They assessed white matter integrity using
diffusion tensor imaging, brain morphometry using magnetization-prepared rapid
gradient-echo sequences, and brain connectivity using resting-state functional mag-
netic resonance imaging (MRI). Cognitive examinations revealed significant changes
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Fig. 11.1 30 y.o. female. (a) MRI (FLAIR) axial image. (b) MRA anterior-posterior view. (c)
IMZ-SPECT axial image. Arrows indicated marked low accumulation in both frontal lobes

in the full-scale intelligence quotient (IQ), performance 1Q (PIQ), perceptual organi-
zation (PO), processing speed, and Stroop test scores after surgery. Enlargement of
the lateral ventricle, volume reductions in the corpus callosum and subcortical nuclei,
and cortical thinning in the prefrontal cortex were also observed. Fractional anisot-
ropy in the white matter tracts, including the superior longitudinal fasciculus,
increased 2 to 4 years after surgery, relative to that observed in the presurgical state.
In addition, Resting-state brain connectivity was increased predominantly in the
fronto-cerebellar circuit and was positively correlated with improvements in PIQ and
PO [23].

In general, higher brain dysfunction associated with adult moyamoya disease
could be detected by both neuropsychological findings and obvious medial frontal
lobe damage detected by magnetic resonance (MR) imaging [9, 12, 13]. In addition,
hemodynamic compromise in this region is analyzed by SPECT at rest and after
Diamox challenge [24, 25]. More recently, loss of frontal cortical neuron could be
estimated by functional neuroimaging using SPECT, because central benzodiaze-
pine receptor mapping using [123I]iomazenil (IMZ) is available for clinical use [8].
IMZ is a specific radioactive tracer for the central BZ receptor that may be useful as
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a marker of cortical neuron loss. Recent work using IMZ-SPECT has demonstrated
the association between cortical neuron loss in bilateral frontal medial cortices and
cognitive dysfunction [8].

Among brain dysfunction, higher cognitive dysfunction has been underestimated
in the neurosurgical field. Neuropsychological analysis in the patients with brain
damage played an important role in the history of developing the research of brain
function [15-18, 24, 26]. This dysfunction is often due to frontal lobe dysfunction.
An extensive focus on frontal lobe function has not yet been taken by previous
research regarding moyamoya disease. Recent CBF and IMZ studies have shown
that antero-medial frontal cortices fed by anterior circulation develop blood insuf-
ficiencies [8, 27]. For this reason, several neuropsychological test batteries to evalu-
ate frontal lobe functioning in relation with hemodynamic compromise were
employed for our preliminary study. Based on this preliminary study, we develop
our study and adopt several tasks to examine frontal lobe functions [9]. To date,
several surveys of the patients with moyamoya disease focusing neuroradiological
and neuropsychological analysis in association with higher cognitive dysfunction
were published. The patients with cognitive impairment should be supported by
social welfare as psychologically handicapped persons. The results of neurophysi-
ological studies including our study will play an important role in clarifying higher
cognitive dysfunction in the patients with moyamoya disease.
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Abstract

The pathogenesis, prognosis, and treatment strategy of asymptomatic moyamoya
disease is still obscure. In this chapter, our knowledge is summarized by review-
ing previous articles on asymptomatic moyamoya disease. Then, the results of
previous small-volume cohort studies on asymptomatic moyamoya disease are
reviewed, and the on-going multicenter observational study in Japan (AMORE
Study) is also described.
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12.1 Introduction

Moyamoya disease (spontaneous occlusion of the circle of Willis) is a disease of
unknown etiology that occurs frequently in East Asia, especially in Japan, Korea,
and China. This disease was first named as moyamoya disease by Suzuki and
Takaku [1]. Recent studies have gradually elucidated the genes involved in the
development of moyamoya disease. In addition, advances and widespread use of
non-invasive imaging techniques such as MRI have contributed enormously to early
diagnosis, understanding of the pathophysiology, prognosis, determination of
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treatment strategy, and improved perioperative management [2]. It is widely known
that surgical revascularization is effective in preventing future TIAs and cerebral
infarctions, and improved surgical techniques and perioperative management have
reduced complications and improved long-term outcomes [2]. Recently, the Japan
Adult Moyamoya (JAM) Trial, a randomized multicenter trial conducted in Japan,
found that surgical revascularization, including direct bypass, significantly reduced
rebleeding attacks in adult hemorrhagic moyamoya disease [3, 4].

However, the significance of medical and surgical treatment for incidentally dis-
covered asymptomatic moyamoya disease remains unclear to this day [5]. This sec-
tion summarizes our knowledge to date on the pathogenesis, prognosis, and
treatment strategy of asymptomatic moyamoya disease and reviews the multicenter
observational study initiated in January 2012 by the Research Committee on
Moyamoya Disease in Japan.

12.2 Definition and Epidemiology

As mentioned above, it is a well-known fact that moyamoya disease can cause cere-
bral ischemic attacks such as TIA and cerebral infarction or intracranial hemor-
rhage. In addition, epilepsy, headache, and involuntary movements have also been
reported to occur in some patients. Conversely, asymptomatic moyamoya disease is
defined as an absence of previous episodes specific to moyamoya disease, such as
transient ischemic attack (TIA), cerebral infarction, intracranial hemorrhage (cere-
bral hemorrhage, intraventricular hemorrhage, or subarachnoid hemorrhage), or
involuntary movements [5].

The prevalence of moyamoya disease is reported to range from 3.16 to 10.5 per
100,000 people and has been increasing in recent years due to widespread accep-
tance of the disease concept and the development of non-invasive diagnostic imag-
ing. However, the prevalence and incidence of asymptomatic moyamoya disease are
not known at present. Previously, it was thought that the frequency of asymptomatic
moyamoya disease was extremely low because it was mostly detected only in fam-
ily members of patients with moyamoya disease when they were screened for the
disease. However, with the widespread use of non-invasive diagnostic equipment
such as MRI and MRA as described above, the detectability of asymptomatic moy-
amoya disease is increasing. Asymptomatic cases accounted for 1.5% of all cases of
moyamoya disease in a nationwide survey conducted by Yamada et al. in 1994 [6],
but this figure increased to 17.8% in a 2008 exhaustive survey conducted by Baba
et al. in Hokkaido, the most northern island in Japan [7]. Thus, the frequency of
asymptomatic moyamoya disease with no prior cerebrovascular events is now con-
sidered to be potentially higher than previously thought.

In 2007, the Research Committee on Moyamoya disease in Japan published the
results of the first nationwide survey of asymptomatic moyamoya disease in Japan.
Totally 40 cases of asymptomatic moyamoya disease were registered in the survey,
of which one was in children and 39 in adults. Their age ranged from 13 to 67 years
(mean 41.4 years), with a male-to-female ratio of 2.1, and they were found not to be
significantly different from the adult symptomatic moyamoya disease. The clue of
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diagnosis included 14 cases of tension-type headache, 5 cases of non-specific dizzi-
ness, 4 cases of head injury, 5 brain check-up, 5 screenings for intra-familial onset,
and 7 close examinations for other organ diseases [8].

12.3 Radiological Findings

As mentioned above, the widespread use of MRI and MRA has contributed sig-
nificantly to the detection of asymptomatic moyamoya disease [5, 7]. There are
not so many reports that investigate cerebral angiography in asymptomatic moy-
amoya disease. Nanba et al. (2003) reported that all 10 cases were bilateral [9],
and the first nationwide survey in Japan found that 37 of the 40 cases were bilat-
eral and the other 3 were unilateral [8]. Thus, most moyamoya disease may have
already progressed to bilateral form before its onset (Figs. 12.1, 12.2, and 12.3).
The former found a tendency for Stage 1-3 to be more common in cases in the

Fig. 12.1 Radiological findings of a 65-year-old female with asymptomatic moyamoya disease.
Right carotid angiography (a) shows complete occlusion of the internal carotid artery. The Towne’s
(b) and lateral views (c) of left internal carotid angiography show an occlusion of supraclinoid
portion of the internal carotid artery associated with dilated moyamoya vessels. Inverted image of
heavy T2-weighted image (d) demonstrates a marked decrease of outer diameter of the middle
cerebral artery on both sides (arrows), which is known specific for moyamoya disease (see Chap.
14). FLAIR images (e) reveal old cerebral infarction in the right deep white matter and parietal
lobe and left frontal lobe. All of them correspond to the borderzone areas, suggesting the presence
of hemodynamic insufficiency
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Fig. 12.2 Radiological findings of a 38-year-old female with asymptomatic moyamoya disease.
No parenchymal lesions are noted on both T2- (a) and T2*-weighted images (b). MR angiography
(c) demonstrated severe stenosis of the supraclinoid portion of the internal carotid artery and its
main branches on both sides. On 150-gas PET (d), cerebral blood flow (CBF) is decreased in the
right frontal and temporal lobe and left frontal lobe (arrows). Cerebrovascular reactivity to acet-
azolamide (ACZ) is impaired in the same areas. Cerebral blood volume (CBV) is markedly ele-
vated due to autoregulatory vasodilation in response to prolonged ischemia. Cerebral metabolic
rate for oxygen (CMRO?2) is also decreased. As a result, there is no definite abnormality in oxygen
extraction fraction (OEF)

30s, whereas Stage 4-6 was more common in cases in the 40s and beyond [9].
Conversely, the latter report including a larger cohort showed that of the 72
affected hemispheres, angiographical stage was classified into Stage 1 on the 4
sides (5.6%), Stage 2 on the 10 sides (13.9%), Stage 3 on 33 sides (45.8%), Stage
4 on 21 sides (29.2%), Stage 5 on two sides (2.8%), and Stage 6 on two sides
(2.8%). Thus, about 75% of the affected hemispheres presented Stage 3 to 4, with
a significant stage progression with age [8].

Not a few cases of asymptomatic moyamoya disease show some abnormalities
on brain MRI. According to a report by Nanba et al. (2003), 3 out of 10 cases (30%)
had a brain infarction centered in the borderzone area [9]. In a nationwide survey in
Japan, cerebral infarction was also found in 16 of 77 affected hemispheres (20.8%)
[8]. Thus, cerebral infarction may have already occurred in about 20-30% of cases
before the onset of the disease in asymptomatic moyamoya disease (Fig. 12.1). In
these two reports, no hemorrhagic lesions have been identified in asymptomatic
moyamoya disease, suggesting that a majority of intracranial hemorrhage are symp-
tomatic. However, later, since T2*-weighted images were routinely performed, it
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Fig. 12.3 Radiological findings of a 40-year-old female with asymptomatic moyamoya disease.
On cerebral angiography (a), the supraclinoid portion of the internal carotid artery and its main
branches are severely stenotic on both sides, which is associated with typical moyamoya vessels.
MR angiography (b) demonstrates very similar findings. T2-weighted images (¢) show no paren-
chymal lesions, but T2*-weighted images clearly demonstrate the microbleed in the subependymal
area of the lateral ventricle on both sides (arrows)

became clear that a certain subgroup of patients with moyamoya disease had micro-
bleeds. Microbleeds in moyamoya disease have been shown to be a risk factor for
hemorrhagic stroke [10—12]. Therefore, it remains to be clarified how often patients
with asymptomatic moyamoya disease have microbleeds (Fig. 12.2).

Previous reports have shown normal cerebral blood flow (CBF) but reduced cere-
brovascular reactivity (CVR) to acetazolamide in 2 of 10 asymptomatic moyamoya
disease cases (Type 2), and CBF and CVR were both reduced in a further 2 cases
(Type 3) [9]. In a subsequent nationwide survey conducted in 70 hemispheres of
asymptomatic moyamoya disease, both CBF and CVR were normal in 39 hemi-
spheres (55.7%), while 24 hemispheres (34.3%) had normal CBF, but decreased
CVR, suggesting moderate reduction of cerebral perfusion pressure (CPP). Other 7
hemispheres (10%) showed a decrease in both CBF and CVR, which indicates a
marked reduction of CCP because of poorly developed collateral circulation
(Fig. 12.3) [8]. Therefore, it is important to keep in mind that the number of cases
with potential hemodynamic ischemia is not small even in asymptomatic moyam-
oya disease. These findings are crucial to addressing the problem of asymptomatic
moyamoya disease.
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12.4 Natural Course

The natural course of asymptomatic moyamoya disease is also poorly understood.
Yamada et al. (2005) reported the outcome in 33 cases of asymptomatic moyamoya
disease, of which TIAs occurred in 4 cases and fatal intracranial hemorrhage in two
[6]. Nanba et al. (2003) conservatively followed up 10 cases of asymptomatic moy-
amoya disease for an average of 4.1 years and found that ischemic stroke associated
with disease progression occurred in one case. This means that despite the small
number of cases, the annual stroke rate was 2.4% [9].

In a subsequent nationwide survey in Japan, of the 40 enrolled cases of asymp-
tomatic moyamoya disease, 6 patients underwent superficial temporal artery to
middle cerebral artery anastomosis (STA-MCA) anastomosis and 34 patients were
conservatively treated; 11 patients received some kinds of drug therapies, such as
anticonvulsants or antiplatelet agents, and 24 patients received no drug therapy.
During an average of 43.7 months of follow-up, there were no cerebrovascular
events in the 6 patients who underwent surgical revascularization. In contrast, cere-
brovascular events occurred in 7 of the 34 patients who were conservatively fol-
lowed up. This included 3 TIAs, 1 ischemic stroke, and 3 intracranial hemorrhages.
That means the annual incidence of stroke was 3.2% and the annual incidence of
cerebrovascular events, including TIAs, was 5.7% (Fig. 12.4) [8]. More importantly,
hemorrhagic stroke may more readily occur than ischemic stroke in asymptomatic
moyamoya disease. The speculation correlates very well with the findings on cere-
bral angiography in a recent comparative study. In this study, the data set of cerebral
angiography were compared between Asymptomatic Moyamoya Registry
(AMORE) Study and Japan Adult Moyamoya (JAM) Trial at enrollment. The devel-
opment of 3 subtypes of collateral vessels, including lenticulostriate, thalamic, and
choroidal anastomosis, was evaluated on cerebral angiography. As a result, there
were no significant differences in the development of choroidal anastomosis
between asymptomatic and hemorrhagic-onset moyamoya disease. Considering an
increasing evidence that choroidal channel plays an important role in the occurrence
of hemorrhagic stroke, a certain subgroup of cases of asymptomatic moyamoya
disease may be at potential risk for hemorrhagic stroke [13].

In addition, there was an association between SPECT/PET findings and progno-
sis at diagnosis, with a higher rate of ischemic events in patients with reduced cere-
bral perfusion pressure at diagnosis. On MR imaging and MR angiography, an even
higher frequency of imaging changes is identified. That is, various kinds of de novo
abnormalities were identified in 9 (26.5%) of the 34 patients who did not undergo
surgical revascularization. Of these, 3 patients had advanced disease progression
and cerebral infarction (2 symptomatic and 1 asymptomatic), 2 had only advanced
disease progression (2 asymptomatic), 3 had hemorrhagic attacks, and 1 had new
microbleeds (asymptomatic) [8].

These findings strongly suggest that asymptomatic moyamoya disease is not a
stable disease, but should be recognized as a preliminary stage to a cerebrovascular
event such as TIA, ischemic stroke, or hemorrhagic stroke, with a minor frequency
of subclinical progression of the disease or microbleeds or cerebral infarction.
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Fig. 12.4 Radiological findings of a 26-year-old female with asymptomatic moyamoya disease.
On MR angiography (a), the supraclinoid portion of the internal carotid artery and its main
branches are severely stenotic on the left sides, which is associated with typical moyamoya vessels.
T2-weighted images (b) show no parenchymal lesions, but T2*-weighted images (c) clearly dem-
onstrate the microbleed in the left putamen (arrow). Plain CT scan (d) taken 4 years later shows
intracerebral hemorrhage in the left putamen

Therefore, when asymptomatic moyamoya disease is diagnosed, care must be taken
to avoid overlooking potential changes, at least through regular MR examinations
and imaging checks.

Appropriate surgical revascularization has been widely accepted as a treatment
to prevent future TIA, ischemic stroke, and hemorrhagic stroke, but there is very
limited information on the efficacy of surgical revascularization for asymptomatic
moyamoya disease and no definitive guideline has been established. The “Guidelines
for the Diagnosis and Treatment of Moyamoya Disease” published by Japanese
group just focuses on the appropriate management of risk factors and lifestyle guid-
ance from a medical perspective. Asymptomatic moyamoya disease does not have a
low risk of developing hemorrhagic stroke and therefore the use of antiplatelet
agents is not recommended [14]. Recently, Kawai et al. (2010) reported 2 cases of
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asymptomatic moyamoya disease that presented with a worsening of cerebral
hemodynamics due to disease progression during follow-up. Although they had yet
experienced no cerebrovascular events, they underwent surgical revascularization,
including STA-MCA anastomosis and indirect bypass, and had a good postopera-
tive course [15]. Furthermore, Yamamoto et al. reported a 61-year-old female with
asymptomatic moyamoya disease. She had silent microbleeds in the corpus callo-
sum at initial presentation and was conservatively followed up. However, de novo
microbleeds developed in the right frontal and temporal lobe 6 months later,
although she had no cerebrovascular events yet. She underwent STA-MCA anasto-
mosis and indirect bypass on the right side to reduce hemodynamic stress onto the
dilated, fragile moyamoya vessels. Postoperative course was uneventful. She is
completely free from any cerebrovascular events and repeated MR examinations
revealed no further development of de novo microbleeds for 7 years after surgery
[16]. These data would be important to consider the treatment strategy in the future.

12.5 Asymptomatic Moyamoya Registry (AMORE) Study

Based on these observations, the Research Committee on Moyamoya Disease in
Japan have started a prospective multicenter, nation-wide observational study,
Asymptomatic Moyamoya Registry (AMORE) study, in January 2012 to further
evaluate the epidemiology and outcome in asymptomatic moyamoya disease with a
larger cohort [5]. They planned to enroll the eligible cases of asymptomatic moy-
amoya disease between January 2012 and December 2015 and to follow-up them
conservatively for at least 5 years after the enrollment. Totally 20 centers in Japan
joined this study.

In this study, the inclusion criteria include age 20-70 years; bilateral or unilateral
form of moyamoya disease on cerebral angiography and/or MRA; no episodes that
suggest TIA, ischemic stroke, and hemorrhagic stroke; possible to conservatively
follow-up; independent in daily life (modified Rankin scale O or 1); and written
informed consent. Exclusion criteria are previous episodes suggestive of TIA, isch-
emic stroke, and hemorrhagic stroke, quasi-moyamoya disease (moyamoya syn-
drome), and non-moyamoya disease. Following data are provided at the enrollment:
demographic data, past history, family history, blood pressure, medicine, MRI
(FLAIR image, T2-weighted image, and T2*-weighted image), MR angiography or
cerebral angiography, and cerebral blood flow data on SPECT or PET.

A follow-up assessment is scheduled every 12 months, including any cerebrovas-
cular event, blood pressure, MRI (T2-weighted images, T2*-weighted images, and
FLAIR images), and MR angiography. Primary endpoint is any ischemic and hem-
orrhagic stroke during a follow-up period of 5 years. In AMORE Study, any isch-
emic stroke includes fresh cerebral infarction on diffusion-weighted MRI in spite of
clinically transient neurological deficits that resolve within 24 hours after the onset.
Secondary outcomes are TIA without newly developed cerebral infarction, de novo
development of silent cerebral infarction and bleeding, disease progression, and any
death during a follow-up period of 5 years [5].



12 Asymptomatic Moyamoya Disease 151

The AMORE study is expected to be a clinical study that will provide definitive
information for future treatment guidelines for asymptomatic moyamoya disease;
by December 2015, 109 cases had been enrolled from participating centers across
the country, and a five-year follow-up of all cases will be completed in December
2020. The results are expected to be announced in early 2021.

12.6 Conclusion

The epidemiology, clinical profile, prognosis, and new clinical trial of asymptom-
atic moyamoya disease are described. As the frequency of asymptomatic moyam-
oya disease constantly increases, we will face more opportunities to determine a
treatment strategy in daily clinical practice in the future; however, the evidence for
the outcome and treatment of asymptomatic moyamoya disease has not yet been
sufficiently accumulated, and the results of AMORE Study are greatly anticipated.
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Takeshi Funaki and Susumu Miyamoto

Abstract

Periventricular anastomosis is a term used to describe fragile, hemorrhage-prone
collateral vessels typical of moyamoya disease. It is defined as pathological anas-
tomoses between the perforating or choroidal arteries and the medullary arteries
in the periventricular area. This chapter discusses the anatomic characteristics,
the relationship to hemorrhage, and representative radiological findings.
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Periventricular anastomosis is a unique phenomenon occurring in moyamoya dis-
ease. It is defined as pathological anastomoses between the perforating or choroidal
arteries and the medullary arteries in the periventricular area that serve as collaterals
to the cortex via retrograde flow in the medullary arteries (Fig. 13.1). Periventricular
anastomosis well explains the mechanism of intracranial hemorrhage in moyamoya
disease, given that anastomotic sites are especially fragile because of histologically
abnormal connections between vessels. Small pseudoaneurysms indicating bleed-
ing points are commonly observed at the exact site of the anastomoses (Fig. 13.2)
(See also Chap. 9).
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Normal Brain Moyamoya Disease

Fig. 13.1 Schematic illustrations showing periventricular anastomosis in coronal planes of the
right hemisphere, reprinted with permission from Funaki (Nihon Iji Shimpo 4884: 28-35, 2017)

Fig. 13.2 3D rotational
internal carotid
angiography showing
periventricular anastomosis
in a coronal plane. Many
medullary arteries
(arrowheads) radiate from
the plexal portion of the
anterior choroidal artery
(arrow). Note that a
pseudoaneurysm is
observed at the exact site
of the anastomosis
(asterisk)

13.1 Anatomy

The traditional theory of vascular supply in the periventricular area provides a clue for
understanding the development of periventricular anastomosis. In 1969, Van den
Bergh advocated two terminal arteries in the periventricular area, the ventriculofugal
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and ventriculopetal arteries [1]. According to his original article, ventriculofugal (or
centrifugal) arteries originate from subependymal arteries, which consist of the
branches from the choroidal or lenticulostriate artery, and diverge “ventriculofugally”
(in a direction away from the ventricle). Ventriculopetal (or centripetal) arteries con-
sist of the medullary or lenticulostriate arteries, which are directed toward the ventri-
cle. Van den Bergh’s theory became famous because Yasargil introduced the schematic
figure in his book [2]. De Reuck classified the patterns of periventricular arterial bor-
der zone and considered that the ventriculofugal arteries consist of the choroidal or
perforating arteries [3]. According to his description, ventriculofugal arteries originate
from the choroidal arteries of the lateral and third ventricles and penetrate into the
brain substance from the choroid plexus to meet the ventriculopetal branches at a
distance of 3—10 mm from the ventricular walls [3]. Ventriculofugal and ventriculop-
etal arteries form no anastomosis in the normal brain [1, 3], as the border zone between
these arteries is believed to be the cause of periventricular ischemia.

Although the existence of the ventriculofugal artery was once denied in the
1990s [4], Marinkovic and Gibo et al. rediscovered the phenomenon; they showed
that tiny vessels arising from all choroidal arteries extended through the subependy-
mal layer of a larger part of the ventricular wall and referred to them as the subep-
endymal artery [5]. The existence of such arteries was confirmed by a clinical study
on glioma resection, during which the coagulation of the plexal portion of the cho-
roidal arteries causes infarct in the periventricular white matter [6].

Long-standing cortical ischemia in moyamoya disease might induce an abnor-
mal connection between the perforating or choroidal arteries and the medullary
arteries via the ventriculofugal subependymal arteries and result in periventricular
anastomosis. Kodama and Suzuki were the first to describe arterial connections
between perforating and medullary arteries in fetus brain [7]. In their pioneering
work, they considered such connections, which they denoted as “anastomoses,” as
the rationale of moyamoya vessels. The term “periventricular anastomosis” is
named after their contribution. Takahashi was the first to describe angiographic
findings showing anastomoses between perforating and medullary arteries in 1980
[8]. Recent angiographic techniques using a microcatheter can more clearly reveal
these connections [9, 10], although the procedure is invasive.

The development of high-resolution magnetic resonance (MR) imaging has
facilitated non-invasive, meticulous visualization of periventricular anastomosis
[11, 12]. Coronal thin-slab maximal-intensity-projection (MIP) reformation of 3 T
MR angiography is an especially useful technique for visualizing periventricular
anastomosis (Fig. 13.3) [11]. This imaging has also facilitated the systematization
of periventricular anastomosis, which is classified into three subtypes according to
its origin: lenticulostriate, thalamic, and choroidal (Fig. 13.3; see also Chap. 9).
Excellent delineation of periventricular anastomotic channels was reported in a
study using 7 T MR angiography [13].

Table 13.1 summarizes the anatomic characteristics of the three subtypes of peri-
ventricular anastomosis. The spatial relationship along the anterior-posterior axis
helps to understand their anatomic characteristics [14—16].
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Fig. 13.3 Coronal thin-slab MIP reformation of 3 T MR angiography showing periventricular
anastomosis (arrows). (a) lenticulostriate anastomosis. (b) thalamic anastomosis. (¢) choroidal
anastomosis

Table 13.1 Anatomic characteristics of three subtypes of periventricular anastomosis

Lenticulostriate Thalamic
Anastomosis Anastomosis Choroidal Anastomosis
Origin Lenticulostriate a. Thalamotuberal a. Anterior choroidal a.
(from PCoA) Lateral posterior
Thalamoperforating a. | choroidal a.
(from P1) (medial posterior

Thalamogeniculate a. | choroidal a.)

Common site Subependymal area of the | Subependymal area of | Subependymal area of

of anastomosis | frontal horn or anterior third V the atrium of LV
body of LV
Common type | ICH in the basal ganglia | ICH in the thalamus IVH in the atrium or
of hemorrhage | or frontal lobe IVH in the third V or | posterior part of the
IVH at the frontal hornor | LV lateral ventricle
anterior half of the body ICH in the temporal or
of LV parietal lobe
Common Anterior to CS Insular cortex Posterior to CS
cortical Interhemispheric fissure Around CS (occasionally, insular
distribution cortex)

a. artery; CS central sulcus; LV lateral ventricle; PCoA posterior communicating artery; third V
third ventricle

13.2 Relationship between Periventricular Anastomosis
and Bleeding

Experts of moyamoya disease have always focused on the choroidal artery in relation
to hemorrhage. Kodama and Suzuki described aneurysms occurring in the choroidal
arteries in the early days of angiography [17]. They considered the aneurysms as
“pseudoaneurysms,” indicating the bleeding point. Irikura et al. were perhaps the first
to pay special attention to the angiographic finding of choroidal anastomosis; they
described “the medullary arteries that were filled from the plexal segment of the cho-
roidal arteries” [18]. They also revealed that this finding was more frequently observed
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in the hemorrhagic group than in the ischemic group. Morioka et al. revealed in a
larger cross-sectional study that “angiographic dilatation and branch extension of the
anterior choroidal arteries” was associated with hemorrhagic presentation [19].
Although they did not clearly define the abnormal branches from the choroidal arter-
ies, it is obvious that the medullary arteries represent such branches. The causal rela-
tionship between choroidal anastomosis and hemorrhage was proved by longitudinal
analyses using the data of a nonsurgical cohort in the Japan Adult Moyamoya Trial
(see Chap. 9) [20, 21]. Wang et al. also revealed in a longitudinal study that lateral
posterior choroidal anastomosis was an independent predictor of rebleeding [22].

Evidence is being accumulated suggesting that periventricular anastomoses,
including choroidal anastomosis, is a potential bleeding source in moyamoya dis-
ease. Kazumata et al. demonstrated a topographical correspondence between cere-
bral microbleeds, which were frequently observed in the periventricular area, and
moyamoya vessels detected with source images of time-of-flight MR angiography
[23]. They also implied an early concept of periventricular anastomosis. Our cross-
sectional study revealed that scoring of periventricular anastomosis with coronal
thin-slab MIP MR angiography was highly reliable and that an increase of periven-
tricular anastomosis score was significantly associated with hemorrhagic presenta-
tion in a multivariate analysis [11].

While any subtypes of periventricular anastomosis might be associated with
hemorrhage, the bleeding risk in a certain period might vary across subtypes [11].
Considering many recent findings, choroidal anastomosis seems to present the high-
est risk of bleeding among subtypes [14, 20, 24, 25].

Periventricular anastomosis is a common finding not only in adult patients but also
in pediatric patients. Although pediatric patients rarely suffer from intracranial hemor-
rhage, Liu P et al. revealed that the grade of choroidal anastomotic channel in the
hemorrhagic group was significantly higher than that in the ischemic group among
pediatric patients [26]. Interestingly, Ryu et al. revealed that the periventricular anas-
tomosis score in the child ischemic group was equivalent to that in the adult hemor-
rhagic group [27]. This suggests the following hypothesis. Pediatric patients with
abundant periventricular anastomosis, which moderates ischemic symptoms, could
grow up without being diagnosed as moyamoya disease. Such a population might
exhibit hemorrhage after they reach adulthood, given that the bleeding risk of periven-
tricular anastomosis might increase with longer duration of its existence.

13.3 Radiological Findings

See also Table 13.1.

13.3.1 Lenticulostriate Anastomosis

This type of periventricular anastomosis arises from the lenticulostriate arteries and
connects to the medial end of the medullary arteries at the lateral corner of the
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Fig. 13.4 lenticulostriate anastomosis. (a) coronal thin-slab MIP MR angiography. (b) anterior-
posterior view of left internal carotid angiography. (¢) anterior-posterior view of a superselective
injection of one of the lenticulostriate arteries, clearly showing the medullary arteries. Arrows
indicate lenticulostriate artery; arrowheads, medullary artery

frontal horn or body of the lateral ventricle (Figs. 13.3a and 13.4) [11]. The medul-
lary arteries from the lenticulostriate anastomosis radiate toward the cortex and
reach the cortical arteries located anterior to the central sulcus, mainly to the supe-
rior and inferior frontal sulcus [16]. Lenticulostriate anastomosis thus outflows
more anteriorly than thalamic or choroidal anastomosis (Fig. 13.5). It should be
noted that lenticulostriate anastomosis often shows outflows to the interhemispheric
fissure (the cingulate sulcus) (Fig. 13.4) [16, 28]. This might be attributable to the
anatomic relationship that lenticulostriate anastomosis is located nearest toward the
anterior cerebral artery territory, almost always hemodynamically compromised in
moyamoya disease. The characteristic adds an intractable nature to this type [28].

A positive angiographic indicator of lenticulostriate anastomosis is extreme dila-
tion and extension of the lenticulostriate arteries with at least one artery extending
beyond the level of the pericallosal artery in the lateral view (Fig. 13.5) [14]. In such
a situation, the lenticulostriate arteries are reasonably considered to connect to the
medullary arteries at the lateral corner of the lateral ventricle because the position
of the pericallosal artery approximates the upper margin of the lateral ventricle.

13.3.2 Thalamic Anastomosis

This type of periventricular anastomosis arises from the thalamotuberal arteries
(perforator from the posterior communicating artery) or the thalamoperforating
arteries (perforator from the P1 segment of the posterior cerebral artery) and con-
nects to the medullary or insular arteries beneath the ependyma of the third or lateral
ventricle (Figs. 13.3b and 13.6) [11]. Thalamic anastomosis can also arise from the
thalamogeniculate (or rarely, choroidal) arteries and connect to the insular artery
superior to the inferior horn or at the lateral corner of the body of the lateral ven-
tricle. Thalamic anastomosis shows outflows to the sulcus around the central sulcus
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Fig. 13.5 Lateral view of
internal carotid
angiography showing both
lenticulostriate
anastomosis (arrow) and
choroidal anastomosis
(double arrow)

Fig. 13.6 Thalamic anastomosis observed by vertebral angiography. (a) anterior-posterior view.
(b) lateral view. Arrows indicate thalamoperforating artery; arrowheads, medullary artery

via medullary arteries (Fig. 13.6) or to the insular cortex [16]. Unlike lenticulostri-
ate and choroidal anastomoses, however, thalamic anastomosis less commonly out-
flows to the cortex independently and tends to anastomose with other collateral
vessels [16].

A positive angiographic indicator of thalamic anastomosis is extreme dilation
and extension of the thalamic perforators with at least one artery extending beyond
the position of the medial posterior choroidal artery in the lateral view (Fig. 13.6).
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Fig. 13.7 Occlusion of the posterior cerebral artery and cluster of thalamic anastomosis (“poste-
rior basal moyamoya”) observed by vertebral angiography. (a) anterior-posterior view. (b) lat-
eral view

In such a situation, the thalamic perforators are reasonably considered to extend
beyond the thalamus to connect to the medullary arteries because the position of the
medial posterior choroidal artery approximates the upper margin of the thalamus.

Thalamic anastomosis often develops in relation to occlusion of the posterior
cerebral artery (PCA). The senior author (S.M.) has referred to the cluster of tha-
lamic anastomotic channels accompanied with the PCA involvement as “posterior
basal moyamoya” [29] (Fig. 13.7).

13.3.3 Choroidal Anastomosis

This type of periventricular anastomosis arises at the plexal segment of the anterior
choroidal or lateral posterior choroidal arteries and connects to the medullary arter-
ies beneath the lateral wall of the atrium of the lateral ventricle (Figs. 13.3c and
13.9a) [11]. The medullary arteries typically radiate toward the cortex and reach the
cortical arteries located in or posterior to the central sulcus [16]. Choroidal anasto-
mosis thus outflows more posteriorly than lenticulostriate or thalamic anastomosis
(Fig. 13.5). Unlike lenticulostriate anastomosis, choroidal anastomosis rarely shows
outflows to the interhemispheric fissure, except for one formed by the medial poste-
rior choroidal arteries. Choroidal anastomosis sometimes seems to outflow to the
insular cortex. In such cases, however, strictly classifying such collateral channel as
either choroidal or thalamic anastomosis might be difficult.

A positive angiographic (lateral view) indicator of choroidal anastomosis is
extreme dilation and extension of the choroidal arteries with sudden deviation from
the shape of the lateral ventricle at its peripheral portion to connect to the medullary
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Fig. 13.8 Choroidal anastomosis from the anterior choroidal artery, observed by internal carotid
angiography. (a) anterior-posterior view. (b) lateral view. The plexal portion of the anterior choroi-
dal artery (arrows) connects to the medullary artery (arrowheads), which finally extend to the corti-
cal artery. Note that a pseudoaneurysm is observed at the exact site of the anastomosis (asterisks)

Fig. 13.9 Choroidal anastomosis from the lateral posterior choroidal artery. (a) coronal thin-slab
MIP MR angiography. (b) anterior-posterior view of the right vertebral angiography. (c) lateral
view of the right vertebral angiography. Arrows indicate the plexal portion of the lateral posterior
choroidal artery; arrowheads, medullary artery

arteries (Figs. 13.5 and 13.8); in the anteroposterior view, this collateral has a typi-
cal sharp inflection laterally (Fig. 13.8a) [14]. When choroidal anastomosis is
formed via the lateral posterior choroidal arteries, careful interpretation of vertebral
angiography is required because many overlapping vessels might obscure the anas-
tomotic channel (Fig. 13.9).

Another relatively rare subtype classified as choroidal anastomosis is formed by
the medial posterior choroidal arteries, which connects to the pericallosal arteries by
penetrating the corpus callosum (Fig. 13.10) [10].
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Fig. 13.10 Choroidal anastomosis from the medial posterior choroidal artery (arrows). (a) lateral
view of the vertebral angiography. (b) sagittal thin-slab MIP MR angiography
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Arterial Shrinkage 1 4

Satoshi Kuroda

Abstract

For these 50 years or longer, the diagnosis of moyamoya disease has been based
on the information of the lumen of involved arteries, using cerebral angiography
and MR angiography. However, this has led to some confusion in the diagnosis
of the disease, such as in differentiating it from intracranial arterial stenosis
caused by atherosclerosis. On the other hand, studies over the past 10 years have
shown that arterial shrinkage appears specifically in affected arteries in moyam-
oya disease. This phenomenon may not only improve the accuracy of the diagno-
sis, but may also help to elucidate the still unknown etiology of the disease. In
this chapter, I introduce a novel concept of arterial shrinkage specific for moy-
amoya disease and discuss how we should diagnose moyamoya disease more
accurately than before.
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14.1 Introduction

Moyamoya disease is characterized by progressive stenosis of the terminal portion
of the internal carotid artery and its main branches such as middle cerebral artery
and anterior cerebral artery. In response to disease progression, the perforating
arteries, including the lenticulostriate artery, anterior and posterior choroidal arter-
ies, and thalamoperforating artery, start to dilate and function as one of important
collateral routes. Almost 50 years have passed since the moyamoya disease was first
reported in an English-written journal in 1969 [1]. Since then, the stenosis of the
terminal portion of internal carotid artery and its branches has been considered as
the essence of the pathogenesis of moyamoya disease. In fact, this finding is an
essential part of the diagnostic criteria even now. Pathologically, the affected arter-
ies such as the carotid terminations include fibrocellular thickening of the intima, an
irregular undulation (waving) of the internal elastic lamina, and attenuation of the
media (see Chap. I). Initially, cerebral angiography was mandatory for diagnosis,
but with the development and widespread use of noninvasive MR angiography, MR
angiography has been available since 1996 [2]. In pediatric patients, the diagnosis
of moyamoya disease is relatively easy because of the paucity of diseases to differ-
entiate. However, adults, especially the relatively elderly, often have difficulty dis-
tinguishing whether the stenosis of the affected arteries is due to moyamoya disease
or arteriosclerosis, and the diagnosis is often difficult to make. This difficulty in
diagnosis may be result from the fact that the diagnosis has been based only on
information about the lumen of the affected arteries, regardless of the modali-
ties used.

In this chapter, therefore, we introduce a novel concept of arterial shrinkage spe-
cific for moyamoya disease, which has become evident using novel imaging tech-
niques such as heavy T2-weighted images, and discuss how we should diagnose
moyamoya disease more accurately than before.

14.2 Arterial Shrinkage in Carotid Fork

As aforementioned, not rarely we encounter cases in which it is difficult to differen-
tiate moyamoya disease from atherosclerotic intracranial artery stenosis. Through
these experiences, I have long been eager to develop a different diagnostic method
to more accurately diagnose moyamoya disease than ever before. At the same time,
I have long remembered the scene of our first direct observation of the carotid fork
suffering from moyamoya disease in 1987 when I was in my second year of resi-
dency. At that time, my mentor, Prof. Hiroyasu Kamiyama (see Chap. 18) performed
a craniotomy on an adult male patient with unilateral moyamoya disease on the
right side at Hokkaido University Hospital, Sapporo, Japan. The patient had an
aneurysm at the bifurcation of the basilar artery and right superior cerebellar artery,
so we planned to perform aneurysm clipping and surgical revascularization at the
same time. We reached the carotid cistern through the right trans-Sylvian approach.
Then, we noticed that the internal carotid artery and the proximal portion of the
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middle cerebral artery and the anterior cerebral artery were discolored white and
had a rough surface. More surprisingly, they significantly reduced in their outer
diameters (Fig. 14.1). During surgery, Prof. Kamiyama and I were so surprised and
excited by these findings that I still remember it as if it were yesterday. Since that
day, my belief that the arteries involved by moyamoya disease would carry the
pathophysiology completely different from that of atherosclerosis remains
unchanged. Unfortunately, we did not publish the findings during surgery in this
case. Therefore, when we published a review article on moyamoya disease in Lancet
Neurology, we had the opportunity to report the first-ever direct observation of simi-
lar findings during clipping and bypass surgery for another case of moyamoya dis-
ease complicated by anterior communicating aneurysm [3].

On the other hand, the advances in MRI technology have made it possible to
visualize these findings in moyamoya disease non-invasively in the last decade.
Most of these findings have been obtained by heavy T2-weighted images in
MRI. Typically, T2-weighted images are captured with a repetition time of
3000-5000 msec, echo time of 80-120 msec, and imaging time of 2—4 minutes
using the fast spin-echo (fast SE or turbo SE) method. On heavy T2-weighted
images, however, the contribution of T2 components is larger and the water signal

Fig. 14.1 Intraoperative
photograph demonstrated
that the internal carotid
artery (C1) and the
proximal portion of the
middle cerebral artery
(M1) and the anterior
cerebral artery (A1) were
discolored white and had a
rough surface. Their outer
diameter was much smaller
than usual. Note that the
middle cerebral artery
distal to the anterior
temporal artery showed
normal appearance (arrow)
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is further enhanced than T2-weighted images, resulting in an image with a good
signal-to-noise (S/N) ratio. In contrast, the structures other than water are expressed
as low signal intensity, making it extremely suitable to visualize the anatomical
relationship between the water and adjacent structures. Therefore, heavy
T2-weighted image is recognized suitable to visualize the luminal structures of the
cochlea and salivary ducts. In the field of neurosurgery, heavy T2-weighted images
have been also proved beneficial in understanding the anatomical relationship
between the cranial nerves and offending vessels when performing microvascular
decompression surgery for facial spasm, trigeminal neuralgia, and glossopharyn-
geal neuralgia. As the results, heavy T2-weighted image is also called as “MR
hydrography” or “MR cisternography” [4].

Kaku et al. (2012) first reported that the outer diameter of ICA and M1 segment
is significantly smaller in moyamoya disease than in the control and in M1 stenosis
or occlusion, using 3D-CISS (3-dimensional constructive interference in steady
state), one of heavy T2-weighted imaging technique. For example, the outer diam-
eter of the horizontal portion of middle cerebral artery (M1) was 1.9 + 0.4 mm in
moyamoya disease, being significantly smaller than in M1 stenosis/occlusion
(3.5 £ 0.6 mm, P <0.01) and the controls (3.3 = 0.5 mm, P < 0.01). This is the first
study that denotes arterial shrinkage in moyamoya disease. However, this study
included a significant number of pediatric patients, and thus may underestimate the
outer diameter in moyamoya disease because the vessel size is smaller in children
than in adults [5]. Using high-resolution MRI with a 3.0-Tesla MR apparatus, Kim
et al. (2013) compared the outer diameter of the M1 portion between moyamoya
disease (n = 12) and intracranial atherosclerotic disease (IAD; n = 20). They found
that the outer diameter was significantly smaller in moyamoya disease (1.6 + 0.4 mm)
than in IAD (3.0 £ 0.5 mm, P < 0.0001) [6]. Ryoo et al. (2014) also reported similar
results. Thus, they calculated a remodeling index as the ratio of vessel area at MCA
to the reference vessel, and found that the value was significantly smaller in moy-
amoya disease than in IAD (0.19 £ 0.11 vs. 1.00 £ 0.43, P < 0.001) [7].

Using 3D-CISS technique, we quantified the outer diameter of the terminal por-
tion of internal carotid artery (C1), the M1 portion, and the horizontal portion of
anterior cerebral artery (Al) in 64 adult patients with moyamoya disease. As the
results, the outer diameter was 2.3 + 0.7 mm, 1.3 + 0.5 mm, 1.0 + 0.4 mm in the C1,
M1, and A1 portions, respectively (Fig. 14.2). All values were significantly smaller
than those in both M1 stenosis (n = 6) and the healthy controls (n = 17). On the other
hand, the outer diameter of the basilar artery did not differ among 3 groups
(Fig. 14.3). More importantly, there was a negative correlation between their outer
diameters and Suzuki’s angiographical stage (P < 0.001). In other words, the outer
diameter of the affected arteries was found to decrease as the stage of the disease
progressed. The finding strongly suggests that the outer diameter of carotid fork
gradually decreases in parallel to disease progression (Fig. 14.4) [8]. In this study,
we also evaluated the ipsilateral-to-contralateral ratio of the outer diameter of
carotid fork in 5 children and 15 adults with “unilateral” moyamoya disease, because
the values in the contralateral (normal) side are useful as the internal standards to
prove the phenomenon of arterial shrinkage in moyamoya disease. As the results,
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Fig. 14.2 Radiological findings in a 28-year-old female who experienced TIA due to moyamoya
disease. Cerebral angiography (a) shows typical findings of moyamoya disease. On the other hand,
3D CISS images (b) demonstrate a marked reduction of the outer diameter of the terminal portion
of the internal carotid artery (2.7 and 2.5 mm), horizontal portion of middle cerebral artery (1.2 and
1.3 mm) and anterior cerebral artery (1.1 and 1.0 mm) on the right and left side, respectively. In
contrast, the outer diameter of the basilar artery was within normal limit (2.6 mm)
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Fig. 14.3 A bar graph demonstrates a mean value and standard deviation of the outer diameter in
the terminal portion of the internal carotid artery (C1), the horizontal portion of the middle cerebral
artery (M 1) and anterior cerebral artery (A1), and basilar artery (BA). Note that the outer diameter
of the C1, M1, and A1 portion, but not of the BA, is significantly smaller in moyamoya disease
than in the controls
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Fig. 14.4 A line graph shows that the mean value of outer diameter of the C1, Ma, and A1 portion
gradually decreases in parallel to disease progression
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the ratio was 0.68 + 0.13 and 0.54 + 0.15 in the C1 and M1 portion, respectively.
The values were significantly smaller in unilateral moyamoya disease than in M1
stenosis (1.01 + 0.09 and 1.06 = 0.06, respectively) [8].

Subsequently, we also longitudinally evaluated the outer diameter of the involved
arteries in non-operated 8 hemispheres that exhibited spontaneous disease progres-
sion during follow-up periods. Of these, 7 hemispheres were categorized into
Suzuki’s Stage 1-3 at initial presentation. In these 7 hemispheres, the outer diame-
ter of the C1, M1, and A1 portion significantly decreased in parallel with subsequent
disease progression to Suzuki’s Stage 3—6. More interestingly, the outer diameter of
the affected arteries was found to decrease with the progression of the disease stage
and then continue to shrink progressively over the next 3—12 months. This longitu-
dinal study could first prove that the outer diameter of involved arteries progres-
sively decreases in moyamoya disease [9]. Therefore, progressive shrinkage in
parallel with disease progression was confirmed in both cross-sectional study and
longitudinal study. Subsequently, several investigators have shown this phenome-
non in both Asian and non-Asian patients with moyamoya disease [10-13].

The number of reports on direct observation of the affected arteries during
cerebral revascularization surgery for moyamoya disease is very limited, but the
findings also support the above-mentioned radiological findings. In addition to the
quantification of the outer diameters of C1, M1, and A1 portions using 3D-CISS
as described above, we directly observed the affected arteries during surgical
revascularization in three cases of adult moyamoya disease [8]. The findings were
very similar to our previous observation (see above). Thus, the terminal portion of
the internal carotid artery, as well as the horizontal portions of the middle cerebral
artery and the anterior cerebral artery, was found to be white and their surface was
irregular. Most notably, they significantly reduced in diameter in all cases
(Fig. 14.5). For example, the outer diameter of C1 portion was 1.2 to 1.7 mm,
being much smaller than normal controls (4.2 mm). Likewise, the outer diameter
of M1 portion was much smaller in moyamoya disease than in normal controls
(0.7-1.4 mm vs. 3.5 mm, respectively) [14].

In summary, the radiological and intraoperative findings over the last several
years have revealed that not only does the lumen of the affected arteries narrow, but
the outer diameter of the artery gradually shrinks as the disease progresses in moy-
amoya disease. This phenomenon is not observed in intracranial arterial stenosis
due to atherosclerosis, and is believed specific to moyamoya disease at least nowa-
days. It has long been known that atherosclerosis leads to not only the luminal nar-
rowing but also abnormal dilation of the entire artery, which is called positive or
expansive remodeling. Therefore, negative or constrictive remodeling observed in
moyamoya disease would be the completely opposite phenomenon. Furthermore,
recent high-resolution MRI studies have shown that atherosclerosis causes eccentric
lesion in the intracranial arteries, whereas moyamoya disease causes concentric
lesions at the site of the stenosis [12, 15]. These observations strongly suggest that
intracranial artery stenosis due to atherosclerosis and moyamoya disease is based on
completely different pathophysiology (Fig. 14.6).
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Fig. 14.5 Radiological and intraoperative findings of a 52-year-old patient with unilateral moy-
amoya disease on the left side. Left carotid angiography (a) demonstrates severe stenosis in the
supraclinoid portion of the internal carotid artery. 3D CISS images (b) show a marked reduction of
the outer diameter in the C1 (arrow) and M1 portion (arrowhead) on the left side. Intraoperative
photograph during surgical revascularization onto the left hemisphere (c¢) reveals that the C1, M1,
and A1 portion are discolored white and are markedly shrinked

It is well known that the intima of the affected arteries becomes thickened, while
the tunica media become thinner in moyamoya disease. These pathological observa-
tions may be able to explain the mechanism of the reduction of the outer diameter
of the affected arteries in moyamoya disease. Unique pathological changes such as
duplication and waving are also known to occur in the elastic lamina of the affected
arteries in moyamoya disease. However, the underlying mechanism has long been
undetermined. If arterial shrinkage occurs in affected arteries of moyamoya disease,
it may provide a clear explanation for these pathological changes in the elastic lam-
ina as a secondary effect (see Chap. 1). In other words, moyamoya disease per se
may be pathognomonically defined by both luminal stenosis and arterial shrinkage
of the involved carotid forks with a progressive fashion (Fig. 14.6).
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Fig. 14.6 A diagram shows the difference in pathophysiology between moyamoya disease
(MMD) and atherosclerosis. Moyamoya disease causes concentric intimal thickening, medial atro-
phy, and the waving of the elastic lamina, leading to arterial shrinkage (constricting remodeling),
but atherosclerosis causes eccentric intimal thickening and expansive remodeling

14.3 Arterial Shrinkage in Posterior Cerebral Artery

The posterior cerebral artery (PCA) is one of the important collateral routes in moy-
amoya disease. The PCA provides collateral blood flow to the frontal, temporal, and
parietal lobes through leptomeningeal anastomosis, posterior pericallosal artery, and
posterior choroidal artery. However, the PCA is also known to be involved in about
30% of patients with moyamoya disease. The stenotic lesions usually develop in the
P2 or P3 segment of the PCA. Therefore, the occurrence of PCA involvement can
easily cause ischemic symptoms not only in the occipital lobe, where the PCA essen-
tially provides blood flow, but also in the parietal and temporal lobes, which receive
collateral blood flow from the PCA. Clinical symptoms widely vary, including hom-
onymous hemianopsia, headache attack in the temporal area, sensory aphasia, alexia,
agraphia, and numbness of the contralateral extremities. However, there were no
studies that denote whether arterial shrinkage occurs in the PCA. Therefore, we ana-
lyzed the outer diameter of the P2 portion of PCA in 72 patients with moyamoya
disease. In this study, the stenotic lesion of the PCA was divided into 3 grades; Grade
0 (normal), Grade 1 (stenotic), and Grade 2 (occluded) on MR angiography. As the
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results, we found that the outer diameter of PCA progressively decreased as the ste-
notic lesion occurred in the PCA. That is, the values for Grade 1 cases fell to about
75% of Grade 0 cases, and the values for Grade 2 cases were even smaller, falling to
about 45% of Grade 0 cases. The results were similar for children and adults. The
phenomenon was observed in both pediatric and adult patients. In addition, we could
follow the PCA outer diameter over time during the progression of PCA disease in 4
hemispheres in 2 pediatric cases, and found that the PCA outer diameter also
decreased with the progression of the disease. Although there are almost no studies
that denote pathological findings of the stenotic lesions in the PCA, these radiologi-
cal observations strongly suggest that similar pathological changes occur in stenotic
lesions in PCA as in carotid fork. This fact fits well with the embryological knowl-
edge that arteries more distal to the P2 portion of the PCA arise from the cranial
ramus of the primitive ICA, as well as the MCA and ACA [16].

14.4 Arterial Shrinkage in Moyamoya Syndrome

The definition of moyamoya disease is rather complicated. The criteria for diagno-
sis are unique in that they have been based solely on information about the lumen of
the affected artery on cerebral angiography and MR angiography for more than
50 years. When the disease was first discovered, moyamoya disease was defined as
a disease of unknown etiology, and therefore, the patients with the same radiologi-
cal findings but concurrent diseases have been diagnosed with moyamoya syndrome
or quasi-moyamoya disease in children and adults, bilaterally or unilaterally.
Hayashi et al. (2014) reported that about 5% of patients with moyamoya disease are
diagnosed as having moyamoya syndrome [17]. Previously reported concurrent dis-
eases are listed in Chap. 2. However, it is unclear from previous studies whether
moyamoya syndrome is a completely different disease from moyamoya disease, or
whether it is simply a combination of moyamoya disease and concurrent disease.
Therefore, we hypothesized that if shrinkage in the affected arteries is specific to
moyamoya disease, then it would be very useful to investigate whether this arterial
shrinkage also occurs in moyamoya syndrome or not. In this study, we evaluated the
outer diameter of the carotid forks in 9 patients with moyamoya syndrome.
Concurrent diseases included neurofibromatosis 1 (NF1) in two cases, idiopathic
thrombocytopenia (ITP) in one, autoimmune disease such as hyperthyroidism in 3,
atherosclerosis in 3. Very interestingly, the outer diameter of the affected arteries
markedly differed from the usual moyamoya disease, and there was a great deal of
inter-case variability. In 7 of the 9 patients, as in the case of moyamoya disease, the
diameter of C1 and M1 decreased as the disease progressed. In these 7 patients, the
comorbidities included NF1 (n = 2), ITP (n = 1), autoimmune disease (n = 2), and
atherosclerosis (n = 2). On the other hand, there was no reduction in the diameter of
the affected arteries in the other two patients, both of whom were judged to have
Stage 3 disease on cerebral angiography. Their comorbidities were autoimmune
disease (n = 1) and atherosclerosis (n = 1) [18].
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These observations strongly suggest that moyamoya syndrome (or quasi-
moyamoya disease) is not a uniform disease entity, but can be divided into two
pathophysiologically different disorders: the arterial shrinkage group and the non-
arterial shrinkage group. The former is considered closely related to definitive
moyamoya disease, but the latter may be essentially analogous to atherosclerosis,
being divergent from definitive moyamoya disease. In more detail, there may be a
significant number of cases that have exactly the same etiology as definitive moy-
amoya disease but are not diagnosed as moyamoya syndrome because they hap-
pen to have comorbidities. On the other hand, there may be some cases that are
pathogenetically unrelated to moyamoya disease but are categorized as moyam-
oya syndrome because of both radiological findings similar to those of moyamoya
disease and comorbidities. Anyway, such a distinction would have been highly
unlikely when the diagnosis was based solely on information about the lumen of
the involved arteries using cerebral angiography and MR angiography. This dis-
tinction was first made possible by observing the outer diameter of the involved
arteries using heavy T2-weighted images. However, these findings are based on
the study with a small sample size. Therefore, multi-center investigations with
larger cohorts are warranted to further clarify the pathophysiology and disease
entity of moyamoya syndrome [18].

14.5 Clinical Significance of Arterial Shrinkage
in Moyamoya Disease

14.5.1 Endovascular Treatment

There are several reports attempting to dilate the stenotic lesions themselves with
endovascular techniques for moyamoya disease. Rodruguez et al. (2007) reported
that balloon angioplasty in adult patients with early moyamoya disease resulted in
effective dilation of stenotic lesions [19]. Several groups of investigators also suc-
cessfully performed balloon angioplasty and stent placement in children and adults
with moyamoya disease or moyamoya syndrome [20-23].

However, Khan et al. (2011) analyzed clinical results of endovascular treatment
for 5 patients with moyamoya disease. All of them repeated ischemic attacks after
0—4 months after endovascular treatments. Follow-up angiography revealed severe
in-stent restenosis or occlusion in 4 of 5 patients. Finally, all of them underwent
surgical revascularization to resolve ischemic attacks [24]. More importantly,
Eicker et al. (2011) reported a 18-year-old cases that developed very massive sub-
arachnoid hemorrhage several hours after stent placement of the supraclinoid inter-
nal carotid artery [25]. Considering the specific occurrence of arterial shrinkage in
moyamoya disease, we should remind that these endovascular procedures may
carry the risk of disruption of the affected artery, leading to life-threatening sub-
arachnoid hemorrhage.



178 S. Kuroda

14.5.2 Differential Diagnosis of Moyamoya Disease

As aforementioned, it is not rare to encounter the difficulty to distinguish moyam-
oya disease from atherosclerosis-related intracranial arterial stenosis especially in
elder patients. However, heavy T2-weighted image is quite useful to accurately
identify moyamoya disease even in very elder patients (Fig. 14.7). This 80-year-old

Fig. 14.7 Radiological findings of a 80-year-old male with moyamoya disease. T2-weighted
image (a) demonstrates no parenchymal lesions, but MR angiography (b) reveals complete occlu-
sion of the internal carotid artery at the supraclinoid portion on the right side and at the origin on
the left side. 3D CISS image (c) reveals a marked arterial shrinkage in the carotid fork on both
sides. Therefore, he was diagnosed as moyamoya disease. T2*-weighted image taken 6 months
later (d) shows multiple bleeding in the subependymal layer of the lateral ventricle on both sides
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male suddenly developed syncope and was referred to our hospital. T2-weighted
MRI demonstrated no parenchymal lesions, but MR angiography revealed complete
occlusion of the internal carotid artery at the supraclinoid portion on the right side
and at the origin on the left side. At first, he was diagnosed as atherosclerotic carotid
occlusion on both sides, but subsequently performed 3D CISS revealed a marked
arterial shrinkage in the carotid fork on both sides. Finally, he was diagnosed as
moyamoya disease and was conservatively followed up because of his high age. He
was admitted to our hospital again because of sudden consciousness disturbance
6 months after the initial diagnosis. T2*-weighted image showed multiple bleeding
in the subependymal layer of the lateral ventricle on both sides, which is the finding
that strongly supports previous diagnosis of moyamoya disease.

As this case clearly demonstrates, cerebral angiography and MR angiography, which
have been used to diagnose moyamoya disease, only provide information on the lumen
of the affected arteries, making it difficult to exclude other diseases such as atheroscle-
rosis. This fact has led to a great deal of confusion in routine clinical practice and
research [26]. Therefore, we the Research Committee on Moyamoya Disease in Japan
is preparing to revise the diagnostic criteria for moyamoya disease to include heavy
T2-weighted image findings in addition to cerebral angiography and MR angiography.
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Abstract

Moyamoya disease (MMD) is a chronic occlusive cerebrovascular disease with
unknown etiology characterized by progressive stenosis/occlusion at the terminal
portion of the internal carotid artery and an abnormal vascular network formation at
the base of the brain. MMD has an intrinsic characteristic to represent a gradual con-
version of the cortical vascular supply from intra-cranial/internal carotid (IC) system
to extra-cranial/external carotid (EC) system, so-called IC-EC conversion. MMD is
known to represent bimodal age distribution with a peak each in childhood and
young adulthood, and the disease progression in adult patients has been considered
to be relatively rare. But recent advances in neuroradiology reveal that MMD patients,
either pediatric or adult, have substantial risk for disease progression, although the
exact mechanism underlying the progression of MMD is undetermined. The aim of
this chapter is to introduce the basic pathology and neuro-radiological characteristic
of MMD, especially focusing on its disease progression in adulthood.
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15.1 Introduction

Moyamoya disease (MMD) is characterized by progressive stenosis/occlusion at
the terminal portion of the internal carotid artery (ICA) and an abnormal vascular
network formation at the base of the brain [1, 2]. The disease progression in adult
patients has been considered to be relatively rare [3, 4], but recent advances in neu-
roradiology reveal that MMD patients, either pediatric or adult, have substantial risk
for disease progression [5, 6]. In this chapter, we sought to summarize current
understanding of the basic pathology and neuro-radiological characteristic of
MMD, focusing on its disease progression in adulthood.

15.2 Suzuki’s Angiographic Staging as an Intrinsic Temporal
Nature of Physiological Compensatory
Reorganization in MMD

MMD has an intrinsic temporal nature to attempt a gradual conversion of the corti-
cal vascular supply from intra-cranial/internal carotid (/C) system to extra-cranial/
external carotid (EC) system, so-called IC-EC conversion [7, 8], as initially illus-
trated by Suzuki’s angiographic staging in 1969 [1]. This staging does not represent
the severity of patients’ clinical condition, but may indicate the natural pathophysi-
ological course of MMD. Insufficiency of this physiological reorganization system
occurs at stage 3 or 4 in most patients, when the abnormal vascular networks at the
base of the brain are most prominent.

Stage 1: Narrowing of carotid fork.

Stage 2: Initiation of the “moyamoya vessels”’; dilatation of the intracerebral main
arteries.

Stage 3: Intensification of the “moyamoya vessels”; nonfilling of the anterior and
middle cerebral arteries.

Stage 4: Minimization of the “moyamoya vessels”; disappearance of the posterior
cerebral artery.

Stage 5: Reduction of the “moyamoya vessels”; the main arteries arising from the
internal carotid artery disappear.

Stage 6: Disappearance of the “moyamoya vessels”; the original moyamoya vessels
at the base of the brain are completely missing and only the collateral cir-
culation from the external carotid artery is seen.

Malfunction of the “IC-EC conversion” system is considered to result in cerebral
ischemia and/or hemorrhage from inadequate collateral vascular networks. On the
other hand, substantial numbers of MMD patients accomplish “favorable” conver-
sion process without manifesting as deleterious cerebrovascular events [8]. This
47-year-old woman experienced only slight numbness in her left hand while playing
woodwind instrument, though her angio-architecture represents stage 6 MMD on
the right hemisphere, where all the cortical blood supply is exclusively derived from
EC system (Fig. 15.1).
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Fig. 15.1 A: Representative findings of stage-6 moyamoya disease (MMD). Magnetic resonance
(MR) angiography (a), T2-weighted MR imaging (b), and right carotid angiogram (c-e) of a
47-year-old woman indicating that all the cortical blood supply is derived from external
carotid system

15.3 Disease Progression in Adult MMD

The disease progression of MMD had generally been considered to occur exclusively
in childhood with angiographic characteristics being completed before adulthood [3,
4]. In contrast to this classic observation, Kuroda et al. first reported in a multicenter
observational study on adult MMD that the incidence of disease progression in adult
patients was not as rare as previously considered [5] and similar result was reported
also by Narisawa and colleagues [6]. In accordance with this observation, there were
several reported cases of the de novo development of MMD in adulthood [9-11].
Interestingly, most of them were middle-aged females who generally lacked particular
risk factors for atherosclerosis [9—11]. The mechanisms underlying the development
and progression of adult MMD are undetermined, but physiological balance between
female hormones is considered to be one of the major candidate environmental factors
related to the development/progression of adult MMD patients [12]. This 47-year-old
woman suffered mild weakness on her left hand and visited neurological service.
Initial magnetic resonance (MR) angiography revealed only mild stenosis at the bilat-
eral ICA terminus (Fig. 15.2a), but apparent progression of the steno-occlusive
changes was found 1 year later, when she suffered crescendo transient ischemic attack
(TIA) (Fig. 15.2b, d, ). In light of the presence of hemodynamic compromise on the
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Fig. 15.2 Temporal profile of MR angiography before (a) and after the progression (b). '*I-IMP
SPECT (c) and catheter angiography (d, e) of this 47-year-old woman after progression demon-
strating MMD with hemodynamic compromise on the right hemisphere

symptomatic hemisphere (Fig. 15.2¢), she underwent right superficial temporal artery
(STA)-middle cerebral artery (MCA) bypass combined with indirect pial synangiosis
without complication (Fig. 15.3a-d). The ischemic attack disappeared completely
after surgery, and flow study indicated the apparent hemodynamic improvement on
the right hemisphere (Fig. 15.3e). Alternatively, possible involvement of the genetic
variant of ring finger protein 213 (RNF213), a susceptibility gene for MMD, in the
disease progression of MMD has been speculated [13]. In fact, Tashiro and colleagues
reported de novo development of MMD in an adult female with a genetic variant of
the RNF213 gene [11].

15.4 Significance of Progressive Stenosis in Posterior
Cerebral Artery (PCA)

While following up the patients with MMD, it is clinically important not to over-
look the progression of PCA stenosis, because the involvement of PCA stenosis has
been reported to be significantly associated with the hemodynamic decline and the
deterioration of the ischemic condition [14]. This 44-year-old woman was found to
have the progression of the steno-occlusive change at the right PCA during her
yearly follow-up by MR angiography (Fig. 15.4a, b). One month later, she suffered
temporal weakness on her left hand, and catheter angiography confirmed the appar-
ent progression of the right PCA stenosis (asterisk in Fig. 15.4e). Then she under-
went right flow augmentation bypass, which resulted in the complete disappearance
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Fig. 15.3 Intra-operative view of direct/indirect combined revascularization. Surgical view before (a)
and after left superficial temporal artery (STA)-middle cerebral artery (MCA) bypass (b, ¢). Indocyanine
green video-angiography demonstrated apparently patent bypass (c). Post-operative MR angiography
showing patent STA-MCA bypass (arrow in d), and hemodynamic improvement by '>’I-IMP SPECT (e)

Fig. 15.4 Temporal profile of MR angiography before (a) and after the progression of right PCA
stenosis (asterisk in b). Right carotid (d) and vertebral artery angiograms of this 44-year-old
woman after progression demonstrating MMD with apparent PCA stenosis (asterisk in e). Post-
operative MR angiography showing patent STA-MCA bypass (arrow in c)
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of her TIA. Post-operative MRA indicated the apparently patent bypass (arrow in
Fig. 15.4c). PCA involvement is also known to be an independent risk factor of
posterior hemorrhage with high risk of re-bleeding [15, 16], thus identification of
progressive PCA stenosis/occlusion is clinically important while following up the
MMD patients neuro-radiologically at the outpatient service.
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Abstract

Cerebral hyperperfusion (HP) syndrome is one of the most serious complications
associated with direct bypass surgery for moyamoya disease (MMD), especially
in adult patients. Although the mechanisms underlying HP after revasculariza-
tion surgery in MMD are not fully understood, the unique pathological back-
ground of MMD and the process of reperfusion injury represent a key pathogenesis
of HP. This chapter focuses on the clinical features, imaging tools, and periop-
erative management of HP as well as the pathogenesis.

Keywords

Cerebral hyperperfusion - STA-MCA bypass - Transient neurological deficit -
Complications - Reperfusion injury

16.1 Introduction

Medical therapy is not generally effective for treating moyamoya disease (MMD),
and to date, surgical revascularization is the only prophylactic therapy available for
reducing the risk of subsequent stroke. Direct bypasses generate a direct arterial
connection from donor arteries to recipient arteries, and then exert their effects
immediately after surgery, improving cerebral hemodynamics. Among direct bypass
procedures, superficial temporal artery (STA)- middle cerebral artery (MCA) bypass
is the most widely used and its effectiveness has been established in both pediatric
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and adult patients. Despite its excellent efficacy, several postoperative complica-
tions are associated with direct bypass surgery. Although cerebral hyperperfusion
(HP) has been well documented as one of the common complications that can occur
after direct bypass, the underlying mechanism is not fully understood. This chapter
describes postoperative HP in MMD from various aspects.

16.2 Incidence of HP

Historically, Since the 1980s, postoperative HP was identified as one of the serious
complications associated with carotid endarterectomy, leading to temporary or per-
manent neurological deteriorations [1]. HP after STA-MCA bypass for atheroscle-
rotic cerebrovascular diseases has also been reported [2]. Importantly, Uno et al.
(1998) first reported HP syndrome in an adult patient with MMD after performing
an STA-MCA bypass [3]. At the time, HP after low flow bypass was still considered
a rare entity and was not well recognized by most of neurosurgeons especially in
MMD until more recently. However, recent studies have found that the incidence of
HP syndrome after STA-MCA bypass for the treatment of MMD is not as low as
previously believed. For example, Fujimura et al. (2007) reported that HP syndrome
occurred in as high as 38.2% of hemispheres in adult MMD patients after STA-
MCA bypass [4]. Another study found that symptomatic HP had occurred in 32%
of adult patients and 5% of pediatric patients. It was also reported that asymptom-
atic HP had occurred in 34% of adult patients and 15% of pediatric patients. Taken
together, this suggests that radiological (both symptomatic and asymptomatic) HP
was observed in >60% of adult patients, and that the incidence of HP is significantly
higher in adult patients than in pediatric ones [5]. Therefore, individuals with MMD
are at a potentially higher risk for HP syndrome than previously believed, especially
adult patients.

16.3 Clinical Features

The clinical features of postoperative HP vary in each case. The onset of HP usually
occurs within 7 days of the surgery (Fig. 16.1). A serial SPECT study demonstrated
that HP immediately following surgery may easily lead to subsequent neurological
symptoms, while the underlying mechanisms that cause early or delayed onset of
HP are unclear. Therefore, adult patients with HP immediately following surgery
are at significantly higher risk for subsequent neurological symptoms [5]. Typical
neurological symptoms due to HP include motor weakness, sensory disturbances,
aphasia, dysarthria, and seizures. Among these, aphasia due to HP in the left hemi-
sphere is the most common symptom. This is because the frontal lobe is the area
where cerebral hemodynamics is severely impaired in most cases and language
functions may be sensitive to HP relative to other areas of the brain. Most HP-related
neurological symptoms are transient and disappear within 24 hours, however, in
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Fig. 16.1 A line graph showing several patterns of CBF changes of postoperative hyperperfusion
in moyamoya disease

some cases, the symptoms persist for several days or even weeks. A positron emis-
sion tomography (PET) study showed that a preoperative cerebral blood volume
(CBYV) increase is the independent predictor of both symptomatic and asymptom-
atic HP in adult MMD (Fig. 16.2) [5]. An increase in CBV suggests the occurrence
of autoregulatory vasodilatation in response to the cerebral perfusion pressure
reduction. This vasodilation is considered to be one of the key background factors
that causes postoperative HP in MMD. Another study found that an increase in
patients’ preoperative oxygen extraction fraction (OEF) is also a risk factor for HP
syndrome [6]. Taken together, these data suggest that patients with an increased
OEF and increased preoperative CBV may be at a higher risk for HP syndrome than
those with normal CBV. Furthermore, in a recent study, preoperatively reduced
cerebrovascular contractile reactivity to hypocapnia under hyperventilation was
reported to be an independent predictor of cerebral HP syndrome in adult patients
with cerebral misery perfusion [7].

Intracranial hemorrhage is a relatively rare complication after direct bypass in
MMD. Although the underlying mechanisms are not fully understood, HP is consid-
ered to be one of the factors that causes postoperative hemorrhage. The incidence is
reported to be <3% and most of the onset is within 24 hours after surgery [8, 9]. Adult
age, hypertension, hemorrhagic presentation, and posterior circulation involvement
are reported as independent risk factors for postoperative hemorrhage in MMD [8, 9].
Importantly, hematomas are typically located in the subcortical lesion around the
anastomosed site. When the volume of the hematoma is large, immediate hematoma
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Fig. 16.2 Radiological findings from an MMD patient who underwent STA-MCA bypass on the
left hemisphere. Upper; Preoperative examinations revealed a marked decrease in cerebral blood
flow (CBF) and an increase in cerebral blood volume (CBV) and oxygen extraction fraction (OEF)
in the bilateral frontal lobes. Middle; Postoperative serial single photon emission CT revealed a
significant improvement of CBF just after surgery, but hyperperfusion in the left frontal lobe
2 days and 7 days after surgery. The patient developed motor aphasia 2 days after surgery. Lower;
1 month after surgery, positron emission tomography showed a normalization of CBF, CBV, and
OEF in the left hemisphere

evacuation is required. According to reported cases, ligation of the STA to prevent
worsening of the hemorrhage may not always be necessary. The prognosis of reported
cases is generally favorable if appropriate management is performed, but it should be
noted that it can potentially result in permanent neurological deficits or mortality.

16.4 Diagnosis
The diagnostic criteria for HP in MMD include all of the following [4]:

1. Presence of a significant focal increase in cerebral blood flow (CBF) at the site
of the anastomosis.
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2. Visualization of STA-MCA bypass by magnetic resonance angiography (MRA)
or other modalities, and the absence of any ischemic changes by diffusion-
weighted imaging (DWI).

3. Absence of other causes such as compression of the brain surface by the temporal
muscle inserted for indirect synangiosis, ischemic attack, hemorrhage, and seizure.

HP syndrome is diagnosed when a focal CBF increases temporally and spatially
corresponds to the existing focal neurological deficits.

Although radiological HP is usually evaluated qualitatively, and there is no con-
sensus regarding the criteria of quantitative CBF values, recent studies aimed to
analyze the threshold of the pathological increase in postoperative CBF in
MMD. One quantitative CBF study observed that the cutoff increase ratio of CBF
change for postoperative HP syndrome was 184.5% (sensitivity = 83.3%, specific-
ity = 94.2%, area under the curve [AUC] value = 0.825) and 241.3% for hemor-
rhagic HP syndrome [10]. Another PET study found that the peak CBF values
during HP syndrome (mean CBF: 218% of preoperative value) were consistent with
the traditional concept of post-CEA HP (>100% increase over the baseline) but
higher than the predefined CBF threshold values (control+2SD) [6]. Another whole-
brain voxel-based perfusion mapping study found that an increase in CBF of more
than 115.5% was associated with transient neurologic deficits [11]. Importantly,
these cutoff values may change depending on the study design, such as the analyzed
postoperative time point and the definition of the regions of interest.

16.5 Intraoperative Evaluations

Intraoperative modalities are useful in evaluating hemodynamic changes immedi-
ately after bypass and to predict the occurrence of HP.

16.5.1 Indocyanine Green Videoangiography

Microscope-integrated indocyanine green videoangiography (ICG-VA) has been
widely used for intraoperative monitoring of regional cerebral blood flow in cere-
brovascular disease. A previous study found that microvascular transit time (MVTT)
was prolonged in MMD patients compared to those with atherosclerotic cerebrovas-
cular disease [12]. In the study, MVTT was significantly reduced after bypass sur-
gery, but the AMVTT [(post bypass value)—(pre bypass value)] was significantly
greater in the HP syndrome group than in the non-HP syndrome group. Furthermore,
a AMVTT >2.6 seconds was shown to be an independent predictor of HP syn-
drome. Similarly, a prolonged ICG peak time in the cortical artery is associated with
HP [13]. Another useful parameter to evaluate hemodynamic changes after bypass
is the blood flow index (BFI), which measures the slope of the ICG intensity-time
curve of cortical arteries. A greater increase in the ratio of BFI after bypass has been
associated with HP immediately after surgery [14].
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16.5.2 Flow Meters

Transit time ultrasonic flow meters and Doppler ultrasonic flow meters can measure
intraoperative flow velocity of bypassed arteries. The increase in Vmax ratios of
bypassed arteries after bypass is significantly higher in patients with HP [15-17].
Importantly, cortical flow velocity is not directly associated with CBF in normal
individuals, who show variable cortical velocities depending on cerebrovascular
resistance and diameter. However, in MMD, the vascular network dilates, and cere-
brovascular resistance decreases due to chronic ischemia. Under such conditions,
cortical flow velocity is likely correlated with regional CBF.

16.5.3 Caliber Mismatch of Donor and Recipient Arteries

Several studies have observed that a mismatch in the size of the donor and recipient
arteries has an effect on the occurrence of HP [13, 14, 18]. That is, a higher caliber
ratio (donor STA/recipient MCA; mean, approximately 1.7) is associated with postop-
erative HP in adult patients [13, 14]. One study reported that the incidence of postop-
erative HP syndrome was 3.66% when donor-recipient vessels were matched during
surgery, which was much lower than that in the non-matching group (15.6%) [18].

16.5.4 Hemodynamic Sources of Recipient Arteries

The recipient parasylvian cortical arteries are supplied from anterograde MCA or
from non-MCAs of pial collateral circulation in MMD. A recent study revealed that
the direct anastomoses of parasylvian arteries with anterograde hemodynamic
sources from the MCA were significantly associated with the development of post-
operative HP [19]. This is because the anterograde MCA has generally low flow due
to more severe stenosis compared to non-MCA collateral flow, and direct bypass to
such recipient arteries results in greater postoperative hemodynamic changes. The
above-mentioned caliber mismatch of STA and MCA will therefore facilitate the
increase in bypass flow in this condition.

Risk factors as well as the predictive factors mentioned are summarized in
Table 16.1.

16.6 Postoperative Imaging

The characteristic radiological findings of HP are summarized in Table 16.2.

16.6.1 SPECT/PET

Serial CBF studies are crucial for the evaluation of postoperative hemodynamic
changes and appropriate management against postoperative complications. Although
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Table 16.1 Risk factors of hyperperfusion syndrome
Adult
Hemorrhagic onset
Left hemisphere
Preoperative OEF increase
Preoperative CBV increase

Reduced cerebrovascular contractile reactivity to hypocapnia

Caliber mismatch of donor and recipient arteries

Prolonged microvascular transit time

High blood flow index

Recipient arteries with anterograde source of middle cerebral arteries

Table 16.2 Radiological findings of hyperperfusion

Modalities | Findings

SPECT Focal CBF increase, watershed shift phenomenon, crossed cerebellar hypoperfusion
PET CBYV increase

FLAIR Cortical hyper belt sign (non-specific to HP)

TOF- Hyper signal intensity and dilation of STA

MRA

4D- Increased flow velocity and focal hyperintense signals on the bypassed arteries
MRA

SPECT is widely used, other perfusion imaging modalities, including perfusion CT
and perfusion magnetic resonance imaging (MRI), are also effective. A previous PET
study observed a prolonged recovery of increased CBV after surgery in patients with
HP syndrome [6].

Watershed Shift

A paradoxical decrease in the CBF at the cortex adjacent to the focal CBF increase
is observed in some HP cases. This is known as the water shed shift phenomenon
and the incidence is reported to be 10.9% after direct bypass for adult MMD [20].
Therefore, the watershed shift phenomenon represents a potential risk for ischemic
complications during perioperative management of HP.

Crossed Cerebellar Diaschisis

An association between crossed cerebellar diaschisis (CCD) and HP has also been
reported in MMD [21, 22]. Crossed cerebellar hypoperfusion due to HP has been
observed in some cases after direct bypass. CCD was first described in the 1980s as
an association between a local supratentorial brain lesion and a simultaneous
decrease in contralateral cerebellar blood flow and metabolic activity [23]. The
underlying mechanisms consist of disruption of the cortico-cerebellar pathway and
transneuronal metabolic depression of the contralateral cerebellar hemisphere.
Importantly, CCD has not only been reported in cerebral infarction, but also in epi-
lepsy, migraine, glioma, Alzheimer’s disease, and cerebral hemorrhage. In general,
CCD due to HP following cerebrovascular revascularization was considered to be
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rare. However, a recent case series reported that CCD was observed in 18.4% of the
hemispheres with radiological HP and it was more frequently observed in symp-
tomatic HP than in asymptomatic HP (36.0% vs 11.3%) [24]. Therefore, CCD may
represent a radiological marker associated with symptomatic HP or severe neuronal
damage due to HP.

16.6.2 MRI

Cortical Hyperintensity Belt Sign

A fluid-attenuated inversion-recovery high-intensity signal in the cortex of the oper-
ated hemisphere, known as a cortical hyperintensity belt sign (CHB), is frequently
observed after direct bypass in MMD. However, it should be noted that CHB is not a
specific sign of HP syndrome. This is quite different from an “ivy sign,” which is an
extraparenchymal signal that suggests slow arterial flow in the ischemic brain area.
The frequency of CHB is reported in 80-90% of cases after direct bypass [25, 26].
While the underlying mechanism(s) are still unclear, CHB is often observed even in
the posterior territory of MCA, which is outside of the operative field. Since CHB is
usually transient and not associated with a high DWI signal, it is speculated that the
pathophysiology of the CHB is vasogenic edemas. A vasogenic edema is the result of
cerebral arteriolar dilation, damage of the blood—brain barrier, and extravasation to the
brain parenchyma. The association of arteriolar dilation is further supported by the
fact that the postoperative increase in CBV is correlated with the CHB [27].

16.7 3 MRA

Time of flight (TOF)-MRA is useful for confirming the postoperative patency of
direct bypass in a less invasive manner. During HP syndrome, the postoperative
signal increase ratio of STA on TOF-MRA is higher in HP syndrome group than in
non-HP syndrome group. The increase ratio of the signal intensity in HP syndrome
group is reported to be more than 1.5 times that of the preoperative levels [28]. Four-
dimensional magnetic resonance angiography using an arterial spin labeling tech-
nique (ASL-4D MRA) is also very useful in evaluating the postoperative dynamic
changes in the cerebral blood flow patterns without the need for a contrast enhanced
agent. During the occurrence of HP, a ASL-4D MRA can detect congestion of
bypass flow at the site of anastomosis and focal hyperintense signals in the bypassed
arteries, which TOF-MRA is unable to detect [29].

16.8 Pathogenesis

It is well known that HP syndrome after STA-MCA bypass is much more frequent
in MMD patients than those with atherosclerotic occlusive cerebrovascular dis-
eases. This suggests that MMD patients have characteristic pathophysiological
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conditions that are likely to cause HP. These conditions include maladaptive vaso-
dilation due to chronic cerebral ischemia, a poor network of pial arteries, and blood—
brain barrier impairment. After direct bypass, the occurrence of HP is attributed to
several hemodynamic factors, including a large pressure gradient from donor to
recipient arteries caused by the maladaptive vasodilation. A large STA size relative
to the recipient MCA and a prolonged recovery of vascular reserve aggravate the
situation. On the other hand, poor distribution of the large amount of bypass flow
leads to congestion of the blood flow at the site of anastomosis. In these situations,
the excessive arterial blood supply likely leads to oxidative stress that generates free
radicals, which then further damage the blood-brain barrier. This would then cause
vasogenic edema, disturbing vascular circulation. These processes, in addition to
the direct toxic effect of free radicals on neurons, could disrupt the neurovascular
unit. As a result, HP-related neurological deficits occur (Fig. 16.3).

Several previous studies have helped advance our understanding of the pathogenesis
of HP. For example, during the development of HP syndrome, a decrease in central
benzodiazepine receptor binding potential has been reported using iomazenil-SPECT
[21]. This data suggests that downregulation of cortical neurotransmitter receptor func-
tion due to cerebral HP results in neurological deficits. Furthermore, a serial PET study
observed preoperative increases in CBV that persisted during HP, suggesting a pro-
longed recovery of elevated CBV values despite immediate increases in perfusion pres-
sure after direct bypass [6]. These findings help explain the development of HP and the
related neurological symptoms that last for several days.

0. Background conditions

* Maladaptive vasodilation due to chronic ischemia
¢ Poor network of pial arteries
¢ Blood brain barrier impairment

1. Hemodynamic: Occurrence of hyperperfusion
After direct bypass

¢ Large pressure gradient from donor to recipient artery
» Poor distribution of bypass flow
* Prolonged recovery of vascular reserve

2. Biological: Reperfusion injury
* Generation of free radicals
* Further damage of blood brain barrier (Disturbance of neurovascular unit)
* Vasogenic edema

3. Clinical: Hyperperfusion syndrome

* Focal neurological deficits
* Hemorrhagic manifestation

Fig. 16.3 Schema showing pathophysiology of hyperperfusion in moyamoya disease
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Although CBV is often elevated in pediatric patients, most of them do not show
HP after surgery. This finding strongly suggests that the pathophysiological mecha-
nisms underlying the CBV increase in response to a reduction in cerebral perfusion
pressure differ between pediatric and adult MMD patients. An intraoperative
ICG-VA analysis also showed that pediatric patients were unlikely to develop HP
syndrome despite showing a large AMVTT (>2.6 seconds) [12]. These data demon-
strate that an abrupt increase in arterial inflow from bypass may be compensated for
via mechanisms other than increased peripheral vascular resistance in pediatric
patients.

16.9 Perioperative Management of HP

Given that the clinical presentation of postoperative HP syndrome is similar to a
transient ischemic attack, CBF analyses and neuroimaging, including MRI/A, are
essential for the precise differential diagnosis of postoperative complications.
HP-related neurological symptoms are typically evident from the day of surgery up
to 7 days post-surgery. Therefore, a CBF analysis is recommended at an early time
point (days 0-2) after surgery. Furthermore, bedside monitoring of neurological
signs is also crucial for the early detection of HP syndrome especially up until 7
days after surgery.

Postoperative blood pressure control is a mainstay of management for HP syn-
drome. Mild blood pressure lowering or maintaining normotension has been
reported to safely reduce the risk for HP syndrome although excessive blood pres-
sure lowering may increase the risk for ischemic complications [30]. Importantly,
sedation is not usually necessary for the management of HP in MMD. Furthermore,
perioperative administration of minocycline and edaravone is reported to reduce the
incidence of HP syndrome. Minocycline is an antibiotic and anti-inflammatory drug
that has neuroprotective effects as an antiapoptotic agent, antioxidant, and matrix
metalloproteinase inhibitor [31]. Edaravone, a free radical scavenger, is used to
improve neurological prognosis in acute cerebral infarction [32]. Administration of
edaravone is believed to protect the neurovascular unit by reducing free radical pro-
duction during the processes of HP. Thus, these drugs contribute to suppressing the
above-mentioned pathological cascade of HP by protecting the blood—brain barrier,
which can result in vasogenic edema, and finally reduce the occurrence of HP-related
neurological symptoms.
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Abstract

Bypass surgery is widely accepted as effective treatment to improve cerebral
hemodynamics and to prevent both further ischemic and hemorrhagic stroke
in moyamoya disease (MMD). For these 10 years, there is increasing evi-
dence that the hyperintense signal develops in the brain surface on fluid-
attenuated inversion recovery (FLAIR) images following bypass surgery.
This novel, unique phenomenon is specific for moyamoya disease and does
not occur in patients with atherosclerotic carotid artery diseases. This phe-
nomenon can be observed between 3 and 14 days after surgery and com-
pletely disappears thereafter. Even now, its pathophysiology and underlying
mechanisms are not fully understood. In this chapter, therefore, the authors
precisely review recent knowledge on the hyperintense signal on FLAIR
image after surgical revascularization for moyamoya disease and discuss
future perspective.
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17.1 Introduction

Moyamoya disease (MMD) is an uncommon cerebrovascular disease characterized
by progressive occlusion of the terminal portion of the internal carotid artery and its
main branches [1]. Bypass surgery is a widely accepted treatment for MMD to pre-
vent further ischemic and hemorrhagic events [1, 2]. Various procedures for surgical
revascularization have been developed and are divided into indirect bypass, direct
bypass, and combined bypass. It is well-known that hemodynamic status drastically
changes after bypass surgery, leading to various pathophysiological changes in and
around the operative field [3-5]. Of these, recent studies have shown that MMD
patients often develop a hyperintense signal in the ipsilateral cortex on fluid-
attenuated inversion recovery (FLAIR) images following bypass surgery. An illus-
trative case is presented in Fig. 17.1. The hyperintense signal on postoperative
FLAIR images is located along the cerebral sulci and is clearly different in

Fig.17.1 Serial FLAIR images at the level of the basal ganglia (lower) and the body of the lateral
ventricle (upper) before surgery (a) and 7 days (b) and 30 days after STA-MCA anastomosis and
indirect bypass on the right side (c¢). Prior to surgery, the increased signal can be observed in the
arteries within the cortical sulci or on the surface of the brain (arrow, a). This finding is called as
“ivy” sign. Note that the hyperintense signal is widely distributed in the operated right hemisphere
at 7 days post-surgery (arrows, b) and completely disappears at 30 days post-surgery. The appear-
ance of the transient hyperintense signal after surgery is completely different from that of “ivy
sign” before surgery
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appearance from the hyperintense signal of the superficial arteries observed prior to
surgery, which is called as “ivy sign.” However, the underlying mechanisms and
clinical significance of this MMD-specific signal change are poorly understood.

FLAIR imaging has mostly replaced proton density-weighted imaging for the
evaluation of supra-tentorial brain disease due to its increased lesion contrast, sup-
pression of normal cerebrospinal fluid (CSF) signal intensity, and ability to acquire
images within a relatively short acquisition time owing to fast imaging techniques
[6-9]. Compared to T2-weighted and proton density-weighted imaging, FLAIR
imaging is known superior for evaluating parenchymal lesions near the CSF.

This section aims to review the extant literature regarding this hyperintense sign
on FLAIR imaging after bypass surgery for MMD, focusing on its clinical features
and mechanisms and identifying any unresolved issues. Understanding the underly-
ing pathophysiology of this hyperintense sign may lead to valuable improvements
in the perioperative management for MMD patients.

17.2 Radiological Features of the Hyperintense Signal

Nowadays, it is known that a newly developed hyperintense signal in the ipsilateral
hemisphere can be observed on FLAIR images after bypass surgery [10—-12]. This
radiological finding presents several unique features; first, the sign is only tempo-
rally observed and disappears within 30 days after surgery. Second, its intensity
substantially increases immediately after surgery and reaches a peak within 7 days
post-surgery followed by a gradual recovery to original levels (Fig. 17.1).
Furthermore, the extension of the hyperintense sign varies widely among patients.
Its location is also varied and often exceeds the extent of the craniotomy. [llustrative
cases are presented in Fig. 17.2. While this hyperintense signal may appear similar
to blood in the subarachnoid space following the surgical procedure, other sequences

Fig.17.2 FLAIR images at 7 days after STA-MCA anastomosis and indirect bypass in 3 patients
with moyamoya disease. Note that the distribution of the hyperintense signal after surgery largely
differs among 3 patients even after the same surgical procedure (arrows)
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Fig.17.3 FLAIR (a) and susceptibility-weighted MRI (b) at 7 days after STA-MCA anastomosis
and indirect bypass in the patients with moyamoya disease. Susceptibility-weighted MRI clearly
demonstrates that the hyperintense signal in the cortical sulci on FLAIR image does not represent
the blood clots after surgery

sensitive to blood clots such as T2* or susceptibility-weighted imaging clearly
reveal no existence of blood clots in the subarachnoid space (Fig. 17.3) [13, 14].
Therefore, we can conclude that this hyperintense signal does not indicate the blood
clots in the CSF space resulting from the surgical procedure.

It should be noted that this hyperintense sign is only evident in patients with
MMD and not in patients with arteriosclerosis after standard STA-MCA anastomo-
sis. A key characteristic of this sign is its occurrence in both adult and pediatric
MMD patients. Furthermore, this hyperintense signal is present regardless of the
type of clinical onset. Shiba et al. (2018) also found that there were not significant
differences in the occurrence of hyperintense signs on surgically treated hemi-
spheres between single and double bypass procedures [15].

The frequency of this hyperintense sign has been examined in several reports,
although its incidence widely varies from 58% to 93% [10-12, 15]. Based on our
experiences, this hyperintense sign can be observed in all MMD patients (100%)
after bypass surgery. The reason of the differences remains unknown. At least, how-
ever, all patients included in these reports underwent a combined bypass and there
are no reports regarding the incidence of this phenomenon following direct or indi-
rect bypass only. Indirect bypass induces neovascularization from donner tissues
such as the temporal muscle and dura mater, but it requires 2 to 3 months to com-
plete the formation of arterial connection between the donor tissues and the arteries
on the brain surface. Therefore, the main driving force to develop the hyperintense
sign after bypass surgery may result from direct bypass.

Horie et al. (2014) first reported this hyperintense signal on FLAIR imaging after
bypass surgery for MMD and called it a “de novo” ivy sign [11]. The ivy sign is
well-known as an increased blood signal within the artery due to slow flow-related
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enhancement and has been defined as a continuous linear leptomeningeal high-
signal intensity along the cortex and subarachnoid spaces [16, 17]. In their report,
Horie et al. (2014) speculated that this newly-observed phenomenon after surgery
represented a signal change in the operated hemispheres’ vasculatures [11].
However, it is less likely that the hyperintense sign similarly reflects the vasculature
changes in the subarachnoid space, because it does not contain a continuous tube-
like structure. Previous study suggested that the ivy sign might reflect the slow flow
of developed leptomeningeal collaterals in patients with MMD and disappear after
hemodynamic alternation due to bypass surgery [18]. From this view point, there-
fore, we consider that the postoperative hyperintense sign would be inconsistent
with ivy sign.

Subsequently, Hamano et al. (2017) reported the same phenomenon in MMD
and concluded that this belt-like hyperintense sign after surgery on the brain surface
might reflect the signal changes in the cerebral cortex on FLAIR image [10].
Takemoto et al. (2020) presented a case with the hyperintense sign following bypass
surgery and speculated that this hyperintense signal may occur from the congested
blood in the cerebral cortex. They suggested the possibility that STA-MCA anasto-
mosis may cause pial vessel dilation and venous stasis in the subcortical white mat-
ter, leading to the appearance of the hyperintense signal after surgery [12].

17.3 The Role of Cerebral Hemodynamics
17.3.1 Preoperative Cerebral Hemodynamics

There are several reports evaluating the impact of preoperative hemodynamic
parameters on the development of the hyperintense sign after surgery. Horie et al.
(2014) found no significant differences in onset pattern, preoperative cerebral
hemodynamics in the MCA area, and preoperative ivy sign scores between patients
with postoperative hyperintense sign and those without [11]. Hamano et al. (2017)
also observed no significant relationship between qualitative hyperintense sign
scores and regional cerebral blood flow increase ratios [10]. However, they acknowl-
edged the difficulty to determine the difference in the degree of cerebral ischemia
before surgery between patients with postoperative hyperintense signal and those
without because of the lack of quantitative CBF measurement in their study. On the
other hands, they found that this phenomenon was closely related to postoperative
transient neurological deficits with undetermined pathophysiology, and hypothe-
sized that the hyperintense sign developed through vasogenic edema of the cerebral
cortex. Postoperative neurological deficits were observed in 61% of surgically
treated cases. The symptoms included numbness (35.5%), aphasia (25.5%), motor
weakness (12.1%), dysarthria (10.6%), and other symptoms (3.5%). These patients
had significantly higher qualitative hyperintense sign scores than others.
Furthermore, the total qualitative hyperintense sign score was linked to the duration
of neurological deficits. They speculated that autoregulatory vasodilation occurred
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in response to cerebral ischemia before surgery and induced excessive inflow of
blood flow through direct bypass, leading to extravasation of fluid in the cerebral
cortex [10].

Takemoto et al. (2020) hypothesized that the pathophysiology of the hyperin-
tense sign is vasogenic edema, because the postoperative cerebral blood volume
(CBV) increase correlated with the hyperintense sign [12]. The CBV increased ratio
was significantly higher in the profound hyperintense sign group than in the subtle
hyperintense sign group. They also found that preoperative CBF and the mean tran-
sit time (MTT) values did not differ between patients with postoperative hyperin-
tense sign and those without [12].

According to our experiences, the hyperintense sign on FLAIR imaging occurs
in all MMD patients after surgery to varying degree as described above, but the
intensity and extent of the phenomenon largely differ among them. Statistical analy-
sis has demonstrated that the degree of cerebral ischemia before surgery is closely
related to the intensity of the hyperintense sign after surgery (unpublished data). As
shown in Fig. 17.4, the hyperintense sign occurs in the area where cerebral hemo-
dynamics is markedly impaired before surgery, including outside the extent of cra-
niotomy or in the contralateral ACA territory.

Y/ b
N

Fig. 17.4 Representative radiological findings of the patients who underwent STA-MCA anastomosis
and indirect bypass on the right side for moyamoya disease. Preoperative SPECT before (a) and after
intravenous injection of acetazolamide (b) shows decreased CBF and its reactivity to acetazolamide
stress in the right ACA and MCA territories and the left ACA territory (arrows). MR angiography per-
formed 3 days after surgery (c¢) demonstrates good patency of STA-MCA double anastomosis on the
right side (arrowhead). Simultaneous FLAIR image (d) clearly demonstrates that the hyperintense sig-
nal is observed in the areas where both CBF and its reactivity to acetazolamide decreased before surgery
(arrows). On postoperative SPECT (e), CBF completely recovers to the normal level
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17.3.2 Postoperative Hyperperfusion

Several reports have proposed the possible mechanisms through which the hyperin-
tense sign on FLAIR imaging may develop after surgery in MMD. Of these, Horie
etal. (2014) first speculated the relationship between postoperative increase in cere-
bral blood flow (CBF) and the hyperintense sign, because the hyperintense sign is
closely related to postoperative hyperperfusion (odds ratio, 7.75; 95% confidence
interval [CI], 1.08-55.75; P = 0.04). Likewise, they found that the hyperintense sign
preferably occurred in the territory of STA-MCA anastomosis, which suggested that
drastic hemodynamic changes after bypass surgery contributed to the unique phe-
nomenon. They have also speculated that the hyperintense sign on FLAIR imaging
may be specific for MMD, because the focal CBF increase in the pial vessels is
much higher in MMD than in atherosclerotic carotid artery diseases. Finally, they
concluded that the postoperative hyperintense sign could be a marker of postopera-
tive hyperperfusion in MMD [11]. As described above, Hamano et al. (2017) sug-
gested that the hyperintense sign is completely different from the ivy sign before
surgery and is confined to the intraparenchymal signal change in the cerebral cortex.
They also concluded that there were no significant relationships between the hyper-
intense sign and postoperative hyperperfusion, because the hyperintense sign was
not linked with the postoperative CBF increase [10]. Takemoto et al. (2020) also
found that CBF increase ratio was not related to their hyperintense sign scores.
Tanioka et al. (2016) reported a MMD case with the hyperintense sign following
STA-MCA anastomosis and encephalo—duro—myo-synangiosis in spite of normal
CBF after surgery [19]. These observations strongly suggest that postoperative
hyperintense sign in MMD does not reflect hyperperfusion phenomenon after sur-
gery, which correlates very well with our personal experience (unpublished data).

17.4 Future Perspective

We are still in front of unresolved mysteries regarding the hyperintense sign on
FLAIR images after bypass surgery for MMD. The exact mechanisms through
which this unique phenomenon occurs is poorly understood. Moreover, it is still
unclear where this phenomenon is occurring; in the vasculature, in the cerebral
cortex, or in somewhere else. The contradictory speculations among the investiga-
tors indicate the need for additional, more detailed studies on this issue.
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and Long-Term Outcome in Japan

Satoshi Kuroda

Abstract

Surgical revascularization is now accepted as an effective treatment to reduce the
incidence of subsequent cerebrovascular events, including ischemic and hemor-
rhagic stroke, although precise analysis of long-term outcome after surgery is
required. In this Part V “Real World of Surgical Revascularization for Moyamoya
Disease,” very skillful and experienced neurosurgeons around the world would
discuss their surgical technique and long-term outcome in patients with moy-
amoya disease. It also includes special topics on perioperative complications,
indirect bypass, combined bypass, and unique clinical features in infantile and
elderly patients. In this chapter, I briefly overview surgical techniques for moy-
amoya disease and describe recent data on postoperative, long-term (>10 years)
outcome in Japan.

Keywords

Moyamoya disease - Surgical revascularization - Indirect bypass - Direct bypass
Long-term outcome

S. Kuroda (<)

Department of Neurosurgery, Graduate School of Medicine and Pharmaceutical Science,
University of Toyama, Toyama, Japan

e-mail: skuroda@med.u-toyama.ac.jp

© The Author(s), under exclusive license to Springer Nature 215
Singapore Pte Ltd. 2021

S. Kuroda (ed.), Moyamoya Disease: Current Knowledge and Future

Perspectives, https://doi.org/10.1007/978-981-33-6404-2_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6404-2_18&domain=pdf
https://doi.org/10.1007/978-981-33-6404-2_18#DOI
mailto:skuroda@med.u-toyama.ac.jp

216 S. Kuroda

18.1 Introduction

Even now, there is no effective strategy to medically treat moyamoya disease itself.
Medication with anticonvulsants and antiplatelets does not fundamentally solve the
disease and is merely a symptomatic treatment, although the use of antiplatelets for
moyamoya disease is still controversial [1, 2]. Only surgical revascularization is
accepted effective treatment to resolve persistent cerebral ischemia and thus to erase
or reduce ischemia-related events such as headache attacks, TIA, and ischemic
stroke. These therapeutic benefits of surgical revascularization have been estab-
lished in much earlier studies such as case series analysis, and thus it is accepted
unnecessary to conduct randomized clinical trials (RCTs) again to verify the benefi-
cial effects of surgical revascularization on the outcome in patients with ischemic-
type moyamoya disease [3]. On the other hand, until the 1990s, the effect of surgical
revascularization on adult patients with moyamoya disease suffering from hemor-
rhagic stroke was controversial. Japanese group (2014) conducted a randomized
clinical trial in 2000 and finally reached a conclusion that direct or combined bypass
procedure significantly reduced the incidence of rebleeding (see Chap. 9) [4, 5].
Based on these observations, surgical revascularization has established itself as an
effective treatment to reduce the incidence of subsequent cerebrovascular events,
including ischemic and hemorrhagic stroke. However, we should remind that surgi-
cal revascularization still carries a risk of about 5-10% of perioperative complica-
tions [6—13]. Furthermore, although surgical treatment is targeted at children and
young adults, most of previously published studies have reported outcomes of
around 3 to 5 years after surgery, with very limited reports of long-term postopera-
tive outcomes over 10 years [3]. In the future, therefore, it is quite important to
develop safer methods and strategies of surgical revascularization for moyamoya
disease than ever before. Furthermore, it is essential to evaluate the prognosis of
patients with moyamoya disease over a period of longer than 10 to 30 years.

Based on these considerations, I decided to focus on “Real World of Surgical
Revascularization for Moyamoya Disease” in this Part V. Very skillful and experi-
enced neurosurgeons around the world would discuss their surgical technique and
long-term outcome in patients with moyamoya disease. This Part V. also includes
special topics on perioperative complications, indirect bypass, combined bypass,
and unique clinical features in infantile and elderly patients. In this chapter, I briefly
overview surgical techniques for moyamoya disease and describe recent data on
long-term (>10 years) outcome in Japan.

18.2 Surgical Procedures

The prevalence of moyamoya disease is not so high over the world, but surgical
procedures very widely varied among neurosurgeons. Roughly speaking, surgical
procedures can be classified into three categories; indirect bypass, direct bypass,
and combined bypass [3]. I also recommend the readers to refer to an English-
written review article on the history of the development of surgical revascularization
for moyamoya disease by Matsushima [14].
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18.2.1 Indirect Bypass Surgery

Indirect bypass procedures are based on the unexpected fact that gradual angiogen-
esis occurs between the vascularized donor tissues attached to the surface of the
brain and the brain, starting to provide collateral blood flow to the operated hemi-
spheres several months post-surgery [3]. Such spontaneous angiogenesis would be
the phenomenon very specific for moyamoya disease, because indirect bypass does
not function in patients with atherosclerotic intracranial carotid artery diseases [15].
Several pioneering works have contributed to the development of indirect bypass
procedures; Henschen (1950) performed bilateral encephalo-myo-synangiosis
(EMS) in patients with bilateral internal carotid artery occlusion that caused epi-
lepsy and named it “Encephalo-Myo-Synagiose.” Unfortunately, their paper does
not describe whether angiogenesis occurred through EMS or not, but they did invent
the term “‘encephalo-xxxxx-synangiosis,” which is still in use today, and this is a
significant achievement [16]. In 1964, Tsubokawa et al. performed a procedure in
which a dural flap containing the meningeal artery was placed onto the surface of
the brain in a child with moyamoya disease; 2 months later, cerebral angiography
showed the formation of collateral vessels through the meningeal artery. They
named this procedure “durapexia” [17]. Then, Karasawa et al. (1977) reported their
experience of EMS in 10 cases of moyamoya disease. In their paper, they described
“Since in most of the cases the postoperative angiography revealed spontaneous
transdural anastomoses between the drainage area of the middle cerebral and
external carotid arteries, the temporal muscles were placed over the cortex where
no host vessel for anastomosis was found, in an attempt to facilitate these spontane-
ous anastomoses.” Therefore, it would not be an overstatement to say that the indi-
rect bypass procedure is a product of their detailed reading of cerebral angiography,
novel ideas, and deep insight (see Chap. 24) [18]. Subsequently, Matsushima et al.
started to perform encephalo-duro-arterio-synangiosis (EDAS) in 1980 [19]. The
donor tissues used for indirect bypass procedures include the dura mater, temporal
muscle, pericranium, and galea aponeurotica. The arteries providing blood flow to
each donor tissues are the middle meningeal artery (MMA), deep temporal artery
(DTA), ophthalmic artery, and superficial temporal artery (STA), respectively. In
addition to these, angiogenesis directly from the STA to the arterioles on the brain’s
surface occurs when the superficial temporal artery itself is attached to the brain
surface (Fig. 18.1). In some cases, the omentum has been also used as a donor tissue
to widely cover the brain surface, although an end-to-end anastomosis of the related
arteries and veins is required to restore blood flow of the donor [20, 21]. A number
of designations have been reported, depending on the donor tissue used (see
Chap. 24).

The molecular mechanism of angiogenesis through indirect bypass in moyam-
oya disease remains unclear. However, an interesting finding has been reported very
recently. Thus, Hayashi and colleagues (2020) created a mouse model of bilateral
carotid artery stenosis and performed EMS on the right side. After EMS, the deposi-
tion of collagen occurred between the temporal muscle and neocortex, and CD31-
positive vessels significantly increased in both tissues, leading to the improvement
of cerebral blood flow on the EMS side, but not on the non-EMS side. Collagen is
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Fig. 18.1 A diagram showing the relationship between the donor tissues for indirect bypass sur-
gery and their feeding arteries. STA superficial temporal artery, DTA deep temporal artery, MMA
middle meningeal artery

known to highly support the proliferation, survival, and migration of endothelial
cells and thus is essential for angiogenesis by forming the matrix framework for
new vessel sprouting. Therefore, it is quite natural that the collagen deposition
induced angiogenesis between the temporal muscle and ischemic neocortex [22].
More interestingly, systemic inactivation of the gene for platelet-derived growth
factor receptor (PDGFR)-a almost canceled the angiogenesis between the temporal
muscle and brain. These findings strongly suggest that the cascade of PDGF-a is
playing a critical role in angiogenesis after indirect bypass surgery in moyamoya
disease [22]. This speculation is supported by several reports. First, Kang et al.
(2010) found that the plasma concentration of PDGF was higher in moyamoya
patients than in the controls [23]. Second, Marushima et al. (2020) reported that
EMS-induced angiogenesis was enhanced when the gene for PDGF-BB was trans-
fected in a murine chronic ischemia model [24].

For experienced neurosurgeons, indirect bypass procedures are very simple and
easy. Collateral channels can be established in almost 100% of pediatric patients.
However, it should be reminded that indirect bypass only works in about 50-80% of
adult patients with moyamoya disease [25, 26]. In contrast to direct bypass, indirect
bypass requires several months to create adequate collateral blood circulation, and
therefore carries a higher risk of ischemic complications such as ischemic stroke
during perioperative period, especially immediately after surgery [27]. More impor-
tantly, the design of the surgery is quite important. Because indirect bypass
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basically creates collateral blood circulation around the area where donor tissue is
attached through craniotomy, it is important to select the location and extent of
craniotomy that can sufficiently cover the area with cerebral ischemia for indirect
bypass surgery. In particular, moyamoya disease is characterized by a high degree
of cerebral ischemia in the frontal region, so the surgical design of indirect bypass
should be determined to cover a wide area in the frontal region. In fact, previous
studies have shown that indirect or combined bypass surgery that widely covers the
frontal region can improve intellectual prognosis in pediatric patients (see Chap.
10) [28].

During craniotomy, great care must be taken to avoid damaging the middle men-
ingeal artery (MMA), which travels over the dura mater of convexity and then pro-
vides blood flow to the ACA territory via the anterior falcian artery, an important
collateral route. However, it is known that in many cases the MMA runs within the
sphenoid bone, as evidenced by the fact that fractures of the temporal bone fre-
quently result in acute epidural hematoma. Therefore, normal fronto-temporal cra-
niotomy can damage the MMA. Therefore, an alternative type of fronto-temporal
craniotomy, which does not include the sphenoid bone, has been proposed in order
to preserve the MMA. After craniotomy, the sphenoid bone can be removed sepa-
rately using a rongeur or high-speed drill to preserve the MMA. Through this surgi-
cal procedure, it was shown that the anatomical relationship between the MMA and
the sphenoid bone can be classified into bridge, monorail, and tunnel types, and that
children have fewer tunnel types than adults [29, 30].

18.2.2 Direct Bypass Surgery

According to a review article by Prof. Yonekawa, superficial temporal artery to mid-
dle cerebral artery (STA-MCA) anastomosis was first performed in June 1972 by
Prof. Yasargil in Switzerland and Prof. Reichman in the USA independently [31,
32]. Subsequently, this surgical procedure has been started by Kikuchi, Karasawa,
and their colleagues in Japan since 1974 [33, 34].

Direct bypass procedures are almost always performed by STA-MCA anastomo-
sis [3]. In contrast to indirect bypass procedures, direct bypass procedures have
several advantages as follows: it can quickly improve cerebral hemodynamics after
surgery, and thus can significantly lower the incidence of perioperative ischemic
events, including transient ischemic attack (TIA) and ischemic stroke [27].
Furthermore, TIA and/or headache attack quickly decreases in the frequency or
disappears after surgery. These clinical results of direct bypass are supported by
immediate blood flow improvement just after surgery. In cases of carotid occlusion
due to atherosclerosis, the cortical artery of the MCA is less difficult to anastomose
because the diameter of the MCA cortical artery is around 1 mm and the arterial
wall is of such a thickness that the arterial anastomosis is not very difficult to per-
form. However, in cases of moyamoya disease, the diameter of the cortical artery in
the MCA is often as small as 0.3 to 0.8 mm, and more importantly the arterial wall
is very thin, making the arterial anastomosis technique much more difficult. This
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phenomenon strongly suggests that the pathophysiology of moyamoya disease
extends not only to the terminal portion of the internal carotid artery but also to the
periphery of the MCA [35]. When the cortical arteries of the MCA are clamped and
opened for anastomosis, the blood drains out of the arteries and the vessel becomes
almost transparent, making it difficult to visualize the anastomosis site, even with a
high-powered microscope. Until the 1980s, therefore, this surgical technique was
quite challenging, but the procedure was greatly facilitated by a method pioneered
by Kamiyama et al. in 1993 [36]. They succeeded to clearly visualize the ostium of
an arteriotomy by staining it blue with methylrosaniline chloride (pyoctaninum
blue). In addition, while a majority of neurosurgeons previously inserted a piece of
white, transparent surgical glove underneath the cortical artery of the MCA for
direct bypass, Kamiyama and colleagues started to place a green silicone sheet, a
complementary color to the red, to dramatically increase the visibility of the anas-
tomotic vessels [36]. Today, this technique is used worldwide, with minor differ-
ences, and has been applied to a variety of bypass procedures (Fig. 18.2).

The author usually prefers STA-MCA double anastomosis for anterior circula-
tion, in which two branches of the STA are anastomosed to the frontal and temporal

Fig. 18.2 Intraoperative photographs during STA-MCA anastomosis for pediatric patients with
moyamoya disease. (a-c) Note that the sites of arteriotomy is stained blue with methylrosaniline
chloride (pyoctaninum blue) to clearly visualize the anastomosis site (arrow). A green silicone
sheet is also placed underneath the cortical artery of the MCA to dramatically increase the visibil-
ity of the anastomotic vessels. (d) Indocyanine green (ICG) videoangiography demonstrates a
good patency of double STA-MCA anastomosis (arrows). Note that the main branches of the
middle meningeal artery are also patent on ICG videoangiography (arrowheads)
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branches of the MCA, respectively. This procedure would be reasonable when we
aim to provide sufficient blood flow to both the frontal and temporal lobes. It is
because moyamoya disease often involves a stenotic lesion in the proximal portion
of the MCA, so that when the STA is anastomosed to the frontal branch of the MCA,
the temporal lobe does not always receive adequate blood flow from the
STA. Alternatively, STA-MCA single anastomosis is indicated in patients who have
only one branch of the STA or MCA appropriate for direct bypass procedure. In
such cases, the STA should be anastomosed to the frontal branch of the MCA,
because cerebral ischemia is most dense in the frontal lobe in a majority of patients
with moyamoya disease.

The procedures can flexibly be modified as STA-anterior cerebral artery (ACA)
or STA-posterior cerebral artery (PCA) anastomosis according to patients’ condi-
tions such as dense ischemia in the territory of the ACA or PCA [37-40].

In addition, it should be reminded that direct bypass procedure would carry the
risk for postoperative hyperperfusion, which sometime causes severe neurological
sequelae and/or mortality unless appropriate managements are indicated. Precise
information on postoperative hyperperfusion should be referred to Chap. 16.

18.2.3 Combined Bypass Surgery

Combined bypass procedure is a combination of direct and indirect bypass proce-
dures performed simultaneously. Combined bypass procedure may also carry a risk
for postoperative hyperperfusion, but has the advantage to immediately improve
cerebral hemodynamics followed by further improvement of cerebral hemodynam-
ics through indirect bypass-mediated angiogenesis. A reciprocal and synergistic
relationship exists between the direct and indirect bypass in the development of
collateral circulation after the combined bypass procedure [26, 41].

The formation of collateral blood vessels via indirect bypass is usually evaluated
a few months after surgery. In the past, cerebral angiography was primarily used, but
in recent years, MR angiography has proven to be useful. More recently, Uchino
et al. (2019) quantitatively analyzed postoperative changes in STA and DTA diame-
ter using 3-dimensional time-of-flight source images and found that the postopera-
tive changes in their diameters are useful to predict the degree of development of
collateral circulation through direct and indirect bypass procedures, respectively [42].

18.3 Long-Term Outcome in Japan

In 2019, 50 years have passed since this disease was first named as moyamoya dis-
ease in an English-written journal by Suzuki and Takaku in 1969 [43]. As men-
tioned above, STA-MCA anastomosis was performed soon afterwards in the early
1970s, followed by indirect bypass in the mid-1970s, so surgical revascularization
for moyamoya disease is believed to have a history of nearly 50 years. However, as
mentioned above, there are not so many reports of long-term results after surgical
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revascularization of moyamoya disease for more than 10 years, even in Japan where
surgical treatment is considered the earliest to be started.

Karasawa et al. (1992) reported a long-term prognosis of a mean of 9.6 years (4.8
to 16 years) in 104 children who underwent STA-MCA anastomosis and/or EMS
between 1974 and 1991. This case series analysis demonstrated that patients aged
7 years and older had better functional outcomes, and about 35% of patients aged
3 years or younger had poor intellectual outcomes, and there was a strong correla-
tion between functional and intellectual outcomes [34]. Imaizumi et al. (1998) eval-
uated a long-term outcome in 25 pediatric patients who were treated medically or
surgically. Of these, one patient developed TIA and successfully underwent STA-
MCA anastomosis and EMS. This patient never experienced TIA after surgery, but
died of hemorrhagic stroke about 12 years after surgery [44]. Recently, two Japanese
groups from Tokyo and Kyoto have published long-term (>10 year) outcome in a
significant number of pediatric patients after surgery. Mukawa et al. (2012) fol-
lowed up 172 pediatric patients for a mean of 14.3 years after EDAS, one of indirect
bypass procedures. They reported that the incidence of late cerebrovascular events
occurred in 6 patients 8 or more years after EDAS. Of these, 3 patients developed
ischemic stroke 13 to 22 years after EDAS. Other 3 patients experienced hemor-
rhagic stroke 8 to 21 years after EDAS, all of whom repeated hemorrhagic stroke
later. As the results, the 10-year, 20-year, and 30-year cumulative incidences of late
cerebrovascular events were 0.8%, 6.3%, and 10%, respectively (0.24% per year)
[45]. On the other hand, Funaki et al. (2014) analyzed the incidence of late cerebro-
vascular events in 56 pediatric patients who underwent STA-MCA anastomosis and
EMS between 1978 and 2003. A mean follow-up period was 18.1 years. They found
that 4 patients (7.1%) developed late cerebrovascular events. As the results, the
10-year, 20-year, and 30-year cumulative incidences of late cerebrovascular events
were 1.8%, 7.3%, and 13.1%, respectively (0.85% per year). Of the 4 patients, one
developed ischemic stroke 2 years after surgery due to disruption of surgical col-
laterals in a traffic accident. More importantly, the remaining 3 patients developed
hemorrhagic stroke 14 to 20 years after surgery, although the bypasses were still
working at the time of hemorrhagic stroke [46]. These observations strongly suggest
that a certain subgroup of pediatric patients may be at a risk for hemorrhagic stroke
even 10 to 20 years after surgical revascularization. Therefore, I would like to
emphasize that we should carefully follow up the moyamoya patients for longer
than 10 to 20 years after surgery, even if their clinical condition is stable.

On the other hand, there are almost no reports that denote a long-term (>10 years)
outcome in adult patients with moyamoya disease. As noted above, almost all inves-
tigators report only 5 to 6 years of follow-up results at best. Only Bao et al. (2018)
reported a 12-year results after EDAS in 145 adult patients. They reported that 1-,
5-, and 10-year cumulative stroke rates were 2.1%, 6.8%, and 8.9%, respectively.
According to their data, bilateral involvement and hypertension may be risk factors
for ischemic stroke during follow-up periods [47].

Very recently, therefore, we conducted a long-term (>10 year) follow-up study
of moyamoya disease after combined bypass surgery. In this study, we enrolled
a total of 93 patients who underwent STA-MCA anastomosis and
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Postop.

Fig. 18.3 Representative radiological findings in a 14-year-old girl before and after STA-MCA
anastomosis and EDMAPS. (a) Postoperative 3D skull CT demonstrates a large fronto-temporal
craniotomy extending to the frontal area. (b) Preoperative external carotid angiography shows
spontaneous collateral routes to the ACA via the middle meningeal artery. (c) Postoperative exter-
nal carotid angiography demonstrates an extensive development of surgical collaterals via the
STA, DTA, and MMA. (d) Preoperative internal carotid angiography reveals a marked develop-
ment of basal moyamoya (white arrowhead) and ethmoidal moyamoya (arrow). (e) Postoperative
internal carotid angiography demonstrates the diminishment of basal moyamoya (white arrow-
head) and ethmoidal moyamoya (arrow). Note an extensive development of the branches arising
from the ophthalmic artery within the frontal pericranium (arrowheads)

encephalo-duro-myo-arterio-pericranial synangiosis (EDMAPS) between 1998
and 2014, and were followed up for 5 to 20 years (mean, 10.5 years). This study
included 35 pediatric and 58 adult patients. In this case series, we performed STA-
MCA anastomosis and EDMAPS, in which the frontal pericranium was used as a
novel donor tissue in addition to traditional donor tissues such as the dura mater,
temporal muscle, and STA. We used the frontal pericranium to cover a wider area
of the frontal lobe, enabling us to perform indirect bypass in a single operation
more safely and extensively than either of the conventional procedures (Fig. 18.3a).
STA-MCA anastomosis and EDMAPS induce rich collateral circulations through
the external carotid arteries, including the STA, DTA, and MMA (Fig. 18.3b, c).
In addition, the ophthalmic artery starts to provide collateral blood flow through
the frontal pericranium (Fig. 18.3d, e). As the results, abnormal collateral chan-
nels such as basal moyamoya and ethmoidal moyamoya diminish or disappear
after surgery (Fig. 18.3d, e). The findings on cerebral blood flow (CBF) measure-
ment also correlate very well with those on cerebral angiography. For example,
the follow-up SPECT demonstrates that CBF and its reactivity to acetazolamide
significantly improve in the ACA territory as well as the MCA territory 3 to
4 months after surgery (Fig. 18.4). Subsequently, only one adult with hemorrhagic
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Fig. 18.4 Representative SPECT findings in a 28-years-old female before and after STA-MCA
anastomosis and EDMAPS. Before surgery, CBF before and after an intravenous injection of
10 mg/kg acetazolamide (ACZ) was reduced in the frontal lobe on both sides. Cerebrovascular
reactivity to ACZ was impaired in the same area. These abnormalities completely resolved after
surgery in both the MCA and ACA territories

onset recurred hemorrhagic stroke 9.5 years after surgery. Other 92 patients were
free from late cerebrovascular events. Therefore, annual risk of late cerebrovascu-
lar events was 0.1% per patient-year. The results are better for both children and
adults than the previous reports mentioned above. We believe this is because the
use of the frontal pericranium allows for a wider coverage of the frontal lobe and
improves cerebral hemodynamics not only in the MCA territory but also in the
ACA territory. However, we believe that another 20 to 30 years of postoperative
follow-up will be warranted to further evaluate the long-term therapeutic effect of
this surgical procedure [12]. On the other hand, this study led us to another con-
clusion. Thus, repeated MR angiography every 6 to 12 months during follow-up
periods revealed that disease progression occurred in 19 hemispheres of 15
patients in the contralateral internal carotid artery and posterior cerebral artery.
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Such disease progression occurred in both children and adults. The timing of dis-
ease progression was found to be very late, ranging from 6 months to 15 years
after surgery. In some cases, TIAs developed and required repeat bypass surgery
[40]. Therefore, it is our responsibility to carefully monitor patients with moy-
amoya disease for as long as 10 to 20 years after surgery to prevent late cerebro-
vascular events [12].
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Abstract

Although revascularization surgery in patients with moyamoya disease improves
cerebral hemodynamics and symptoms, its benefits are reduced by perioperative
complications through either transient or permanent neurological deficits. Apart
from hyperperfusion syndrome, perioperative complications associated with
revascularization surgery have been described in the literature and our clinical
experience. Typical perioperative complications include ischemic stroke caused
by hemodynamic insufficiency, which characteristically occurs in the advanced
stages of moyamoya disease. Moreover, the progression of the main cerebral
artery occlusion induces cerebral ischemia far from the surgery site. Intracranial
hemorrhage associated with postoperative hyperperfusion is the most severe
adverse effect after direct anastomosis. Other known and critical postoperative
complications include skin necrosis, anastomotic site aneurysm, and arteriove-
nous shunt formation. Understanding the various complications and their risk
factors could contribute toward lowering the perioperative complication rate in
revascularization surgery, as well as improving the long-term outcomes.
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19.1 Background

Moyamoya disease is a progressive steno-occlusive cerebrovascular disease that is
characterized by collateral vascular networks that resemble “a puff of smoke” (moy-
amoya vessels) at the brain base [1, 2]. Various revascularization procedures can
improve cerebral hemodynamics and decrease the ischemic stroke risk. However,
hemodynamic compromises and fragile collateral arteries increase the risk of post-
operative neurological morbidity. Furthermore, revascularization-specific surgical
procedures for moyamoya disease are associated with rare but critical complica-
tions. It is important to understand the various perioperative complications and the
underlying mechanisms in order to improve patient management and maximize the
benefit of revascularization surgery in stroke prevention.

19.2 Frequency and Pathophysiology
of Perioperative Complications

19.2.1 Classification

Perioperative complications result from a combination of surgical procedures and
hemodynamic insufficiency, as well as the fragility of collateral arteries at the brain
base. Based on the main underlying mechanisms, complications were characterized
as disease- or procedure-related complications. Typical disease-related complica-
tions are perioperative ischemic/hemorrhagic stroke, while typical procedure-
related complications include skin trouble, hyperperfusion, graft spasm/occlusion,
and postoperative intracranial hematoma.

19.3 Perioperative Stroke

Perioperative stroke is generally indicative of either infarction or intracranial hem-
orrhage (ICH), intraventricular hemorrhage, and subarachnoid hemorrhage, which
develop intraoperatively or within 4 postoperative weeks. Hyperperfusion is mostly
observed in adult moyamoya disease and can cause intracerebral hemorrhage or
seizures. Hyperperfusion diagnosis largely depends on the definition and frequency
of radiological studies.

19.3.1 Ischemic Complications

In anesthetic management, intraoperative hypocapnia induces a critical decrease in
cerebral blood flow (CBF). Moreover, crying is known to induce hyperventilation
and stroke during the perioperative period in children [3, 4]. Furthermore, hemody-
namic compromise is aggravated by blood loss, decreased circulating volume, and
low blood pressure [5, 6].
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Previous study reported angiographic outcome of direct/combined bypass as
excellent in 57.5% (95% CI; 13.2-100%), good in 35.8% (95% CI; 12.5-70.3%),
and poor in 6.7% (95%CI; 0-17.7%), respectively [7]. In indirect bypass, angio-
graphic outcome was excellent in 37.9% (95% CI; 16.4-59.4%), good in 38.0%
(95% CI; 23.5-50.8%), and poor in 24.1% (95%CI; 5.8-42.8%). Complication
rate was reported as 5.4% (ischemic; 4.1%, hemorrhagic 1.3%) in combined direct/
indirect surgery, whereas it was 5.5% (ischemic 5.2%, hemorrhagic; 0.27%) in
indirect surgery. In a single university study, the reported postoperative stroke fre-
quency is 4.7% per surgery (95% confidence interval [CI], 2.5-7.0) in direct/com-
bined bypass [7]. Compared with indirect procedures, surgery involving direct
anastomosis is technically demanding. However, performing direct anastomosis in
both pediatric and adult patients may not increase ischemic complications. In adult
patients, there was no significant difference in postoperative stroke between direct/
combined bypass (7.6%) and indirect bypass (5.1%). Furthermore, in pediatric
patients, perioperative stroke was significantly more frequent in indirect bypass
(6.0%) than in direct/combined bypass (2.5%) (odds ratio [OR], 2.36; 95% CI,
1.48-3.76). Additionally, ischemic complications in indirect surgery have been
reported in pediatric patients (7.1%) [8]. In combined direct/indirect surgery, post-
operative stroke was more frequent (8.5%) in adults than in pediatric patients
(1.1%) (OR, 8.29; 95% CI, 1.87-36.79) [7]. However, there is a need for special
caution in children aged under 3 years and in surgery within 6 weeks of the most
recent stroke [8].

Postoperative cerebral infarction can occur remotely to craniotomy and in the
contralateral hemisphere [9, 10]. Progressive occlusion in the main cerebral arteries
following revascularization surgery could cause remote cerebral infarction [5, 11].
Since collateral vessel development (i.e., moyamoya vessels) is generally unre-
markable in adults and moyamoya syndrome, the acute progression of main cere-
bral artery occlusion could induce severe consequences [12]. Specifically, in a
combined direct/indirect procedure, acute occlusive changes in major cerebral
arteries have been reported in approximately half of all postoperative ischemic
strokes [7]. Out of 358 procedures, rapid progression (<1 postoperative month) has
been observed in the anterior cerebral artery (n = 3), middle cerebral artery (n = 1),
and posterior cerebral artery (n = 2)(Fig. 19.1 a-c) [7]. TIA for several postoperative
months could be the underlying thromboembolic mechanism when radiological
examination reveals the normalization of regional CBF.

Risk factors for ischemic stroke include anemia, preoperative frequent TIA, his-
tory of minor completed stroke, PCA involvement, and diabetes [6, 13, 14]. Fatal
stroke can occur during the postoperative period [9]. A history of cerebral infarction
is considered a risk factor for adverse outcomes. Furthermore, spontaneous/iatro-
genic intracranial hemorrhage can increase intracranial pressure at a critical level,
which causes severe low perfusion in the cerebral tissue and subsequently
fatal stroke.

Moreover, ischemic stroke can occur during diagnostic procedures. The acet-
azolamide test for determining the perfusion reserve could result in critical adverse
effects. In patients with severe hemodynamic compromise, the acetazolamide test
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Fig. 19.1 Postoperative ischemic stroke in a 31-year-old patient with moyamoya syndrome after
combined direct/indirect anastomosis. The bilateral posterior cerebral artery became diminutive
after right revascularization surgery (a; preoperative MRA, b; postoperative MRA). Cerebral
infarction appeared in the right temporo-occipital region (c)

further reduces CBF in the affected area (steal phenomenon). Therefore, especially
in pediatric patients, this test should be avoided when there is a significant reduction
in the resting-state CBF.

19.4 Hemorrhagic Complications

The frequency of postoperative ICH is 1.7-3.0% in revascularization surgery
involving direct anastomosis [7, 9, 15]. Previous studies have reported postoperative
hemorrhage at 4 hours and 10 days postoperatively [9]. The most frequent ICH
onset timing was reported to be within 7 days or within 24 hours postoperatively
[15, 16]. Hemorrhage can either occur at the subcortical lesion beneath the anasto-
mosed cortex or as a subarachnoid hemorrhage. A previous study reported that half
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of the postoperative hemorrhage cases required hematoma evacuation. Untreated
cerebral aneurysms can bleed during the postoperative acute phase. Moreover, ICH
can occur far from the surgical site [15, 17]. Remote cerebral hemorrhage could
involve postoperative hyperperfusion beyond the revascularization area, which is
remarkable both in the medial frontal lobe and caudate head [18].

There is an association of postoperative ICH with older age [15]. Furthermore,
hemorrhagic presentation at onset and increased blood pressure from the pre- to the
postoperative stage are significantly associated with postoperative ICH [15].

19.4.1 Postoperative Hyperperfusion

Hyperperfusion is a frequent complication mostly observed in adult moyamoya dis-
ease that can cause intracerebral hemorrhage or seizures. Recent studies have
reported frequent postoperative hyperperfusion [19, 20]. Details regarding hyper-
perfusion syndrome have been described in part IV, Chap. 16.

19.5 Procedure-Related Complications

Revascularization surgery involves the several steps of the indirect procedure
(inverting the dura matter, suturing the temporalis muscle to the dura, and placing
the pericranial flap), as well as harvesting of the scalp arteries. Skin necrosis, tem-
poral muscle swelling, and subdural hematoma are the three most critical procedure-
related complications.

(a) Subdural hematoma

An acute subdural hematoma is the most critical complication after direct/com-
bined and indirect surgery. In adults, brain atrophy and the preoperative administra-
tion of antiplatelet medication may increase the subdural hematoma risk. Previous
studies have reported chronic subdural hematoma [21]; however, it is a rather rare
complication of revascularization for moyamoya disease.

(b) Temporal muscle swelling

Temporal muscle swelling causes brain compression [22, 23]. Increased intracra-
nial pressure resulting from the inserted extracranial tissue can cause headache and
ischemic brain injury (Fig. 19.2a—d). Temporal muscle swelling is observed when
the drainage vein is sacrificed during extracranial work. Moreover, bleeding from
the muscle undersurface is critical due to acute subdural hematoma.

(c¢) Wound break down due to skin necrosis

Wound complications have been reported in 2%, 17.6%, and 21.4% of cases of
revascularization surgery [17, 24]. They are more common when the superficial
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Fig. 19.2 Postoperative MRI shows temporal muscle swelling in the left frontal region (a).
Postoperative magnetic resonance angiography revealed patency of the left superficial temporal
artery—middle cerebral artery bypass (b). Moderate reduction of the regional cerebral blood flow
was observed on 123I- N-isopropyl-p-[123I]Jiodoamphetamine/single-photon emission computed
tomography (c). Ischemic brain damage was observed along with cortical laminar on diffusion-
weighted imaging (d)

temporal artery (STA) is peripherally harvested and/or both the frontal and parietal
branches of the STA are harvested [24]. Diabetes may increase the risk of skin trou-
ble [24]. Major skin complications have been reported in 21.4% of 98 revasculariza-
tion surgeries [24]; however, the risk of skin trouble largely depends on the skin
incision design and the harvesting procedures. Mild wound ulceration commonly
occurs at the hemicoronal incision corner (Fig. 19.3). Mild wound ulceration can be
treated using hydroxyproline, antibiotic ointment, and prostaglandin E1 ointment.
Severe skin erosion can progress to osteomyelitis in the bone flap. Treatment for
severe skin erosion and infection requires bone flap removal and necrotic skin tissue
debridement. Once the wound infection subsides, tissue expansion in the midline
area can be performed for scalp flap advancement. Cranioplasty using an artificial
bone flap was performed after 3—6 months later with scalp defect reconstruction.
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Fig. 19.3 Skin necrosis at
the corner of the scalp
incision

The cranial bone is protected from tissue layers, including the skin, subcutane-
ous tissue, galea, temporal muscle, and pericranium. Since revascularization sur-
gery uses part of the scalp tissue and muscle, the skin layer becomes prone to being
atrophic. The edge of the titanium fixation plate can penetrate the skin, which
requires it to be removed.

(d) Acute bypass spasm/occlusion

During the direct bypass of the STA-middle cerebral artery (MCA) anastomosis,
thrombosis at the anastomosis site is more frequent than that in bypass performed
for main cerebral artery occlusion due to arteriosclerosis [25]. The occlusion could
be associated with increased flow velocity and endothelial damage. Katsuta et al.
reported the phenomenon of the reversible occlusion of the STA-MCA bypass dur-
ing mouth opening in 5 out of 15 procedures and termed it as a big bite ischemic
phenomenon [26]. During mouth opening, the stretched temporalis muscle may
compress the STA against the bone window edge.

(e) Acute brain swelling
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Acute brain swelling has been reported after dural opening. Acute brain swelling
is associated with hypercapnia; child surgery; small craniotomy; and prone posi-
tion, including revascularization in the posterior cerebral artery territory. Upon the
occurrence of acute brain swelling, measures for reducing intracranial pressure,
including normalizing PaCO2, dripping mannitol, and elevating head position
should be promptly taken.

(f) Aneurysm at the anastomosis site

Hemodynamic stress may cause postoperative aneurysmal formation after sev-
eral decades [27, 28]. The reported bleeding timing from an anastomotic aneurysm
was 6, 8, 14, 20, and 27 postoperative years [27-30].

(g) Other rare complications

Previous studies have reported other rare complications. De novo formation of
arteriovenous malformation has been reported after moyamoya disease diagnosis
[31, 32]. Arteriovenous fistula (AVF) has been reported at the STA-MCA anastomo-
sis site [33]. Dural and pial AVF within the prior operative field has been reported in
routine 8-month postoperative angiography. Here, AVF spontaneously disappeared
without treatment upon a 2-year surveillance cerebral angiogram [34]. Moreover,
severe cerebral vasospasm and delayed cerebral infarction have been reported in a
7-year-old girl after intraventricular hemorrhage [35]. A patient with moyamoya
disease at 30 years old, after successful pial synangiosis when she was 6 years old,
presented with central retinal artery occlusion that caused unilateral blindness [36].

19.6 Perioperative Management to Prevent Complications

Hemodynamic assessment is performed to evaluate the perioperative risk through
nuclear medicine examinations and noninvasive MR. ['*’I]- p-iodoamphetamine/
single-photon emission computed tomography (SPECT) or O-gas positron emis-
sion tomography (PET) are often preferred. Cerebrovascular insufficiency can be
evaluated by administering 10 mg/kg acetazolamide on SPECT or by measuring the
oxygen-extracting fraction/cerebral blood volume on PET. For critical hemody-
namic insufficiency, 500—1000 ml/day intravenous drip for hydration is preopera-
tively administered (1 to 3 preoperative days). After general anesthesia induction,
PaCO, was strictly maintained above 35-40 mmHg throughout the surgery.
Subsequently, both colloids and crystalloids (25% albumin and/or 6% hydroxyethyl
starch) were administered for 3 postoperative days. In addition to volume supple-
mentation, fluid administration (1000 ml/day in pediatric patients and 1500 mL/day
in adult patients) is continued for 7 postoperative days. Postoperative CBF measure-
ments are performed to detect hyperperfusion on SPECT. Colloid and crystalloid
administration is discontinued in the case of abnormal focal increases in the CBF
[19]. Systolic blood pressure is maintained within 120-130 mmHg. To avoid
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temporal muscle bleeding, antiplatelet agents are discontinued between 7 preopera-
tive days and 3 postoperative days. It remains unclear whether preoperative anti-
platelet therapy reduces the postoperative stroke rate [16, 37].

19.7 Discussion

Revascularization surgery has an approximate complication rate of 5% [7, 9]. Poor
cerebrovascular reserve and ischemic attack episodes are hallmark signs and symp-
toms for surgical indication. However, recent and frequent ischemic attacks increase
the risk of postoperative ischemic complications [9, 38]. In children, surgery should
be delayed for approximately 6 weeks after the last ischemic infarction [8].

Postoperative hemorrhage mainly occurs in patients with a previous history of
intracranial hemorrhage [15]. Age is positively correlated with the postoperative
hemorrhage risk [15]. Although an RCT reported the benefit of direct revasculariza-
tion for preventing recurrent hemorrhage, the surgical revascularization effect can
be diminished by postoperative hemorrhagic complications. This demonstrates the
need for detecting the early signs of critical hyperperfusion in surgical and
remote areas.

The preference for surgical procedures is based on the technical feasibility and
complication rate. The procedure involving direct anastomosis allows an immediate
increase in the regional CBF and is associated with good neovascularization.
However, compared with indirect anastomosis, the direct procedure is considered to
have a greater risk of postoperative complications. Nevertheless, the direct/com-
bined procedure has a lower stroke rate than the indirect procedure in pediatric
patients [7]. This is counterintuitive since direct anastomosis is a difficult and time-
consuming procedure. It could be attributed to the immediate increase in CBF when
hemodynamic conditions are unstable. The immediate increase in the blood flow
from direct bypass could compensate for the detrimental effects of anemia, crying-
induced hypocapnia, hypotension, and circulation volume loss. Contrastingly, the
indirect procedure alone may critically decrease the CBF in the acute period.

Additionally, an excessive increase in intracranial pressure can cause critical
ischemia in patients with moyamoya disease. The standard encephaloduroarterio-
synangiosis procedure is performed with relatively small craniotomy, which can
cause brain protrusion from the craniotomy site. Temporal muscle swelling may
also aggravate the increased intracranial pressure [22]. Therefore, patients with
severe hemodynamic compromise can postoperatively develop global ischemia [39].

Previous studies have mainly focused on hemodynamic stroke originating from
hypocapnia, circulating volume loss, anemia, and hypotension [8, 40, 41] as the
main causes of perioperative stroke. The importance of acute occlusive changes
remote to the superficial area has been emphasized [5, 11]. This complication may
be associated with immediate blood flow alterations. Propofol has been recently
shown to increase cerebral perfusion pressure during general anesthesia, [42] which
suggests that improved anesthetic management may have decreased the incidence
of postoperative stroke.



238 K. Kazumata and K. Houkin

Skin trouble causes distress to both patients and surgeons. Harvesting of double
branches is a routine procedure in conventional combined direct/indirect bypass.
STA harvesting is often performed as extensively as possible, particularly in direct
STA-ACA anastomosis. After 30 years of experience, the improvement of the har-
vesting technique has reduced the rate of skin trouble. However, direct STA-ACA
anastomosis is not indiscriminately performed because of high frequency of skin
trouble.

Temporal muscle swelling complicates combined direct/indirect bypass proce-
dure, in which the muscle bulk is inserted under the bone flap. To reduce this com-
plication, we have attempted splitting the muscle in half and using an indirect
procedure. However, this muscle splitting technique was also associated with
remarkable swelling of the muscle. A sufficient craniotomy size with an arterialized
pedicle and preserved venous drainage is necessary for safe indirect procedures.

Detecting bleeding-prone arterial lesions is essential for prognosis. Revascularization
surgery is not always effective for eliminating aneurysms in the perforating artery.
Angiographical examination is necessary for patients with a history of intracranial
hemorrhage. De novo arteriovenous shunt is occasionally observed as a consequence
of acute stroke or revascularization surgery. In clinical settings, excision as primary
treatment is difficult, given the stroke-prone brain. Furthermore, subsequent surgery is
considered more difficult due to neovascularization.
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Abstract

Despite being one of the leading causes for stroke in pediatric patients, Moyamoya
Vasculopathy (MMV) is a rare cerebrovascular disease, especially in non-Asian
countries. While the epidemiological and clinical aspects of MMV in Europe
were comparable to the North American series, major differences are known
when compared to East-Asian countries. The surgical treatment strategies world-
wide to prevent ischemia or intracranial hemorrhage include direct, indirect and
combined revascularization procedures. The aim of this following chapter was to
present long-term outcome results of MMV patients treated in Europe. We ana-
lyzed the so far published MMV series with a follow-up period with up to
17 years. Overall, 12 studies reporting surgical results of n =451 MMV patients
in Europe could be included in this chapter. The majority of the patients pre-
sented with ischemic symptoms (mean 77.9%, +/— 14.8%), while intracranial
hemorrhage occurred only in few cases (mean 10.9%, +/— 15.7%). Overall,
84.0% of the patients were treated surgically (32.8% direct, 20.1% combined,
47.1% indirect revascularization procedures). These patients reached an esti-
mated good outcome in 87.9% of cases with a bypass patency of 96.5% in mean
indicating the long-term benefit of the surgical revascularization also in European
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MMYV patients. However, further clinical trials with long-term outcome results of
European MMV patients are warranted.

Keywords

Moyamoya disease - Moyamoya syndrome - Long-term outcome - Europe Bypass
Revascularization

20.1 Moyamoya Disease in Europe: Overview

Despite being one of the leading causes for stroke in pediatric patients, Moyamoya
Vasculopathy (MMYV) in Europe is a rare occurring cerebrovascular disease. While
Moyamoya disease (MMD) refers to idiopathic MMV, Moyamoya syndrome
(MMS) is defined as MMD with an associated underlying disease such as trisomy
21. Studies have shown that when compared to East-Asian countries, not only the
incidence but also clinical characteristics significantly vary among the affected
patients throughout the countries (Table 20.1) [1-13]. In Japan, for example, epide-
miological studies have shown incidences ranging between 0.35 and 0.94 / 100,000
for MMD with an increasing trend over the years [7, 14]. In Europe, however, the
incidence was estimated to be ten-times lower [15]. One recent nationwide register
study from Denmark supported this estimation with an incidence of 0.047 / 100,000,
identifying n = 56 patients during a course of 21 years [2]. Similar incidences were
reported in North America [5]. Unfortunately, literature lacks further investigations
from other European countries in relation to epidemiological data.

MMV usually becomes apparent due to either ischemic symptoms or intracranial
hemorrhage [1]. Seizures or headache also play a role as an onset symptom, espe-
cially in children. However, several studies have shown that the onset symptom
varies depending on the ethnicity and age. For adult MMD patients, hemorrhagic
manifestation was reported only up to 14.6% in the largest North American series,
while in Asian countries the so far reported hemorrhage rate ranged between 24.3%
and 62.4% [3, 6,9, 13, 14, 16—18]. An analysis of n = 153 MMD patients from our
Department of the Charité Berlin in Germany also confirmed that the European
MMD population was overall similar to North American series with considerable
differences to the East-Asian population [3]. Importantly, only 7.8% of the adult
patients overall presented with hemorrhage in our series [3]. Furthermore, it could
be shown that hemorrhage was significantly more frequent (12%) in European pedi-
atric MMD patients as compared to other countries [3]. Recent studies also sup-
ported the theory that choroidal anastomosis of the anterior and posterior choroidal
artery as well as involvement of the posterior cerebral artery predict hemorrhage in
MMV [19, 20]. These angiographic findings were particularly seen in Asian patients
while European patients were unaffected of these findings [20]. One other differ-
ence of European MMD patients characteristics was the age distribution. In Berlin
population, patients were distributed with one peak at 11-18 years and one later
peak at 40-49 years [3]. In contrast, patients from Japan showed an earlier
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manifestation in both groups [21]. Furthermore, European patients tend to show a
higher predominance towards the female gender. These findings were also sup-
ported by several other European studies which are going to be discussed below.

While MMS occurs more infrequently than MMD, it comes with several impor-
tant differences [8]. For example, European MMS patients showed less unilateral
cases, higher female predominance, and less hemorrhagic clinical presentation in
pediatric patients [4]. Furthermore, European MMS patients tend to show a reverse
biphasic age distribution as compared to East-Asian and European MMD patients
towards younger age [4].

20.2 Surgical Treatment of Moyamoya Patients
in our Institute

To prevent ischemia to the brain and intracranial hemorrhage in MMD patients,
surgical treatment options include direct or indirect revascularization or both com-
bined procedures [22]. While indirect vascularization relies on delayed neovascu-
larization through pedicled vascularized flaps which were placed onto the brain
surface, direct revascularization, i.e. bypass surgery, provides immediate blood flow
augmentation [22]. Treatment strategies vary not only throughout the countries, but
also throughout the different departments since there is still lack of prospective
randomized trials for ischemic MMV patients. However, recent meta analyses con-
firmed the superiority of direct revascularization also in these patients [23, 24].
Thus, our treatment algorithm always aims for a direct revascularization with or
without an indirect technique. In the following section, the treatment algorithm of
our Neurosurgical Department of the Charité is going to be further explained as an
example.

If MMV is suspected, a standardized diagnostic workup needs to be performed.
Since MMV is mostly diagnosed in patients with stroke or ischemic events, often
being recurrent, MRI scans of the brain with TOF-vessel imaging are usually the
first diagnostic modalities that come to light. In our department, we then perform an
angiography to assess not only the brain vessel configuration but also the superficial
temporal artery on both sides which will serve as bypass graft. Furthermore, SPECT
or PET-scans need to be performed to determine the cerebrovascular reserve capac-
ity (CVRCQ). In cases of asymptomatic MMV patients, reduced CVRC indicates a
higher likelihood of developing ischemic events in the future, most of all due to the
progressive natural course of this disease [25].

In cases of bilateral MMV, we prefer a two-staged strategy where the symptom-
atic brain hemisphere should be treated first. In adult patients, we prefer a direct
(superficial temporal artery (STA) to the M3-segment of the middle cerebral artery
(MCA)) or a combined revascularization procedure. As the additional indirect
revascularization, we use an encephalodurosynangiosis (EDS) and/or an encephalo-
myosynangiosis (EMS) [26]. Since the craniotomy is performed temporally at the
end of the Sylvian fissure, the skin incision depends on the targeted branch of the
STA [26].
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Czabanka et al. showed that for adult patients, combined revascularization pro-
cedures are superior compared to indirect procedures only [27]. Furthermore, the
authors stated that in pediatric patients, bypass surgery has a higher failure rate
while indirect revascularization procedures seem to have higher success rates [27].
We therefore prefer in these cases the combination of STA-MCA bypass with indi-
rect revascularization procedures, primarily encephalomyosynangiosis (EMS).
Some authors suggest to perform encephaloduroarteriosynangiosis (EDAS) or
encephaloduroarteriomyosynangiosis (EDAMS) for children [28, 29]. This indirect
revascularization procedure involves the placement of the STA onto the pial surface.
The goal in these cases is the additional augmentation through the STA. However,
this also implicates the sacrifice of this vessel for further bypass operations. In our
opinion, even if the direct revascularization fails, indirect procedures such as EMS
should provide sufficient delayed flow augmentation in the later course. Therefore,
for juvenile patients combined revascularization should always be attempted [30].

One important aspect in perioperative management is the use of antiplatelet ther-
apy before and after bypass surgery. One study supports the evidence that aspirin
improves the outcome in patients with MMD after surgery while perioperative
strokes and bypass patency was not afflicted [31]. In our daily practice, we favor the
use of aspirin and qualify it with specific platelet function lab tests to evaluate the
metabolic response of the patient.

Postoperatively, we perform first a CT-angiography to evaluate bypass patency
and rule out periprocedural complications. After 3 months and second bypass sur-
gery of the contralateral hemisphere (if needed), a conventional angiography should
be done to determine bypass patency and anastomosis pattern. Afterwards, sched-
uled follow-ups should be performed with conventional angiographies and MRI on
aregular base.

20.3 Long-Term Outcome of Moyamoya Patients in Europe

Since MMV is a rare cerebrovascular disease in Europe, patients are usually referred
to few neurosurgical departments which have specialized in treating these patients.
Table 20.1 shows the so far published long-term results of European Moyamoya
patients. Due to small numbers of reports, we also included two short-term outcome
studies with mean follow-up times from 3 to 6 months and focused on MMV also
including MMS instead of MMD only.

Overall, 12 studies reporting surgical results for MMV patients in Europe while
our study only included MMS patients (Table 20.2) [4, 27, 32-41]. In total, n = 451
patients were included in this analysis to summarize the long-term outcome of
MMV patients in Europe based on so far published series. The mean follow-up time
ranged between 3 months and 17.3 years. Most of the patients were children with an
age between 0 and 18 years (ratio 1.47:1) and with a female predominance. Patients
mostly presented with ischemic symptoms (mean 77.9%, +/— 14.8%), while the
presence of hemorrhage was between 1-48% (mean 10.9%, +/— 15.7%).
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Eight studies reported the results from either direct or combined revasculariza-
tion procedures while three authors performed indirect revascularization procedures
only. In detail, these indirect revascularization surgeries consisted of mainly EDAS,
followed by EMS and multiple burr hole surgery (MBH). For the direct revascular-
ization, the most common type of bypass used was STA-MCA as described above.
Overall, most of the patients (84.0%) were treated surgically (32.8% direct, 20.1%
combined, 47.1% indirect procedures), while only 16.0% were treated
conservatively.

The outcome assessments were also different among the studies while the modi-
fied ranking score was the most common score. “Good outcome” was considered if
the report stated improved or stable neurological outcome or the modified ranking
score (mRS) ranged between 0 and 2. The overall reported rate of good patient out-
come was 87.9% (CI 95-78.8%; 97.0%). Importantly, the rate for good outcome
reached only 68.6% (CI 95-43.5%; 93.7%) in three studies with only indirect revas-
cularization procedures as surgical treatment.

Two studies compared surgical intervention with conservative care for MMV
patients. Antiplatelet therapy was the conservative treatment of choice. While one
study showed no differences in patients treated either surgically or conservatively
[39], Tho-Calvi et al. demonstrated slightly improved outcomes in the interven-
tional group (63.5% mRS 0-2 versus 60.6% mRS 0-2) [38]. Bypass patency was
confirmed at follow-up in 96.5% of cases in mean (ranging between 90 and 100%
of the cases) demonstrating the duration of this surgical treatment.

Reccurrent ischemic events occurred in 11.9% of the ischemic MMV patients on
average with a wide range of 0 to 75.6%. Besides the study with the highest reported
recurrent event rate, these incidences were referred to the latest follow-up, since
many initially reported recurrent ischemic events tended to resolve during the first
weeks to months after surgery without any intervention [27, 34, 41]. Interestingly,
if the study with 75% was excluded, then the highest reported recurrent ischemic
event rate was 20% [39]. If we look closer to this study with 75.6% recurrent isch-
emic events that only included pediatric patients and performed only indirect revas-
cularization as surgical treatment, this high rate may furthermore be explained by
the involvement of other symptoms as “recurrent events” unlike ischemic events
only. Although perioperative events were also included in the recurrent event rate in
this cohort, these were still lower with 60% for the operated children (n = 33) in
comparison to the whole cohort including also conservatively treated children
(n = 88). In addition, despite the high rate of recurrent events, the severity and fre-
quency of ischemic events could be reduced in 67.2% of the surgically treated
patients. Furthermore, if we only concentrate on the studies with surgically treated
patients, then the recurrent ischemic events were between 0 and 18% [4, 27, 32-37,
40, 41]. This observation again reflects the need for surgical revascularization in
MMV patients also in Europe.

In cases of hemorrhagic MMV, rebleeding is the major issue. The JAM trial
showed a mean risk between 30 and 37% without any intervention, which could be
reduced to 11.9% at 5 years after bypass surgery [39]. Overall, hemorrhage is a rare
onset symptom in Europe as indicated above with only 10.9% in mean summarized
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in this analysis. However, rebleeding is still relevant. In the European studies
referred in Table 20.1, rebleeding rates varied from O to 37.5% (mean 7.8%, +/—
15.0%). In the study with the highest rebleeding rates of 37.5%, 3 patients suffered
from recurrent hemorrhage where one patient was treated conservatively, and the
remaining 2 patients were treated by either direct and combined revascularization
surgery [39].

These studies does not enable a differentiated analysis of long-term outcome
between MMD and MMS patients in Europe, but our study specifically about the
MMS patients confirmed the comparable success of the revascularization surgery
with stable and improved neurological symptoms in 88% of cases [4].

20.4 Conclusion

Overall, patients treated for MMV in Europe reached an estimated good outcome in
94.9% of the patients with a bypass patency of 96.5% in mean. While direct and
combined revascularization procedures yielded slightly better outcomes than indi-
rect revascularization procedures, one study also showed the superiority of treating
these patients surgically as compared to conservative approaches. Overall, the com-
parison of recurrent ischemic events also highlighted the benefit of revasculariza-
tion surgery in long term for European MMV patients. However, the present data
regarding the long-term outcome in Europe is sparse with mainly small patient
series. Thus, further clinical studies with long-term outcomes of European patients
are warranted. In this regard, we currently analyze the 10-years results of all surgi-
cally treated Moyamoya patients at our Berlin neurosurgical department.
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Abstract

Moyamoya disease (MMD) was first described in the Japanese population, and
remains significantly more common in Asia. The etiology of the disease remains
unknown, but it is a chronic cerebrovascular disorder that manifests as progres-
sive stenosis and occlusion of the large intracranial arteries, and formation of
abnormal collateral vascular supply as a compensatory mechanism. The disease
has since been recognized as a clinical entity in non-Asian populations, but its
true incidence in these populations remains unclear. MMD in the USA is of
growing interest in recent years, and multiple authors have contributed series of
long-term outcomes after treatment for MMD, which are now available.
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EDAS  Encephaloduroarteriosynangiosis

ICA internal carotid artery

ICH intracerebral hemorrhage

IPH intraparenchymal hemorrhage
IVH intraventricular hemorrhage
MAP mean arterial pressure

MMD  moyamoya disease

MRI magnetic resonance imaging
mRS modified Rankin Score

OR odds ratio

PET positron emission tomography

SAH subarachnoid hemorrhage

SPECT single photon emission computed tomography
STA superficial temporal artery

TIA transient ischemic attack

21.1 Introduction

Moyamoya disease (MMD) is an idiopathic steno-occlusive disease of the large
intracranial arteries. The disease was first described in Japan [1], and has a signifi-
cantly higher prevalence in East Asian populations. The disease is named after the
angiographic “puff of smoke” appearance of the dilated intracranial collateral ves-
sels that arise in the setting of the disease, purportedly as a result of severe chronic
ischemia secondary to the stenosis. The etiology of MMD remains unknown; how-
ever, a primary pathological feature of the affected arteries from MMD patients is
fibro-cellular thickening of the intima related to proliferation of vascular smooth
muscle cells and/or endothelial cells, as well as accumulation of matrix components
[2-5]. The incidence and prevalence of the disease in non-Asian populations are
lower than in Asia, but there has been an increase in the number of diagnosed cases
over time. This chapter reviews the epidemiology, presentation, natural history,
treatment, and outcomes of MMD in the USA, and compares these factors to those
found in the Asian population.

21.2 Epidemiology of Moyamoya Disease in the USA

The incidence of MMD in non-Asian populations has been the subject of much
interest, with limited data available. Greater awareness of the disease has meant that
the diagnosis of MMD has been made with increasing frequency in the USA in
recent years. A 2005 study in the western US states of California and Washington
found the incidence to be 0.086/100,000 persons/year [6], while a subgroup analy-
sis found the incidence in Asian-Americans to be 0.28/100,000 persons/year. A
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more recent study in 2012 reported a US incidence of 0.57/100,000 persons/year
[7]. The adjusted incidence ratios compared to Caucasians in this study were 4.6-
times higher incidence for Asian-Americans, 2.2 for African Americans, and 0.5 for
Hispanics [6]. The incidence of MMD in Asian-Americans in this study was lower
than that found in Japanese epidemiological studies, which report the incidence of
MMD to range between 0.54 and 0.94/100,000 persons/year, with a prevalence of
6-10.5/100,000 [8, 9].

A study in Hawaii found the incidence of MMD in Japanese-Hawaiians to be
comparable to that in Japan, and the overall incidence of MMD to be significantly
higher compared to the rest of the USA, which was an expected finding, with Asians
and Pacific Islanders making up 56% of the Hawaiian population, compared to 3%
of the population in the USA overall [10].

Local population trends within the USA may make it difficult to extrapolate the
data to the entire country, as most of the current studies reflect local population and
referral patterns. California and Hawaii have some of the highest percentages of
Asian ethnicity within the USA. Our published series of 329 MMD Stanford patients
consisted of 59% Caucasian, 32% Asian, 5% African-American, and 4% Hispanic
patients [11], and our current total series of 1230 moyamoya patients comprise 51%
Caucasians, 32% Asians, 5% African-Americans, and 8% Hispanics, which was
similar to the epidemiological data from California and Washington [6]. By com-
parison, a recent single-center cohort in Maryland consisted of 43% Caucasian,
23% African American, 23% Asian, and 12% patients of other ethnicities [12].
Other US studies have also contained predominantly Caucasian and African
American patients [13, 14]. National trends in extracranial-to-intracranial bypass
surgeries confirm that the Western United States consistently accounted for the
highest proportion of bypasses, with MMD accounting for the highest proportion of
these, at 60% [15].

MMD affects females more commonly than males; however, the ratio of female/
male patients is higher in the USA than what has been reported in the Asian litera-
ture. Our current series of 1230 patients had a female/maleratio of 2.5:1(F882:M348).
Other American series have found comparable ratios [13, 14, 16], while some
American series have had female/male ratios between 3.6 and 6:1 [12, 16]. The
female/male ratio in the Asian literature is between 1.6 and 1.8:1 [8, 9].

MMD has a bimodal distribution, with patients presenting in childhood with
peak incidence at 5-10 years, and in adulthood with peak incidence in their 40s [8].
In our current series, we observed two peaks of age at presentation, at 10 for the
pediatric cohort, and 39 years for adults. A nation-wide survey of pediatric admis-
sions for revascularization in MMD found the mean age of presentation in patients
who underwent revascularization to be 9.6 years [17].

Approximately 6-15% of MMD cases are familial in the Asian population [8,
18]. The familial disease indicates an autosomal dominant mode of inheritance,
with incomplete penetrance [19]. In a US study of 537 pediatric patients, Gaillard
and colleagues found 3.4% of the patients to have familial MMD, while a sub-
analysis of Asian-American patients in this cohort revealed a 5.5% rate of familial
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MMD [20]. In our patients, we identified a positive family history of MMD in
13.9% of pediatric and 20.8% of adult patients, which is higher than what has been
identified in the Asian literature. True rates of familial MMD in the American popu-
lation remain unknown [2].

21.3 Presentation

Presenting symptoms in MMD have been grouped broadly into ischemic and hem-
orrhagic types. In our series, we have observed a larger percentage of patients pre-
senting with ischemic symptoms (ischemic stroke or TIA) than with hemorrhagic
symptoms, which is different from the Asian literature. In our series, 13%(127/963)
of adult patients presented with intracerebral hemorrhage, while 68%(654/963) pre-
sented with ischemic stroke, and 49%(471/963) with TIAs. This is similar to the
presentation characteristics in other American series showing 70% [14] and 74%
[13] of patients presenting with ischemic symptoms, and 15% [14] and 17% [13]
presenting with hemorrhagic symptoms. Multiple large Asian series of MMD have
shown higher rates of adult patients with hemorrhagic presentations, particularly in
the Korean population. A study comparing Korean and Japanese MMD patients
found the incidence of hemorrhage in Korean patients to be 42.2%, compared with
19.1% in Japanese patients, while the incidence of ischemic stroke was lower in
both Korean (27.3%) and Japanese (14.9%) patients [21].

In a subgroup analysis, we compared our adult Asian (69) and Caucasian (137)
patients and found no statistically significant difference in the incidence of ischemic
stroke (67 versus 65%) and TIA (61 versus 67%). The rate of hemorrhagic presenta-
tion was higher in Asian-American as compared to Caucasian (24 versus 16%), but
did not reach statistical significance (p = 0.08). There was a statistically non-signif-
icant higher incidence of stroke and lower incidence of hemorrhage in African-
American patients [22].

Another study comparing 31 Asian-American and 109 Non-Asian patients
(including adult and pediatric patients) found 47% incidence of hemorrhage in
Asian patients, compared to 16% in Non-Asians (p = 0.02), while 53% of Asians
and 84% of non-Asians presented with ischemic stroke [12].

Pediatric patients with MMD present less commonly with hemorrhage. In our
cohort, 7%(18/267) of pediatric patients presented with hemorrhage, compared to
13% of adults. Other US studies, including our previously published series, have
found even lower rates of hemorrhagic presentation, of 2.1% [11] and 2.8% [23].

Headaches have been described as an independent presenting symptom of MMD
in both adult [24] and pediatric populations [25]. Several theories have been posited
to explain headaches in these patients, including hypoperfusion [26, 27], and dural
nociceptor stimulation via dilatation of meningeal collaterals [25]. A significant
number of our patients presented with a history of moderate-severe headaches, with
50% of adult and 44% of pediatric patients reporting headaches as a symptoms on
presentation [11]. This is similar to the rates of headache as a presenting symptom
reported in the Asian literature [25, 28].
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21.4 Natural History in the USA

Few studies exist on the natural history of MMD in the USA. However, it is widely
accepted to be a progressive disease with significant risk of recurrent stroke. From
aclinical perspective, Asian and American data agree that when left untreated MMD
is a devastating disease even in initially asymptomatic patients.

The 5-year cumulative risk for any recurrent ipsilateral stroke among medically
treated hemispheres with impaired hemodynamic reserve, as defined by increased
oxygen extraction fraction on PET, is approximately 65% and, in patients with bilat-
eral disease, the stroke risk increases to 82% over 5 years [14]. Another American
study showed a cumulative 5-year stroke risk of 40%, with 18% stroke risk in the
first year following presentation [13]. In the Japanese population, the stroke risk has
been studied to be similar to that in the American population. Furthermore, a study
of asymptomatic MMD patients in Japan found a stroke risk of 3.2%/year in conser-
vatively treated hemispheres [28].

Unilateral MMD is present in up to 18% of patients. Japanese studies have
reported rates of angiographic progression to bilateral disease of up to 36.4% [29].
In our experience with 217 patients presenting with unilateral MMD, angiographic
progression to bilateral disease was seen in 8.3% of patients, with an average time-
to-progression of 5.8 years [30]. Asian patients included in this series (31% of
patients) had a higher rate of progression (HR 2.26), but this was not statistically
significant [30].

21.5 TreatmentTrends

There is significant debate concerning the best method for revascularization in
MMD with regard to safety and efficacy of the technique. Many indirect methods
have been tried and compared to the direct revascularization technique. No ran-
domized trial exists to compare direct and indirect revascularization techniques,
and reviews of the literature have not shown improved efficacy or lower surgical
morbidity of one technique over another [31]. In general, the treatment strategy is
to provide direct revascularization in adults, and indirect revascularization in pedi-
atric patients. However, several large American series have utilized mainly indirect
bypass in all adult and pediatric patients [32—-34]. Some authors prefer indirect
revascularization as it theoretically reduces the risk of hyperperfusion in the peri-
operative period, which has been blamed for increased risk of perioperative
stroke [35].

We recently published the results of our single-center study that utilized an indi-
vidualized patient strategy to assign patients to direct versus indirect bypass proce-
dures. Patients with at least 1 of these 4 criteria underwent indirect bypass: (1) mild
to moderate ICA or M1 segment stenosis, (2) preserved cerebrovascular reserve, (3)
intra-operative M4 segment anterograde flow (indicating flow away from the syl-
vian fissure) >8 ml/min, and (4) the absence of frequent and severe TIAs, clinical
strokes, or MRI evidence of chronic watershed infarction. By contrast, the criteria
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for direct bypass were severe ICA or M1 segment stenosis or occlusion, impaired
cerebrovascular reserve or steal phenomenon, intra-operative M4 segment retro-
grade flow or anterograde flow <8 ml/min, and the presence of frequent and severe
TIAs or clinical strokes. Using these criteria, 133 direct and 62 indirect bypasses
were performed. We observed major post-operative strokes in 4.7% of direct and
6.8% of indirect bypasses, but this result was not statistically significant. The degree
of collateralization on follow-up angiography at 6 months was greater in the direct
bypass group [36].

Our current treatment philosophy is to attempt direct revascularization in all
patients. The main advantage of this approach is that it provides immediate augmen-
tation of blood flow after surgery, provides higher and more consistent extent of
angiographic collateralization, and is superior to indirect revascularization at restor-
ing post-bypass cerebrovascular reserve capacity [37]. If possible, direct revascular-
ization is our preferred strategy in cases of repeat revascularization as well, and we
consider repeat revascularization in patients who have ongoing or new neurological
symptoms [38].

American series have shown neurological complication rates of 3.5-13% per
surgical hemisphere [11, 32, 34, 39-41], which is comparable to results reported in
the Japanese literature utilizing mainly direct revascularization procedures [42, 43].
In our experience of over 1200 (predominantly direct) procedures, the 30-day major
stroke risk was found to be 6.5%; this varied according to age with patients <18 years
showing a 1.9%, 19-39 years a 4.8%, 40-59 years a 11.3%, and > 60 a 15.0% major
stroke rate.

A study of the US National Inpatient Sample examining all ECIC bypass proce-
dures (4753) performed for MMD between 2002 and 2014 found perioperative rates
of 3.8% ischemic or hemorrhagic stroke, 4.3% all neurological morbidity, and 0.3%
mortality. The overall complication rate in this sample was 13.2% after cerebral
bypass for MMD. This study did not stratify patients based on direct versus indirect
bypass for MMD [15].

Mitigation of these risk factors can be achieved through several factors. High-
volume surgical centers [17], specialized surgical teams, rigorous intra-operative
and post-operative blood pressure control, intra-operative neuromonitoring [44],
and possibly mild intra-operative hypothermia [45] are factors contributing to suc-
cessful outcomes after revascularization surgery.

Studies have attempted to identify risk factors for predicting perioperative mor-
bidity in cerebral revascularization for MMD. Sakamoto and colleagues found that
a high frequency of preoperative TIA (>1-4/months; OR 4.8, p = 0.01) and indirect
revascularization (OR 5.8, p = 0.01) were predictors of perioperative stroke risk, in
a study of 368 revascularization procedures [42]. Frequent TIAs are a sign of cere-
bral hemodynamic instability and put the patient at higher risk of perioperative
stroke in the setting of intra-operative hypercapnia or hypotension [46]. In our insti-
tutional experience, older age, angiographic severity of the disease, presence and
acuity of previous infarcts on MRI, and status of the hemodynamic reserve were
found to be associated with higher risk of perioperative stroke [47].
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Additional syndromes associated with MMD have also been found to confer
higher risk of perioperative morbidity. A study of patients with Down’s syndrome-
associated MMD reported a stroke risk of 12.5% perioperatively [48].

21.6 Outcomes

Cerebral revascularization for MMD has the goal of prevention of future ischemic
or hemorrhagic events. American studies have generally shown reduced risk of
stroke and TIA in surgically treated hemispheres. Several American studies of the
long-term outcomes following cerebral revascularization are now available and are
summarized in Table 21.1.

Our long-term MMD outcome data estimates the stroke risk to be 0.59%/patient
year after bypass, over a mean follow-up duration of 7.3 years. The estimated mean
stroke-free survival was 23.8 years. Favorable neurological outcomes were observed
with regard to the mRS score after revascularization. While 25.6% of our patients
had mRS 0-1 and 53.7% of patients mRS 2 preoperatively, at last follow-up (mean
7.3 years) 75% of patients had mRS 0-1, i.e. normal or with mild symptoms, but
able to carry out all activities without limitations.

Most American studies report similarly successful long-term outcomes with
revascularization in MMD.

In MMD patients presenting with intracranial hemorrhage, our results have
been similarly successful. In a study of 104 MMD patients with 172 hemi-
spheres revascularized (91.3% direct bypasses) and a mean follow-up of
5.1 years, 72.1% of patients had mRS 0-1 at last follow-up, compared to 66.3%
of patients preoperatively. Eight patients had recurrent hemorrhages (7.7%), and
there were 4 cases of mortality [51]. Our observed rates of recurrent hemorrhage
are lower than the up-to 18% re-hemorrhage rates previously reported in the
Japanese literature [52].

1.4% of patients in our institutional long-term series required repeat revascu-
larization, predominantly for continuing ischemic symptoms. Repeat revascular-
ization rates were 4% for indirect bypasses compared to 1% for direct bypasses,
when stratified by initial revascularization procedure (p = 0.03). The mean time
to repeat revascularization surgery was similar between indirect and direct bypass
groups (48.8 and 47.4 months, respectively), and at a mean follow-up of 4.8 years,
81% of these patients had no further neurological events [38].

Neurocognitive outcomes following revascularization for MMD are scarcely
reported in the literature. We studied neurocognitive performance using a struc-
tured battery of 13 tests in 84 MMD adult patients, at presentation and 6 months
post-revascularization. In this cohort, 14% of patients showed statistically sig-
nificant decline in cognition, while 11% improved, and 75% had unchanged cog-
nitive status. These results did not vary in unilateral versus bilateral
revascularization. This data shows stability of neurocognition post-bypass, but
long-term studies are needed [53].
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21.7 Conclusions

MMD is rare in the American population; however, the diagnosis has been made
more frequently in recent years, with increasing awareness of the disease. The
Asian-American population has similar characteristics to those reported in the
Asian literature in terms of disease presentation. Fewer US patients present with
hemorrhagic MMD, but Asian-American populations show comparable rates to the
Asian population. Cerebral revascularization remains the mainstay of treatment in
the USA, and long-term outcomes of revascularization are quite favorable com-
pared to the devastating natural clinical course of MMD.
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Moyamoya disease (MMD) is not rarely detected in China. Currently, more than
50 neurosurgical institutions and 200 neurosurgeons are engaging in treating this
complicated vascular disorder. In this chapter, we retrospectively reviewed the
demographic data, clinical features, surgical strategies, and long-term outcomes
of patients based on the literatures published by Chinese neurosurgical centers.
In China, large national epidemiologic studies are still required. The largest
series showed that the median age for the onset of symptoms was 30.36 years
with the highest peak detection rate at 35-45 years of age and a smaller peak at
5-9 years of age. The disease occurred mainly in the Han people and was rarely
seen in minority ethnicity. Treating modalities include direct bypass, indirect
bypass, and combined bypass. Multimodal neuroimaging guided bypass surgery
is also developing in some qualified centers. Based on Chinese reports, revascu-
larization can help prevent further ischemic and hemorrhagic attacks. It can also
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22.1 Introduction

Moyamoya disease (MMD) is an uncommon chronic cerebrovascular disease char-
acterized by an unusual vascular network at the base of the brain caused by progres-
sive stenosis or occlusion of the supraclinoid internal carotid artery (ICA) and its
main branches around the circle of Willis [1]. To the author’s knowledge, MMD
appears to be relatively rare in Western countries. In Asia, however, it is a common
cause of stroke in patients younger than 50 years. With the development of non-
invasive imaging modalities, more and more cases of MMD have been detected in
China [2]. Accordingly, more than 50 neurosurgical institutions and 200 neurosur-
geons are engaging in treating this complicated vascular disorder. In the past
20 years, Chinese neurosurgeons have gained rich experience on the clinical char-
acteristics, natural history, and long-term outcome. Based on our experience, we
published Expert Consensus on Moyamoya in China in 2015 to guide the diagnosis
and treatment. In the recent years, great progress has been made on both basic stud-
ies and clinical practices for MMD. In this chapter, we retrospectively reviewed the
demographic data, clinical features, surgical strategies, and long-term outcomes of
patients based on the literatures published by Chinese neurosurgical centers.

22.2 Epidemiology
22.2.1 General Epidemiology

The epidemiological characteristics of MMD show obvious regional differences.
The incidence of MMD is high in East Asia and low in other regions [3]. In China,
large national epidemiologic studies are still required. A single-center study sum-
marized the epidemiological characteristics of MMD in Nanjing, China [2]. In this
study, an increasing incidence rate of MMD was observed during the period of
2000-2007, with an average detection rate of 0.43 cases per 100,000 persons/year
(prevalence 3.92/100,000 persons). The incidence of ischemia associated with the
disease was 0.16 cases/100,000 people-years and the incidence of hemorrhage was
0.22 cases/100,000 people-years. A population-based study in Taiwan province
showed that during the 12-year period, 422 patients were identified in Taiwan, rep-
resenting an annual incidence of 0.15/100,000 person-years [4].

Recently, a single-center report of a cohort including 4128 patients in China with
MMD [5] showed that the median age for the onset of symptoms was 30.36 years.
The age distribution of patients with MMD was bimodal, with the highest peak
detection rate at 35—45 years of age and a smaller peak at 5-9 years of age. The ratio
of female-to-male patients was 1:1. The disease occurred mainly in the Han people
and was rarely seen in minority ethnicity. In our cohort, transient ischemic attack
was the most common initial clinical manifestation (48.13%). The other initial man-
ifestations included infarction (22.62%), hemorrhage (16.45%), and headache
230/4128 (5.57%). In north and northeast China, the ischemic type was more pre-
dominated while the hemorrhagic type was relatively rare. However, the percentage
of hemorrhagic type in East China was higher than anywhere else in China.
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22.2.2 Genetic Epidemiology

A high incidence of MMD has been reported in some ethnic groups and pedigrees,
suggesting that genetic factors may be involved. In recent years, there have been
more and more studies on genetic epidemiology of MMD. RNF213 gene located on
chromosome 17q25.3 is a susceptibility gene for MMD in East Asian population,
and c.14429G > A (p.R4810K or rs112735431) is particularly relevant to the occur-
rence and development of MMD [6-9].

Domestic genetic research on MMD is also being carried out. In one study
by Li et al., polymorphisms of the MATRIX metalloproteinase 3 gene at 1171
loci were found to be closely associated with MMD. Another study carried out
by Wu Z et al [10] concluded that RNF213 mutations are associated with MMD
susceptibility in Han Chinese. The ischemic type MMD is particularly related
to the R4810K mutation. A4399T is also a susceptible variant for MMD, pri-
marily associated with hemorrhage. A recent study from Wang Y et al. involv-
ing 1385 Chinese patients with MMD and 2903 normal control showed an
trend that the carrying rate of p.R4810K gradually decreased when moving
from coastal cities in northeast, north, and east China to southern cities or
inland areas; higher frequencies of p.R4810K were observed in patients with
MMD compared with control participants (odds ratio, 48.1; 95% confidence
interval, 29.1-79.6; = 1.6 x 10) [11].

A recent Meta-Analysis demonstrated that the fixed-effect odds ratios (95% CI)
in allelic model of MMP-2 rs243865 were 0.60 (0.41-0.88) (P = 0.008) [12]. In the
country-based subgroup analysis, the fixed-effect odds ratios (95% CI) of RNF213
rs112735431 in allelic model were China, 39.74 (26.63-59.31), Japan, 74.65
(42.79-130.24), and Korea, 50.04 (28.83-86.88; all P < 0.00001). In the sensitivity
analysis, the fixed-effect odds ratios (95% CI) of allelic and dominant models were
the rs148731719 variant, 2.17 (1.36-3.48; =0.001), 2.20 (1.35-3.61; =0.002), the
rs8179090 variant, 0.33 (0.25-0.43; <0.00001), 0.88 (0.65-1.21; =0.440), and the
rs3025058 variant, 0.61 (0.47-0.79; =0.0002), 0.55 (0.41-0.75; =0.0001),
respectively.

In general, although China has a high incidence of MMD, the epidemiological
researches on MMD in China are still regional based. There is still a lack of national
epidemiological studies of MMD in China.

22.3 Treating Modality
22.3.1 Revascularization

Surgical treatment is the most effective method to restore the blood supply and
increase cerebral perfusion in order to prevent secondary stroke for ischemic MMD
and stabilize hemodynamics to prevent bleeding [13, 14]. In surgical practice,
revascularization including direct, indirect, and combined bypass surgery is often
applied. Bypass surgery is more effective than conservative treatment to prevent
future strokes [15].
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22.3.2 Varied Kinds of Revascularization

Direct revascularization via an anastomosis of the superficial temporal artery to
middle cerebral artery (STA-MCA bypass) has been the most common procedure
that mainly addresses the MCA territory and supports the anterior cerebral artery
(ACA) territory via leptomeningeal anastomoses. Particularly, Tong et al. from
Tianjin Huanhu Hospital reported the application of occipital artery to vertebral
artery bypass for the treatment of posterior circulation ischemia [5]. Furthermore,
large caliber grafts might provide a fallback strategy in some cases. A saphenous
vein graft for high-flow bypass or radial artery graft for intermediate-flow bypass
has also been reported. However, potential risk of hyperperfusion needs to be con-
cerned in such techniques. According to the previous study, the anastomosis patency
rate of direct bypass was more than 88% in long-term angiographic follow-up.
Multiple literatures have confirmed that direct revascularization is more effective in
preventing recurrent ischemic strokes for adult ischemic-type MMD [16, 17]. While
direct bypass is challenging in children where bypass patency rates have been
reported to be lower. Meanwhile, the presence of hemorrhage and dilated anterior
choroidal artery for some MMD may result in poor postoperative collateral forma-
tion [15].

Indirect revascularization relies on neovascularization of the cortical surface via
angiogenic mechanisms from pedicle-based grafts like pial and temporal muscle,
which is generally easier to perform but hemodynamic effects may take months to
develop and less predictable. After indirect bypass surgery, arterial neoangiogenesis
development can be observed within 6 months. And interestingly, the growth of
veins might continue after 6 months [17]. Previous study confirmed that indirect
bypass surgery could provide encouraging long-term improvement in clinical out-
come and prevention of recurrent stroke in children with MMD. Duan et al. from
307th Hospital of PLA have also proved that encephalo-duro-arterio-synangiosis
(EDAS) was beneficial for patients with hemorrhagic MMD during long-term fol-
low-up [5]. Multiple burr hole technique was also underlined in pediatric MMD,
resulting in good collateral revascularization, which can improve cerebral perfusion
with low perioperative risk. In addition, many literatures analyzed patients with
MMD treated with omental transposition or transplantation with 98% improvement
in cerebral revascularization. Due to the variety of indirect techniques, it still
remains unknown which of these techniques is superior [15, 16]. Although indirect
bypass is easier to perform, the hemodynamic alteration may take months to develop
and is less predictable in terms of clinical outcome. Notably, the cerebrovascular
plasticity in patients with MMD seems to be age dependent, from which indirect
revascularization may show a lower stroke protective effect in adult MMD patients.

Combined revascularization includes the direct bypass and the indirect bypass,
which aims at immediate and further hemodynamic improvement [16]. Multiple
literatures have confirmed that combined revascularization would be the best choice
to prevent not only ischemic events but hemorrhagic stroke by improving anterior
choroidal artery-posterior communicating artery dilation and extension [18].
Besides, combined revascularization may improve cognitive function for MMD
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patients with the evidence of postsurgical brain functional imaging. Different neu-
rosurgical centers may choose various kinds of incisions according to the distribu-
tion of STA and cortical branches of MCA. For example, procedures in Beijing
Xuanwu hospital and Wuhan Zhongnan hospital are generally performed with
straight cut. Meanwhile, pterional approach is preferred in Huashan hospital and
Henan Provincial hospital. Similarly, different combination of direct and indirect
bypass is applied in different hospital like STA-MCA bypass and EDMS, STA-
MCA bypass and EDMAPS, STA-MCA bypass and EDAS, etc. However, postop-
erative hyperperfusion syndrome (HPS) such as aphasia, epileptic seizures and even
new cerebral hemorrhage or ischemia are experienced frequently in the acute phase
after such combined revascularization [5]. Thus, the selection of recipient vessels is
still controversial and hemodynamic changes after revascularization have not been
revealed. Some studies revealed that direct anastomoses to parasylvian cortical
arteries with antegrade from the MCA had a high risk of postoperative HPS.

22.3.3 Modified Revascularization

Although surgical revascularization is the most successful treatment to improve
cerebral perfusion and decrease the incidence of recurrent stroke events, postopera-
tive complications such as hyperperfusion syndrome, cerebral infarction, and epi-
lepsy are still common due to hemodynamic abnormalities [19]. Previous studies
confirmed that the redistribution of cerebral perfusion and hemodynamic remodel-
ing effect (i.e., water shift phenomenon) are highly suspected factors to explain such
situation. Furthermore, the choice of recipient vessel is always based on the experi-
ence from operators with lacking objective evidence [20]. As the development and
application of advanced neuroimaging evaluation, modified method of operation
can be achieved based on multimodal neuro-information to help choose appropriate
recipient artery for the purpose of reducing the risk of postoperative complications
[21]. According to the pathogenesis of MMD, factors including angioarchitecture,
global and regional perfusion status, and electrical activity of neurons need to be
involved for precise bypass. It is generally accepted that digital subtraction angiog-
raphy (DSA) could reflect the distribution and structural characteristics of cerebral
arteries with high spatial resolution. Both arterial spin labeling (ASL) and positron
emission tomography (PET) could evaluate the cerebral perfusion and metabolism
level. Electroencephalogram (EEG) and electrocorticogram (ECoG) can imply the
functional connections and regional neuronal activities of brain. All these factors
could be taken into consideration to clarify hypoperfusion cortical area and localize
optional recipient arteries in such modified bypass surgery [22]. Varies kinds of
neuro-information can be integrated in neuro-navigating system and projected into
the surgical area under microscope via augmented reality (AR) technique intraop-
eratively. After fully exposion of surgical area, regional hemodynamic status based
on indocyanine green angiography (ICG-FLOWS800) and neuron electronic activi-
ties from ECoG could be achieved and compared among optional arteries. All the
information can be evaluated for surgical decision making to choose the appropriate
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Fig. 22.1 The flowchart of precise revascularization for MMD in Huashan Hospital, Fudan
University

artery. After anastomosis, regional blood flow and neuron electronic level can be
compared with before to confirm the effectiveness of bypass and monitor abnormal
wave of cerebral cortex, which may be helpful to distinct patients with high risk of
HPS and adapt postoperative medication. Such kind of multimodal neuroimaging
guided bypass surgery was first reported in Huashan hospital and the clinical out-
come was improved (Fig. 22.1).

22.4 Ischemic Moyamoya Disease in China and Its
Long-Term Outcomes

22.4.1 Cognitive Status of MMD in China

Cognitive impairment of MMD can be traced back to 1990, when Sato et al. reported
13 pediatric MMD with cognitive impairment in Japan [23]. In China, the first pub-
lished MMD with cognitive impairment was reported in a Master’s thesis in 2008.
Interestingly, the 8 patients with cognitive impairment were also children less than
5 years old.

Cognitive impairment of Chinese adult MMD has been assessed by neuropsy-
chological testing. He et al. reported that as compared with healthy subjects, asymp-
tomatic patients with MMD exhibited varying degrees of deficits in the intelligence,
spatial imagination, working memory, and computational ability [19]. Furthermore,
patients with history of stroke had more severe impairment in word short-term
memory and complex arithmetic. Referring to pediatric MMD, Li et al. recruited 21
patients, and found that 15 (71.4%) patients showed various degrees of cognitive
impairment [15]. Considering as a kind of vascular cognitive impairment (VCI),
cognitive impairment of MMD is also studied in accordance with the AHA/ASA
statement of VCI, in which the four cognitive domains of attention/executive
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function, memory, language, and visual-spatial function should be studied [24]. Lei
et al. revealed that the attention/executive function was severely impaired by using
the neuropsychological testing of both the Trail Making Test Part B and the execu-
tive subtests of Memory and Executive Screening [17]. In addition, Fang et al.
adopted 5 typical executive function tests, and the ischemic MMD exhibited worse
working memory and poorer sustained attention than the hemorrhagic MMD [25].

In a single-center review of Huashan hospital, 45% (28-58% in different prov-
inces) of the 466 adult patients with MMD who received neuropsychological testing
were with VCI. Besides, the mild VCI accounted for more than half of the whole
cohort. In addition, based on this single-center data, the numbers of patients with
deficits of memory was similar with that of patients with attention/executive func-
tion impairment. This conclusion is different from the features of VCI summarized
by the AHA/ASA [24], which is characterized as primary attention/executive func-
tion deficits. We hypothesize that the features of VCI in MMD are due to its unique
and complicated hemodynamic disturbances, in which, frontal, parietal, and tempo-
ral hypoperfusion have no fixed patterns.

The electroencephalogram (EEG) is also a sensitive measurement to evaluate
cognitive status of healthy and diseased brain [26]. The EEG characteristics of adult
MMD have been investigated by authors of this chapter. We found that although
ischemic and hemorrhagic MMD share some similarities in EEG metrics, they are
totally different in electrophysiological processes. This information is very helpful
not only in understanding the MMD, but also in developing a sensitive tool to inves-
tigate the VCI of ischemic cerebrovascular diseases.

22.4.2 Long-Term Outcomes of Ischemic MMD in China

22.4.2.1 Overall Outcomes

There are still rare data of long-term outcomes in Chinese patients with ischemic
MMD. In one cohort reported by Duan et al., the follow-up period was 26.3 months,
and the stroke risk was 10.1% at 2 years and 12.7% at 5 years after surgery [22]. In
another cohort, Bao et al. reported the long-term outcomes of ischemic MMD after
the indirect bypass surgery, and results showed that after 141.4 months, the perma-
nent morbidity rate were 1.2%/operation and 2.0%/person [5]. The annual rates of
stroke were 0.73%/person/year. And the actuarial stroke of 1/5/10 years was 2.1%,
6.8%, and 8.9%, respectively. Besides, Yu et al. involved 346 patients with ischemic
MMD and followed up for 4 years. They reported that the annual subsequent stroke
rate beyond 30 days after surgery was 1.2% [27].

Referring to pediatric ischemic MMD, Zhao et al. reported a cohort of 223 pedi-
atric patients with MMD, among which, 34 patients received direct bypass and 104
patients received indirect bypass [17]. After a mean follow-up period of 71.9 months
for the direct bypass group and 60.2 months for the indirect bypass group, the direct
bypass group showed a longer stroke-free time. Besides, good neurological out-
come was noted in 32 (94.1%) of the direct bypass group, and 34 (100%) of the
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indirect bypass group. Furthermore, both groups exhibited a significant decreased
MRS score at last follow-up than at admission.

22.4.2.2 Neurocognitive and Neuroimaging Outcomes

In a fMRI study of Huashan hospital, Lei et al. followed the cognitive function and
fMRI changes 6 months after direct bypass surgery [17]. Results showed that only
the left PCu, bilateral PCC, and right DLPFC presented with significant postopera-
tive ALFF changes (Fig. 22.2). Furthermore, the follow-up changes (/\) of the
hemodynamics, ALFF, and executive function (MES-EX scores) were calculated
and compared based on brain lobes. Results showed that only the right frontal lobe
exhibited significant positive correlations between postoperative radiological
changes and cognitive improvement. Thus, the right DLPFC was noted to be the
only node which met all the above standards. Therefore, we concluded that the
nodal changes of the right DLPFC might be the primary marker for predicting post-
operative cognitive improvement, while the nodal changes of the left PCu and bilat-
eral PCC may act as autoregulation to topological changes.

Lu et al. involved 683 surgically treated patients with ischemic MMD and inves-
tigated their possibility of hemorrhagic transformation (HT) during the follow-up
[19]. Results showed that the HT only accounted for 4.3% of all patients, and the
normal cerebral perfusion (CT perfusion) was recognized as a factor associated
with HT through multivariate analysis. They concluded that recognition of HT
might contribute to an improved outcome in adult ischemic MMD.

Interestingly, Ge et al. included 188 bypass procedures and followed for an
averaged 18 months. They noted that postoperative collateral formation was

Fig. 22.2 The paired-sample t-test shows the regions with significant ALFF changes after cere-
bral revascularization. The left precuneus (1), bilateral posterior cingulate cortex (2), and right
dorso-lateral prefrontal cortex (3) were generated
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associated with the patency of the anastomosis [15]. Besides, the older age and
presence of hemorrhage were both associated with poor postoperative collateral
formation.

In conclusion, the long-term outcomes of ischemic stroke in MMD are still
unclear, especially in China. More studies and clinics are needed to get involved in
the study of ischemic MMD and its long-term outcomes.

22,5 Long-Term Outcomes in Hemorrhagic MMD
22.5.1 Natural History of Hemorrhagic MMD in China

Recently, Kang et al. reported the natural history of hemorrhagic MMD, and the risk
factors for rebleeding [28]. A total of 128 conservatively treated patients with hem-
orrhagic MMD and complete follow-up data were included. After a median follow-
up time of 10.1 years, 47 (36.7%) patients experienced 59 rebleeding episodes,
rendering an average annual incidence of 4.5%. Among them, 9 patients (19.1%)
died and 12 patients had severe disability. The cumulative rebleeding rate was 7.8%
at 5 years, 22.6% at 10 years, and 35.9% at 15 years. Multivariate analysis showed
that smoking was an independent risk factor for rebleeding. The results revealed
that rebleeding was common and the main cause of deaths or severe disability in
patients with hemorrhagic MMD. Furthermore, the risk of rebleeding increased and
neurological function deteriorated during long-term follow-up. Much earlier, Liu
et al. reported the long-term results of 43 conservatively managed patients [29].
After a median follow-up of 7.1 years, 17 of 43 (37.1%) patients experienced
rebleeding. In summary, the natural history of hemorrhagic MMD was similar with
that in other countries, showing a high rebleeding rate and a poor outcome during
long-term follow-up.

22.5.2 Long-Term Outcome of Surgically Treated Hemorrhagic
MMD in China

22.5.2.1 Direct Revascularization

Direct revascularization often referred to superficial temporal artery to middle
cerebral artery (STA-MCA) bypass. The anterior or posterior branch of STA was
dissected and sutured to the cortical branch of MCA by end-to-side anastomosis.
In China, the long-term outcomes of direct revascularization for hemorrhagic
MMD almostly demonstrated the safety and efficacy of preventing rebleeding.
Recently, Kang et al. recruited 312 patients (319 hemispheres) with hemorrhagic
MMD, including 186 hemispheres (58.3%) with direct revascularization and 133
hemispheres (41.7%) with indirect revascularization [30]. The result showed that
direct revascularization was superior to indirect revascularization for prevention
of rebleeding. The regression of original collaterals and establishment of revas-
cularization collaterals after revascularization were more significant in
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hemispheres with direct revascularization than those with indirect revasculariza-
tion. Earlier, Liu et al. described the long-term outcomes of patients with hemor-
rhagic MMD treated with direct revascularization [29]. 44 patients were included
in this study; only 3 patients (6.8%) experienced rebleeding during a median
follow-up time of 39 months. The results revealed that direct revascularization
could improve cerebral perfusion and had a positive impact in preventing rebleed-
ing in patients with hemorrhagic MMD.

22.5.2.2 Indirect Revascularization

Encephalodurosynangiosis (EDAS) was a common indirect revascularization
modality for hemorrhagic MMD in China. However, the long-term outcomes of
EDAS for hemorrhagic MMD were uncertain. Recently, Zhang et al. reported the
long-term outcomes of 44 patients with hemorrhagic MMD receiving EDAS,
revealing that EDAS could reduce the risk of rebleeding [22]. Ge et al. also used
EDAS for hemorrhagic MMD and investigated the postoperative collateral forma-
tion after indirect bypass for hemorrhagic MMD [19]. The results revealed that
anterior hemorrhage was significantly related to good postoperative collateral for-
mation after indirect bypass. Wang et al. recently reviewed 95 patients with hemor-
rhagic MMD who were treated with EDAS [5]. After a median follow-up duration
of 8.5 years, 16 of 95 patients (16.8%) suffered from rebleeding. The annual
rebleeding rate was 2.2% per person per year. The results revealed that EDAS
proved beneficial for patients with hemorrhagic MMD. However, there were also
negative results. Recently, Kang et al. retrospectively collected patients with hemor-
rhagic MMD, including 133 hemispheres with indirect revascularization [30]. The
result of indirect revascularization was inferior to direct revascularization.
Furthermore, the risk of postoperative rebleeding was higher in those with indirect
revascularization.

22,5.2.3 Combined Revascularization

In general, the long-term outcomes of combined revascularization for hemorrhagic
MMD in China showed the efficacy in terms of preventing rebleeding. Recently,
Zhao et al. compared the 5-year prognosis of combined STA-MCA bypass and
EDAS and EDAS alone in hemorrhagic MMD [22]. 123 patients were included in
this study, with 79 patients receiving combined STA-MCA bypass and EDAS, 44
patients receiving EDAS alone. The results revealed that both combined revascular-
ization and EDAS alone could reduce the risk of rebleeding in hemorrhagic
MMD. However, combined revascularization was found to be superior to EDAS
alone in terms of preventing rebleeding. Jiang et al. prospectively recruited 113
patients with hemorrhagic MMD, who received combined STA-MCA bypass and
EDMS [31]. The medium follow-up results demonstrated that annual rebleeding
rate was 1.87%/person/year, combined revascularization provided a benefit over
conservative therapy for hemorrhagic MMD. The 5-year long-term follow-up
results also revealed that combined revascularization surgery might help prevent
ipsilateral rebleeding [18].



22 Long-Term Outcome in China 277

22,6 Long-Term Outcomes in Pediatric MMD

MMD is the most important cause of stroke or transient ischemic attack (TIA) in
pediatric patients, especially in East Asian countries. However, the epidemiological
features of pediatric MMD in china are still unknown. Prof. Duan retrospectively
analyzed 802 patients with MMD in china and found the percentage of patients
younger than 10 years was lower than patients older than age 18 years(26.9% vs
61.6%) [22]. An epidemiological study in Taiwan showed the incidence of pediatric
MMD was 0.2 /100,000, which was higher than in adult population (0.14/100,000)
[4]. Therefore, the epidemiological data on children with MMD in China was still
lacked and a national epidemiological study of pediatric MMD in China was urgent
needed. It is well known that there are two age peaks of incidence in MMD (at about
10 years and 30-40 years old) [3]. An epidemiological study on the area of Nanjing
demonstrated that the age peak of MMD incidence rate in patients age less than
18 in child was at 5-9 years of age [2], which was almost the same as in Taiwan,
Japan, and South Korea. In addition, the sex ratio of pediatric MMD patients was
1:1 in China, which was varied from Japan and South Korea.

Most pediatric patients with MMD present with ischemic symptoms, such as
TIA and cerebral infarction, while adults present with both hemorrhagic and isch-
emic manifestations at almost equal proportion. About 61.4% pediatric MMD
patients present with TIA initially [32] and recurrent TIAs can result in subsequent
stroke. The incidence of pediatric hemorrhagic MMD was reported to be 4.2—-10.5%
in China [32, 33], which was low compared with adults (14%) [22]. Previous stud-
ies also demonstrated that the symptoms of headaches and seizures are more com-
mon in pediatric patients with MMD than in adults. A Chinese cohort study included
288 pediatric patients with MMD showed the incidence of initial symptom of head-
ache and seizure was 12.8% and 2%, respectively [32]. In addition, cognitive dys-
function is a specific symptom of pediatric patients with MMD and many children
presented with mental decline due to the lack of cerebral perfusion. Therefore,
MMD has tremendous effects on the intelligence of children.

22.6.1 Treatments

At present, there is no definitive medical therapy to delay or even reverse the pro-
gression of MMD. The current medical therapy for MMD patients just only targets
its clinical symptoms, such as ischemia and hemorrhage. In addition, conservative
treatment can be used as an auxiliary approach to surgical treatment in children
patients with MMD. Previous study demonstrated that calcium channel blocker
nicardipine could exhibit a positive effect in improving the hemodynamics of chil-
dren with MMD.

Surgical treatment is the most effective therapy for children with MMD and the
main surgical treatment in MMD is revascularization, including direct revascular-
ization, indirect revascularization, and combined revascularization. The direct
bypass is performed to anastomose the STA and MCA directly. However, the
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surgical success rate in children with MMD is not ideal because the branch vessels
of cortical artery and superficial temporal artery are too slender and fragile in chil-
dren. In addition, various complications are often observed in many pediatric MMD
patients after direct bypass. Indirect surgery is considered to be safer and easier to
perform than direct surgery, especially for pediatric patients. Indirect surgery could
also have a good effect for children patients with MMD and the efficacy of indirect
bypass in children with MMD is better than that in adults. Therefore, the majority
of pediatric MMD patients are performed indirect bypass in China. Now, the indi-
rect bypass includes encephalomyosynangiosis (EMS), encephalo-duro-
arteriosynangiosis (EDAS), encephalo-duro-myosynangiosis (EDMS),
encephalo-duro-arterio-myosynangiosis (EDAMS), multiple burr hole surgery
(MBHS), and transplantation of the greater omentum. As we all known, MMD is a
progressive cerebrovascular disease; therefore, it is recommended that pediatric
MMD patients should achieve surgical revascularization as soon as possible. Early
intervention before irreversible brain damage can obtain favorable clinical outcome
in children.

22.6.2 Long-Term Clinical Outcome

Compared to adult patients, children with MMD can have a good prognosis if early
diagnosis and early active surgical treatment are achieved. Surgical revasculariza-
tion can prevent recurrent ischemic and hemorrhagic stroke in pediatric patients
with MMD. Furthermore, previous study also reported that the symptom of head-
ache and seizure may disappear after revascularization by improving cerebral vas-
cular perfusion. Currently, the majority of studies about clinical outcome in pediatric
MMD patients are almost single-center retrospective researches, there are still lack-
ing Randomized Controlled Trial to demonstrate the long-term clinical outcome in
pediatric patients with MMD in China.

There are many prognostic factors for pediatric MMD outcome after cerebral
revascularization, such as preoperative multiple cerebral infarctions, younger age of
symptom onset, high Suzuki stages, decreased vascular reserve, the surgical proce-
dure itself, and perioperative ischemic events [34-36]. As we all known, successful
direct bypass could improve blood flow immediately after surgery. Therefore, direct
or combined bypass is recognized as the optimal choice for MMD patients. However,
direct bypass for pediatric patients with MMD is technically challenging. So, chil-
dren with MMD are commonly performed with indirect bypass. Direct and com-
bined surgeries are only performed in some adolescent patients with MMD, whose
donor and recipient vessels are approximately adult-sized. There are a number of
studies on the effects of indirect bypass in pediatric patients with MMD. Bao et al.
reported a long-term clinical outcome in 288 Chinese pediatric patients with MMD
achieved EDAS operation and estimated stroke risk in the first 2 years and 5 years
were 5% and 9%, respectively [32]. In a cohort consisting of 100 patients, the 5-and
10-year cumulative risks of any stroke were 2.6% and 3.5% after indirect revascu-
larization, the risk of stroke was 0.33%/person-year, and about 92% of pediatric
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patients achieved independent life with no significant disability at the last follow-up
[37]. Another retrospective study of 67 pediatric patients with MMD in China dem-
onstrated the stroke rate for pediatric patients who underwent EDAS procedure was
7.1% per patients-years and 97% of pediatric patients achieve favorable outcomes
at last follow-up [38]. Therefore, indirect bypass is a safe and effective treatment for
pediatric MMD and can reduce the risk of stroke events and improve the quality of
life. However, the long-term outcome of direct bypass in pediatric patients with
MMD is lacking. Zhao et al. [33] reported a long-term outcome consisting of 95
adolescent patients with MMD. A total of 42 patients (44.2%) underwent direct/
combined bypass surgery, who had significantly lower risk of future stroke events
compared to those who underwent indirect bypass. In addition, revascularization
could also decrease the rate of recurrent hemorrhage in children with hemorrhagic
MMD [39, 40]. Therefore, the surgical choice for each pediatric patient should be
specific and direct/combined bypass may be a preferred choice for some adolescent
patients.

22.7 Conclusion

Although MMD is not rare in China, the management has not reached a consensus.
A number of prospective studies have reported the encouraging outcome; however,
the complication rate could not be ignored in patients with significant risk factors.
Further investigations are needed to figure out the patients who might get benefits
from the surgical procedures. Nationwide randomized controlled trials might help
to clarify the efficacy of different treating style for the prevention of the recurrent
stroke. Further epidemiological and follow-up studies may help us get more detailed
understanding of the natural course of MMD in China. We hope to refine the guide-
lines for medical and surgical treatments for MMD based on our data in the
near future.
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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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Abstract

Recent animal experimental and human autopsy studies have revealed that the
mechanism of indirect bypass surgery is the induction of “arteriogenesis,” the
main trigger of which is the inter-tissue gradient of perfusion pressure. Knowing
this helps us to understand why indirect bypass surgery is effective for the chronic
ischemic condition of moyamoya disease, how better to apply this technique, and
what this technique’s limitations are.

In this chapter, we review various aspects of the use of indirect bypass surgery
for moyamoya disease. As part of our discussion, the characteristic hemody-
namic condition of moyamoya disease is summarized. Special emphasis is
placed on the importance of using clinical imaging for precise measurement of
regional cerebral perfusion pressures, so that indirect bypass surgery can be most
effectively used for the treatment of moyamoya disease.
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24.1 Introduction

Use of indirect bypass surgery was originally conceived as an alternative to direct
bypass surgery when performing the latter was technically difficult. The present
author’s department originated the encephalo-duro-arterio-synangiosis (EDAS)
procedure [1], one of the major techniques of indirect bypass surgery, and has been
actively using it for the treatment of moyamoya disease (MMD) for approximately
40 years. During this period, around 450 patients have received around 550 opera-
tions and have been closely followed to obtain long-term outcome data [2].

A review of the surgical results suggests that indirect bypass surgery might not
only be a second-line alternative to direct bypass surgery, but might in fact be a first-
line method to ameliorate chronic cerebral ischemia using the biological compensa-
tory mechanism that is inherent to human beings.

In this chapter, the history, physiological mechanism, method of practical clini-
cal use, and advantages and limitations of indirect bypass surgery for MMD will be
reviewed.

24.2 History and Mechanism of Indirect Bypass Surgery

Attempts to surgically treat chronic cerebral ischemia without direct vessel-to-
vessel suturing were first undertaken in Europe. The first case report of encephalo-
myo-synangiosis (EMS) was published by German physicians in 1950 [3]. In the
1970s, animal experiments to examine the effectiveness of omentum transplantation
were conducted in both Europe and the USA [4, 5]. While this technique did not
take root as a general tool for ameliorating chronic cerebral ischemia, it did gain
sway as a procedure for treating MMD. Thereafter, most of the subsequent develop-
ments in the indirect bypass technique were reported from Japan [1, 6-8], where
active surgical treatment for this disease started earlier than in other countries. The
question arises: Why was indirect bypass effective for MMD but not for atheroscle-
rotic internal carotid occlusion? The answer lies in both the biological mechanism
of indirect bypass surgery and the characteristic hemodynamic condition of MMD.

There are two ways new blood vessels are formed: “angiogenesis’” and “arterio-
genesis” [9]. “Angiogenesis” produces a capillary bed induced by ischemia or a
wound-healing process. “Arteriogenesis” is the formation of new arteries in this
capillary bed, as triggered by large differences in inter-tissue perfusion pressure. A
recent experimental study using a pig model of chronic cerebral ischemia [10] and
a human autopsy study [11] revealed that newly appeared vessels connecting the
external and internal carotid systems after indirect bypass were “arteries” with
thick, three-layer vessel walls (Fig. 24.1): in other words, the indirect bypass sur-
gery was shown to induce newly formed vessels by arteriogenesis. More specifi-
cally, the formation of vessels by indirect bypass surgery can be considered to have
two steps: (1) the formation of a capillary bed in the operative field, and (2) the
formation of arteries within this capillary bed, which occurs only when there is a
large difference in perfusion pressure between the external carotid system and inter-
nal carotid system.
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Fig. 24.1 Autopsy analysis of an arterial network that was induced by indirect bypass surgery.
This histology was obtained from the dura mater of a 39-year-old woman with MMD who under-
went bilateral indirect bypass surgery 22 years earlier. The ends of many protruding cords can be
seen (arrows) on the internal side of the dura mater (a). Numerous arteries run through the internal
side of the dura mater (b). Some of these arteries sprout to the brain (¢). The 3-layer structure of
the vascular walls is maintained in the new arteries generated (d). The media is thin, sparse, and
composed mainly of smooth muscle actins. It clearly differs in structure from the media of preex-
isting vessels. Elastic van Gieson stain (b and ¢) and smooth muscle actin stain (d). The figure was
used with permission from an article by Mukawa et al. [11]

24.3 The Hemodynamic Characteristics
of Moyamoya Disease

One might ask, why is indirect bypass surgery effective for MMD but not for ath-
erosclerotic internal carotid occlusion? The answer relates to the characteristics of
moyamoya disease. Nariai et al. examined hemodynamic condition of MMD with
positron emission tomography (PET) and reported that the hemodynamics of this
disease is not uniform but varies according to disease subtype [12]. When patients
presented with transient ischemic attack (TIA), the cerebral blood volume (CBV)
reached twice that of the normal condition with only mild reduction of cerebral
blood flow (CBF) (Fig. 24.2). Depending on the theoretical consideration of com-
pensatory mechanism described by Powers [13], the cerebral perfusion pressure
(CPP) correlates with CBF/CBV. In MMD, many patients with TIA may have 50%
reduction of CPP without severe reduction of CBF. By contrast, atherosclerotic
internal carotid occlusion generally does not cause large increases in CBV [14], so
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Fig. 24.2 Correlation among PET-measured hemodynamic factors (a) CBF vs VBV, (b) CBF vs
OEF, (¢) OEF vs CBV) of patients with moyamoya diseases is plotted. The average value of the
frontal cortex is plotted according to the clinical presentation. Note that patients presenting with
transient ischemic attack (TIA and I/TIA) had twice the average CBV values of normal controls.
Note also that, even when OEF is highly elevated (I/TIA type), reduction of CBF is not in the criti-
cal range (more than 30 ml/min/100 ml). CBF cerebral blood flow, CBV cerebral blood volume,
OEF oxygen extraction fraction, Normal normal volunteer, NS non-symptomatic patients, 7/A
patients presenting TIA without MR finding of cortical infarction, I/TIA patients presenting TTA
with MR finding of cortical infarction, PD Patients presenting infarction with remaining severe
permanent deficit, H patients with hemorrhagic onset. The figure was used with permission from
an article by Nariai et al. [12]

that reduction of CPP is not as great when patients present with ischemic symptoms.
This hypothesis might explain why indirect bypass surgery is effective for MMD
with ischemic symptoms but not for atherosclerotic occlusive disease.

As a previous article indicated [12], the decrease of CPP is not uniform even
among patients with moyamoya disease. As indicated in Fig. 24.2, the asymptom-
atic subtype and hemorrhagic subtype of this disease do not have as severe a
decrease in CPP as the symptomatic ischemic subtypes. Therefore, indirect direct
bypass surgery may not induce good arteriogenesis in such subtypes. Also, the
region of the decreased CPP varies even among individuals with ischemic subtypes.
Therefore, pre-operative neuroimaging to detect the degree and region of decreased
CPP is tremendously important for the determination of whether and how to use
indirect bypass surgery appropriately.

24.4 Pre-Operative Neuroimaging for Precise Application
of Indirect-Bypass Surgery

Our group has been examining how pre-operative neuroimaging can predict the
degree of post-operative arteriogenesis in the operative field [15, 16]. These works
have proven that quantitated or semi-quantitated parameters of a cortex that is sub-
ject to surgery can predict the degree of collateral development. These parameters
are as follows: cerebrovascular reactivity (CVR) by acetazolamide challenge mea-
sured by xenon CT (Fig. 24.3B) or 'I isopropyl iodoamphetamine (IMP)
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Fig. 24.3 (A-E) Various types of indirect bypass surgery for MMD performed at Tokyo Medical
and Dental University are displayed. Various pre-operative neuroimaging modalities detecting a
reduced area of CPP (indicated in each imaging by arrows). Surgical procedures were selected
based on the spatial extent of hypoperfusion. (F) Principle of the operative procedure. We do not
open dura mater widely; instead, many cuts are made, preserving all visible dural arteries
(Fig. 24.3F), and flaps are sutured to the outside of the dura mater. EDAS encephalo-duro-arterio-
synangiosis [1], EDPS encephalo-duro-periosto-synangiosis [17], ASL-MRI, arterial spin-labeling
magnetic resonance imaging, CBF cerebral blood flow, CBF (Rest) cerebral blood flow in resting
condition, CBF (AZ) cerebral blood flow after acetazolamide loading, DSC-MRI dynamic suscep-
tibility contrast magnetic resonance imaging, M7TT mean transit time, PET positron emission
tomography, OEF oxygen extraction fraction, CBV cerebral blood volume

single-photon emission tomography (SPECT), CBV and oxygen extraction fraction
(OEF) measured by PET (Fig. 24.3E), and mean transit time (MTT) measured by
dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI)
(Fig. 24.3D and E).

Since the establishment of such neuroimaging techniques, potential adult or
young-adult candidates for indirect bypass surgery have been screened to determine
its suitability. Visualization of spatial distribution of the area with decreased CPP is
also used to determine the operative procedure as will be described in the next
chapter.

In the case of small children, all patients have been operated with an indirect
bypass technique; therefore, pre-operative neuroimaging may not be necessary to
determine the surgical indication. It is, however, still useful to visualize the extent
of the hypo-perfused area and to determine the operative procedure. The recent
development of arterial spin-labeling (ASL) MRI (Fig. 24.3A) has extended the use
of brain perfusion imaging to children, due to its non-invasiveness [18].
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24.5 Surgical Procedure of Indirect Bypass Surgery

Various indirect bypass techniques have been reported. Reported tissue implanted
as an indirect flap include the temporal muscle [6], omentum [7], disconnected
scalp artery [19], galea [20], galea including flow-preserved scalp artery [1], and
pericranium [17]; another group simply incised the dura mater without using a flap
[8]. All methods were reported as effective. The factors required for effective indi-
rect bypass surgery may be summarized as follows: (1) performing the procedure in
an area with decreased CPP, (2) making adhesion and granulation between the dura
mater or implanted tissue and the brain surface, which will become the capillary bed
where arteriogenesis will occur, (3) taking care not to compress the brain by flap or
bleeding.

After gaining some experience with these procedures and witnessing their
results, our team is now using EDAS [1], encephalo-duro-periosto-synangiosis
(EDPS) [17] or a combination of these depending on the location of the area with
decreased CPP. Examples of actual operations are summarized in Fig. 24.3. Many
young patients with transient ischemic attack (TTA) have a CPP deficit restricted to
the sensorimotor cortex; EDAS using a parietal branch of superficial temporal artery
(STA) works well to ameliorate these symptoms (Fig. 24.3A). When the perfusion
deficit exists in bilateral hemispheres, both sides can undergo surgery in a single
anesthesia. When the CPP deficit extends more anteriorly to include the whole fron-
tal lobe, frontal EDPS is often combined with EDAS (Fig. 24.3B). When the CPP
deficit is located mainly among the area of posterior circulation, EDPS to the
parieto-occipital area is performed (Fig. 24.3C). Such surgery is often performed on
cases in whom occlusion of posterior cerebral artery (PCA) occurred several years
after the initial treatment to the area of anterior circulation. When the area with the
deficit extends further, these procedures are combined (Fig. 24.3D, E). Recently, we
have refrained from opening the dura mater widely; instead, many small cuts are
performed, preserving all visible dural arteries (Fig. 24.3F), and flaps are sutured to
the outside of the dura mater [17].

Nakamura et al. [10] proved that arteriogenesis after an indirect bypass proce-
dure starts after the formation of granulation tissue is completed during the wound
healing process. One month after the operation, the arterial network was histologi-
cally observed in the operative field. Our recent neuro-imaging study examining the
post-operative chronological changes of hemodynamics using DSC-MRI [21] indi-
cated that statistically significant shortening of the MTT (=increase in CPP) was
observed 15-30 days after surgery. In some individuals, shortening of MTT can be
observed earlier, as in the representative case shown in Fig. 24.4. In this case, the
MRI scan taken 12 days after surgery had a clearly shorter MTT than the pre-
operative scan. Because these recent experimental [10] and clinical [21] findings are
so correspondent, amelioration of hemodynamics by indirect bypass surgery likely
starts earlier than formerly thought.
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Anterior
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(sec)

Pre-OP day12 day19 day54 day180

Fig. 24.4 A representative case of post-operative chronological follow-up using DSC-MRI. This
is a 31-year-old woman who underwent bilateral indirect bypass surgery. Preoperative (Pre-OP)
and postoperative relative mean transit time (rMTT) maps and the bar graph of anterior mean
transit time (MTT) delay show that MTT had already begun to decrease 12 days after surgery and
had almost stabilized at about 2 months after surgery. Anterior MTT delay: delay of the MTT
compared with the control region (cerebellum) in the whole anterior circulation area. Lz. left, Rz.
right, sec seconds. This figure was used with permission from an article by Ishii et al. [21]

24.6 Advantages and Limitations of Indirect Bypass Surgery

The advantage of indirect-bypass surgery lies in its non-invasiveness. As all proce-
dures are epi-arachnoidal, and most of the procedures in our present surgical proto-
col are epi-dural, the indirect-bypass should be considered an operative procedure
with no invasiveness to the brain. Therefore, no harmful events have occurred dur-
ing operation. The only peri-operative complication is the possibility of a post-
operative ischemic event within 1 week of the operation. During this week, close
post-operative medical care and supervision are required to prevent the occurrence
of a permanent deficit by cerebral infarction; this includes the use of antiplatelet and
anticoagulation medication, sufficient fluid infusion, prevention of hypotension and
anemia, etc. Post-operative management of indirect bypass surgery, however, is not
overly complex because ischemia is the only potential complication. Post-operative
management of direct bypass surgery is more complicated because complications
deriving from either hypo-perfusion or hyper-perfusion are possible [22, 23].
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By performing such peri-operative management, the recent perioperative infarc-
tion rate has been as low as 3% [24], with no focal neurological deficits remaining.
Since peri-operative infarction, however, can cause cognitive decline after surgery
[25], further efforts to reduce the rate of peri-operative infarction must be continued.
Once the risk of peri-operative infarction is successfully averted, there is a greater
chance of recovery of pre-operative cognitive decline by indirect bypass surgery
[25]. This may be another advantage of indirect bypass surgery compared to direct
bypass, as both the hypoperfusive and hyperperfusive peri-operative complications
of the latter can cause cognitive decline [26].

The limitation of indirect bypass is that it is not effective for all types of MMD. As
indicated in Fig. 24.2, the decrease in CPP (CBF/CBV) of hemorrhagic or non-
symptomatic cases is not as large as that of symptomatic ischemic cases. Therefore,
sufficient arteriogenesis by indirect bypass surgery may not be expected in those
subtypes. Therefore, when we perform surgery to reduce the re-bleeding risk of
hemorrhagic-onset cases, direct bypass surgery should be selected [27]. And, if evi-
dence to support performing bypass surgery on asymptomatic cases is obtained by
the ongoing multicenter study in Japan [28], only the direct bypass surgical method
should be used.

24.7 Conclusions

Indirect bypass surgery is defined as a surgical technique to induce arteriogenesis in
areas with highly reduced CPP among ischemic-type MMD cases. If such a condi-
tion is detected by the pre-operative neuro-imaging study, this technique is effective
regardless of age. If ischemic conditions do not exist, this technique is not expected
to be effective. Therefore, for the appropriate use of indirect bypass surgery, appro-
priate use of pre-operative neuroimaging to detect CPP deficit is mandatory. Also,
peri-operative care is critical for reducing the rate of peri-operative infarction and
thereby improving the chances of recovery from pre-operative cognitive decline.

References

1. Matsushima Y, Fukai N, Tanaka K, Tsuruoka S, Inaba Y, Aoyagi M, Ohno K. A new surgical
treatment of moyamoya disease in children: a preliminary report. Surg Neurol. 1981;15:313-20.

2. Mukawa M, Nariai T, Matsushima Y, Tanaka Y, Inaji M, Maehara T, Aoyagi M, Ohno K. Long-
term follow-up of surgically treated juvenile patients with moyamoya disease. J Neurosurg
Pediatr. 2012;10:451-6.

3. Henschen C. [surgical revascularization of cerebral injury of circulatory origin by means of
stratification of pedunculated muscle flaps]. Langenbecks Archiv fur klinische Chirurgie ver-
einigt mit deutsche Zeitschrift fur. Chirurgie. 1950;264:392-401.

4. Goldsmith HS, Chen WF, Duckett SW. Brain vascularization by intact omentum. Arch Surg.
1973;106:695-8.

5. Yonekawa Y, Yasargil MG. Brain vascularization by transplanted omentum: a possible treat-
ment of cerebral ischemia. Neurosurgery. 1977;1:256-9.



24

Indirect Bypass Surgery for Moyamoya Disease 309

6

7

8

9

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Karasawa J, Kikuchi H, Furuse S, Sakaki T, Yoshida Y. A surgical treatment of “moyamoya”
disease “‘encephalo-myo synangiosis”. Neurol Med Chir. 1977;17:29-37.

. Karasawa J, Kikuchi H, Kawamura J, Sakai T. Intracranial transplantation of the omentum for
cerebrovascular moyamoya disease: a two-year follow-up study. Surg Neurol. 1980;14:444-9.

. Endo M, Kawano N, Miyaska Y, Yada K. Cranial burr hole for revascularization in moyamoya
disease. J Neurosurg. 1989;71:180-5.

. Heil M, Eitenmuller I, Schmitz-Rixen T, Schaper W. Arteriogenesis versus angiogenesis: simi-

larities and differences. J Cell Mol Med. 2006;10:45-55.

Nakamura M, Imai H, Konno K, Kubota C, Seki K, Puentes S, Faried A, Yokoo H, Hata

H, Yoshimoto Y, Saito N. Experimental investigation of encephalomyosynangiosis using gyr-

encephalic brain of the miniature pig: histopathological evaluation of dynamic reconstruc-

tion of vessels for functional anastomosis. Laboratory investigation. J Neurosurg Pediatr.

2009;3:488-95.

Mukawa M, Nariai T, Inaji M, Tamada N, Maehara T, Matsushima Y, Ohno K, Negi M,

Kobayashi D. First autopsy analysis of a neovascularized arterial network induced by indirect

bypass surgery for moyamoya disease: case report. J Neurosurg. 2016;124:1211-4.

Nariai T, Matsushima Y, Imae S, Tanaka Y, Ishii K, Senda M, Ohno K. Severe haemodynamic

stress in selected subtypes of patients with moyamoya disease: a positron emission tomogra-

phy study. J Neurol Neurosurg Psychiatry. 2005;76:663-6.

Powers WJ. Cerebral hemodynamics in ischemic cerebrovascular disease. Ann Neurol.

1991;29:231-40.

. Derdeyn CP, Videen TO, Yundt KD, Fritsch SM, Carpenter DA, Grubb RL, Powers

WI. Variability of cerebral blood volume and oxygen extraction: stages of cerebral haemody-

namic impairment revisited. Brain: A Journal of Neurology. 2002;125:595-607.

Ishii Y, Nariai T, Tanaka Y, Mukawa M, Inaji M, Maehara T, Ohno K. Practical clinical use of

dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI) for the surgical treat-

ment of Moyamoya disease. Neurosurgery. 2013;

Nariai T, Suzuki R, Matsushima Y, Ichimura K, Hirakawa K, Ishii K, Senda M. Surgically

induced angiogenesis to compensate for hemodynamic cerebral ischemia. Stroke.

1994;25:1014-21.

Aoyagi M, Tanaka Y, Tamura K, Maehara T, Nariai T, Ohno K. Vascularized flap with multiple

small dural opening for bypass surgery in moyamoya patients with occlusive lesioin in poste-

rior circulation (in Japanese). Video J Japan Neurosurg. 2007:15.

Hara S, Tanaka Y, Ueda Y, Hayashi S, Inaji M, Ishiwata K, Ishii K, Maehara T, Nariai

T. Noninvasive evaluation of CBF and perfusion delay of Moyamoya disease using arterial

spin-labeling MRI with multiple Postlabeling delays: comparison with (15)O-gas PET and

DSC-MRI. AJNR Am J Neuroradiol. 2017;38:696-702.

Adelson PD, Scott RM. Pial synangiosis for moyamoya syndrome in children. Pediatr

Neurosurg. 1995;23:26-33.

Kim CY, Wang KC, Kim SK, Chung YN, Kim HS, Cho BK. Encephaloduroarteriosynangiosis

with bifrontal encephalogaleo(periosteal)synangiosis in the pediatric moyamoya disease: the

surgical technique and its outcomes. Child’s Nervous System: ChNS: Official Journal of the

International Society for Pediatric Neurosurgery. 2003;19:316-24.

Ishii Y, Tanaka Y, Momose T, Yamashina M, Sato A, Wakabayashi S, Maehara T, Nariai

T. Chronologic evaluation of cerebral hemodynamics by dynamic susceptibility contrast

magnetic resonance imaging after indirect bypass surgery for Moyamoya disease. World

Neurosurg. 2017;108:427-35.

Hayashi T, Shirane R, Fujimura M, Tominaga T. Postoperative neurological deterioration

in pediatric moyamoya disease: watershed shift and hyperperfusion. J Neurosurg Pediatr.

2010;6:73-81.

Fujimura M, Kaneta T, Mugikura S, Shimizu H, Tominaga T. Temporary neurologic deterio-

ration due to cerebral hyperperfusion after superficial temporal artery-middle cerebral artery

anastomosis in patients with adult-onset moyamoya disease. Surg Neurol. 2007;67:273-82.



310 T. Nariai

24. Ishii Y, Nariai T, Tanaka Y, Mukawa M, Inaji M, Maehara T, Ohno K. Practical clinical use
of dynamic susceptibility contrast magnetic resonance imaging for the surgical treatment of
moyamoya disease. Neurosurgery. 2014;74:302-9.

25. Hara S, Kudo T, Hayashi S, Inaji M, Tanaka Y, Maehara T, Ishii K, Nariai T. Improvement in
cognitive decline after indirect bypass surgery in adult moyamoya disease: implication of (15)
O-gas positron emission tomography. Ann Nucl Med. 2020;34:467-75.

26. Yanagihara W, Chida K, Kobayashi M, Kubo Y, Yoshida K, Terasaki K, Ogasawara K. Impact
of cerebral blood flow changes due to arterial bypass surgery on cognitive function in adult
patients with symptomatic ischemic moyamoya disease. J Neurosurg. 2018;131:1716-24.

27. Miyamoto S, Yoshimoto T, Hashimoto N, Okada Y, Tsuji I, Tominaga T, Nakagawara J,
Takahashi JC, Investigators JAMT. Effects of extracranial-intracranial bypass for patients
with hemorrhagic moyamoya disease: results of the Japan adult Moyamoya trial. Stroke.
2014;45:1415-21.

28. Kuroda S, and Amore Study Group. Asymptomatic moyamoya disease: literature review and
ongoing AMORE study. Neurol Med Chir. 2015;55:194-8.



()

Check for
updates

Direct/Combined Bypass Surgery 2 5

Jun C. Takahashi

Abstract

Although numerous surgical techniques have been developed for moyamoya dis-
ease treatment, direct/combined bypass has recently been more popular than
pure-indirect bypass due to its advantage of rapid increase of cerebral blood flow
with less-frequent postoperative ischemic complications. This is especially true
in adult cases, in which pure-indirect bypass is sometimes ineffective. In the
Japan Adult Moyamoya Trial, a randomized controlled trial, which has proven
the effectiveness of bypass surgery in preventing rebleeding attacks, surgical
procedures are strictly confined to that including direct anastomosis. With all
these benefits, however, surgeons should be alert to the adverse events after
direct/combined bypass, such as postoperative hyperperfusion syndrome, and
wound-related complications, especially when double procedures, which use
both branches of the STA, are adopted.

Keywords
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25.1 Direct/Combined Bypass Versus Indirect Bypass

Revascularization surgery for moyamoya disease can be classified into three types:
direct anastomotic, indirect, and direct-indirect combined bypass. The advantage of
direct bypass is reliability and immediate augmentation of cerebral blood flow in
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hemodynamically impaired cerebral hemispheres, which enables less-frequent
postoperative ischemic complications [1-3]. However, the cortical arteries of
patients with moyamoya disease are usually thin and fragile [4, 5], thus requiring
substantially highly technical skills in accomplishing the vascular anastomosis, and
the postoperative hyperperfusion syndrome has a relatively high rate compared to
those of atherosclerotic arterial occlusion [6, 7].

Indirect bypass is grounded on a completely different concept. The collateral
formation is expected to be derived by the spontaneous neovascularization from the
pedicle vascularized tissue (i.e., temporal muscle) to the cortical surface. The big-
gest advantage of indirect bypass is its technical easiness, whereas the drawback is
its delayed action. Indirect collateral formation requires several months to be estab-
lished, which reportedly leads to a higher rate of ischemic complications in the early
postoperative periods [3]. Another problem of the indirect bypass, which may be the
most critical, is its insignificant effect in 30-40% of the adult patients [8]. Among
pediatric patients, the benefit of indirect bypass has been widely known [2, 9].
However, even among them, failure of the indirect bypass, which requires reopera-
tion with direct procedure, has still been reported [10].

Because a large randomized clinical trial has not been noted, the choice of surgi-
cal procedures largely depends on the preference and experience of each neurosur-
geon. However, for the abovementioned reasons, the direct bypass seems to have
become more frequent regardless of the patient age in recent years [11], whereas the
pure-indirect bypass, such as encephalo-duro-arterio-synangiosis (EDAS), has not
been preferred, especially in adult cases. Indirect bypass procedures with vascular-
ized tissues, such as encephalo-myo-synangiosis (EMS), can be easily performed in
addition to direct bypass. Consequently, various types of the direct-indirect com-
bined bypass have emerged, achieving the benefits of both direct and indirect poli-
cies. Furthermore, the recent expanded indication of bypass surgery to the
hemorrhagic moyamoya disease has made the direct anastomotic procedures more
popular. The Japan Adult Moyamoya (JAM) Trial (conducted from 2001 to 2014)
and its supplementary studies (2014-2020) have revealed that bypass surgery pre-
vents rebleeding attacks in moyamoya disease with hemorrhagic presentation [12,
13]. In these studies, surgical procedures are strictly confined to the pure-direct or
combined bypass.

25.2 Surgical Procedures of Direct/Combined Bypass

25.2.1 Superficial Temporal Artery (STA)-Middle Cerebral Artery
(MCA) Anastomosis

STA-MCA anastomosis is the first reported revascularization surgery for moyam-
oya disease, which was performed in 1972 by Yasargil on a 4-year-old child [14,
15]. Although it is preferred to be performed together with the various indirect pro-
cedures, pure STA-MCA bypass is still popular especially among adult patients,
whose temporal muscles are too thick to be used as donor tissues of the indirect
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procedures. The author, for example, uses direct bypass universally regardless of the
patient’s age and adds EMS in pediatric cases with thin temporal muscles. The
choice of single- or double-barrel bypass depends on each neurosurgeon, both in the
pure-direct and combined procedures.

Figure 25.1 shows the procedures for STA-MCA bypass. Following skin inci-
sion, subgaleal loose tissue is dissected, enabling reflection of skin flap. The tempo-
ral muscle is separated using a monopolar cutting device and reflected caudally.
When the indirect bypass, such as EMS, is planned to be added, preservation of the
deep temporal arteries, which run between the temporal muscle and pericranium, is
important because it would serve as donor arteries. Frontotemporal craniotomy
should be large enough for two reasons. First, cortical branches could be small in
caliber and fragile, which often compels the surgeon to search for the good recipient
artery all over the operative field. Second, when combined bypass is to be adopted,
the pedicle vascularized tissue, such as the temporal muscle flap, should be con-
tacted to as large area of the cortical surface as possible.

Fig. 25.1 STA-MCA anastomosis. (a) Single anastomosis, (b) Double-barrel anastomosis. D
dura, T temporal muscle
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A

Fig. 25.2 Role of the forceps in direct bypass. The fragile MCA wall must not be pinched with
forceps, the role of which is giving the counterforce by supporting the vessel walls (white arrows)

The STA is meticulously dissected under the operative microscope. The dura is
opened while preserving the middle meningeal artery (MMA), especially if it sup-
plies blood flow to the cortex via the transdural anastomosis. Typically, the anterior
branch of the MMA ascends to the midline and then anastomoses to the anterior
falcine artery, which finally supplies blood to the medial surface of the frontal lobe.
The indocyanine green videoangiography allows the surgeon to select the recipient
artery. Using the 11-0 suture, the end-to-side anastomosis is performed. Given that
the operative technique of the direct bypass has been illustrated in numerous text-
books, it is no longer discussed here in detail. It should be emphasized that the MCA
wall must not be pinched with forceps due to its extremely fragile and easy to tear
characteristics. The main role of the forceps is to give the counterforce by support-
ing the vessel walls gently (Fig. 25.2).

25.2.2 STA-MCA Anastomosis with EMS/EDMS

STA-MCA anastomosis with additional EMS is the most simple form of the com-
bined bypass [16, 17]. Pedicle flap of the temporal muscle is placed on the cortical
surface and sutured to the dural margin (Fig. 25.3). To expand the area of indirect
bypass, the dural flap can be reflected onto the brain surface outside the craniotomy.
When the procedure of dural reflection is especially emphasized, the term encephalo-
duro-myo-synangiosis (EDMS) is used [18, 19]. After suturing the temporal muscle
to the dura, fixing the bone flap is done. In pediatric patients, bioabsorbable plates
are preferred for cranial fixation.

25.2.3 STA-MCA Anastomosis with EDAMS

Houkin et al. proposed the method to expose as much of the brain surface as possi-
ble and to use the potential tissues as widely as possible as a source of indirect
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Fig. 25.3 STA-MCA anastomosis with EMS/EDMS. (a) EMS with dural reflection (2 types of
the dural incision are illustrated), (b) The external carotid angiogram at 3 postoperative months
showing sufficient revascularization from the STA parietal branch (white arrowhead) and the vas-
cularized tissues (EDMS). RD reflected dura, T temporal muscle

revascularization (encephalo-duro-arterio-myo-synangiosis, EDAMS) [20, 21].
This method was derived from their inspection, as it was concluded that revascular-
ization of the frontal lobe with severe hemodynamic failure cannot be fully achieved
by the simple surgical technique. Using the STA frontal branch, single STA-MCA
anastomosis is performed to the frontmost branch of the MCA to improve cerebral
circulation of the frontal lobe. The dissected STA parietal branch is placed on the
cortical surface while preserving the continuous flow to the distal side of the scalp,
such as EDAS. Then the temporal muscle is placed on the brain surface and then
sutured to the dural edge (EMS).

25.2.4 STA-MCA Anastomosis with EDMAPS

Kuroda et al. modified the EDAMS, proposing a more extensive combined bypass,
which was called STA-MCA anastomosis with encephalo-duro-myo-arterio-peri-
cranial synangiosis (EDMAPS) [22], with a larger craniotomy especially on the
frontal side and using vascularized frontal pericranial flap to cover almost the
whole frontal lobe. To date, this seems to be the most extensive combined bypass
procedure.



316 J. C. Takahashi

25.2.5 STA-ACA Anastomosis with EPS

Patients who underwent only indirect bypass, such as EDAS with a small craniot-
omy, or simple direct/combined bypass can suffer ischemic attacks of the anterior
cerebral artery (ACA) territory, such as transient motor weakness of the lower
extremities, thereafter. Even in the cases without ischemic attacks, cerebral blood
flow of the frontmost side can remain decreased postoperative. In pediatric patients,
long-standing hemodynamic ischemia of the frontal lobe can result in impaired
intellectual development [23]; therefore, persistent impaired hemodynamics of the
frontal lobe warrants additional surgery, which is particularly true among preschool
children. STA-ACA anastomosis with encephalo-pericranial synangiosis (EPS) can
be the option (Fig. 25.4) [24]. Cortical ACA branches in the pediatric patients are

Fig. 25.4 STA-ACA anastomosis with EPS. (a) Surgical procedures of the additional STA-ACA
anastomosis with EPS following the completion of the initial STA-MCA anastomosis with
EMS. The frontal lobe is covered with the pericranium and the reflected dural flap. (b and ¢) The
external carotid angiogram at 3 postoperative months (b: early phase, c: late arterial phase). D
dura, P pericranium, RD reflected dura. White arrowheads: STA frontal branch
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usually fragile and extremely small in caliber. Therefore, direct bypass for the ACA
territory requires sufficient surgical training in vessel anastomosis. Skin incision
should be designed to obtain as wide pericranial flap as possible.

Whether the extensive combined bypass covering the large area of the ACA as
well as MCA territory is to be adopted in the initial surgery is controversial. Another
option is considering the additional ACA bypass only for the selected patients fol-
lowing the completion of the initial simple combined bypass to the MCA territory.
Both strategies have advantages and disadvantages in terms of effectiveness and
invasiveness. The author performs STA-MCA bypass with EDMS routinely as the
first operation for pediatric patients. Thereafter, the need for additional bypass for
the ACA territory is considered individually according to the hemodynamic study
and angiography at 3 postoperative months. In the author’s retrospective analysis,
the incidence of the additional ACA bypass was approximately 20% of the pediatric
patients (data not published).

25.2.6 OA-PCA Anastomosis with EPS

The steno-occlusive change of the posterior cerebral artery (PCA) is observed in
25%—-60% of patients with moyamoya disease. Therefore, in some, if not many,
patients, the PCA lesion develops, causing ischemic attacks of the occipital lobe
(i.e., transient visual field defect) after completing the bypass for the anterior circu-
lation. In such cases, occipital artery (OA)-PCA anastomosis with EPS can be con-
sidered an additional surgery (Fig. 25.5) [25]. Cortical PCA branches are usually
smaller in caliber than MCA branches, thus requiring the high-level skills of vascu-
lar anastomosis.

25.3 Surgical Complications of Direct/Combined Bypass
25.3.1 Postoperative Stroke

As the patients with a history of ischemic attacks naturally have an impaired cere-
bral hemodynamic state, they are susceptible to ischemic stroke in the early postop-
erative periods. The systematic review by Kazumata et al. revealed a less-frequent
occurrence of postoperative stroke of the pediatric patients in direct/combined
bypass than in pure-indirect bypass (2.5% vs 6.0%, p < 0.001), although no differ-
ence was observed in the adults [3]. They attributed this difference in pediatrics to
the immediate increase in blood flow achieved by direct bypass. The immediate
hemodynamic improvement can compensate postoperative adverse effects, such as
hypocapnia induced by crying and circulation volume loss in pediatrics. When con-
fined to the direct/combined bypass group, adult patients were significantly more
susceptible to postoperative ischemic and hemorrhagic stroke than pediatric patients
(7.6% vs 2.7%, p < 0.001), whereas such a difference was not observed in the indi-
rect bypass group [3], which was partially attributed to less-developed collateral
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f/ Previous
| craniotomy |:

Fig. 25.5 OA-PCA anastomosis. (a) Surgical procedures of the additional OA-PCA anastomosis
with EPS. The occipital lobe is covered with the pericranium and the reflected dural flap. (b and ¢)
The external carotid angiogram at 3 postoperative months (B: early phase, C: late arterial phase).
D dura, P pericranium, RD reflected dura. White arrowheads: OA

vessels in adults that failed to compensate for acute progressive occlusion in the
main cerebral arteries after direct bypass [3]. Postoperative hyperperfusion, which
is reportedly more common in adult patients, was hypothesized to have a more det-
rimental effect in adults than in pediatrics [3, 26].

25.3.2 Postoperative Hyperperfusion

Direct/combined bypass has a rapid and significant influence to the blood flow pat-
terns, thus bringing about postoperative hyperperfusion in the operated hemispheres
[7, 26, 27]. The incidence of both radiological and symptomatic hyperperfusions is
reportedly much higher in adult patients than in pediatrics [26]. Uchino et al. dem-
onstrated that radiological hyperperfusion was identified in 66% and 20% of the
adults and pediatrics, respectively, by serial SPECT studies. Symptomatic
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hyperperfusion was found in 32% and 5% of the adults and pediatrics, respectively
[26]. Clinical features of symptomatic hyperperfusion include transient motor
weakness, aphasia, dysarthria, and seizure, most of which are transient and inade-
quate to be included in the category of surgical complications. The true complica-
tion, however, is intracerebral or subarachnoid hemorrhage, presumably caused by
hyperperfusion. Postoperative intracranial hemorrhage is not rare and is found in
2.8% of the adult cases treated with combined bypass [3]. In the recent meta-analy-
sis, the incidence of the hemorrhage accounted for 15% of the symptomatic hyper-
perfusion [28]. Although intracranial hemorrhage after bypass surgery seems to be
less devastating than that after carotid endarterectomy [29], it can result in perma-
nent deficits, such as hemiparesis, aphasia, and cognitive impairment. Adult patients
with a cerebral blood volume increase have been reported to be the risk factors of
both radiological and symptomatic hyperperfusions [26].

25.3.3 Operative Wound-Related Complications

Because of the well-developed vascular network in the scalp, wound-related com-
plications are considered rare after the ordinary craniotomy surgery. However,
bypass surgery, which requires harvesting the STAs, can compromise the blood
supply and cause delayed wound healing or scalp necrosis [30]. Takanari et al. have
reported that operative wound complications were found in 21.4% of the bypass
surgeries [31], two-thirds of which are superficial necrosis in the epidermal level or
poor adaptation, which could be treated with ointment or simple resuturing and thus
classified as minor complications. One-third of the complication cases, on the other
hand, had full-thickness skin necrosis, which consequently led to skin defects and
required tissue transfer (major complications). Double procedures, which use both
branches of the STA, and a history of diabetes have been found to be risk factors for
wound-related complications [31]. Once infection is involved, the problem can be
more serious. To reduce the wound-related complications, the skin incision, galeal
incision, and vessel harvest line should be designed to compromise the blood supply
as little as possible.

25.4 Special Considerations: Direct/Combined Bypass
for Hemorrhagic Moyamoya Disease

Intracranial hemorrhage in moyamoya disease is assumed to be caused by the long-
standing hemodynamic stress on the dilated collateral networks, which has been
developed to compensate for the decrease in blood flow to the cerebral cortex. For
years, these abnormal vessels have been ambiguously called “moyamoya vessels,”
but recent studies have clarified the precise anatomical features of these vessels and
thus established the concept of “periventricular anastomosis [32-34].” The dilated
lenticulostriate arteries, thalamic perforators, and anterior/posterior choroidal arter-
ies extend to the periventricular area, forming the anastomoses to the medial end of
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the medullary or insular arteries, which finally supply the cortex [32-34].
Anastomoses can be classified into three subtypes, lenticulostriate, thalamic, and
choroidal anastomoses, and the development of the periventricular anastomoses is
associated with the hemorrhagic presentation of moyamoya disease [33].

The JAM Trial has revealed that direct/combined bypass suppresses the rate of
rebleeding attacks from 7.6%/year to 2.7%/year in patients with hemorrhagic pre-
sentation [12]. In addition, choroidal anastomosis has been proven to be the signifi-
cant risk factor for the rebleeding attacks (hazard ratio = 11.10), and this risk can be
suppressed by direct/combined bypass surgery (hazard ratio = 0.33) [35].
Topographical analysis in the positive choroidal anastomosis cases has revealed
good correspondence between bleeding points and the anatomical distribution of
the choroidal arteries, including the posterior limb of the internal capsule, postero-
lateral part of the thalamus (pulvinar), and wall of the lateral ventricle atrium [34].
From these findings, reducing the hemodynamic burden of the periventricular anas-
tomosis is critical, especially choroidal anastomosis, to prevent the rebleeding
attacks.

Surgery should be designed as the bypass flow to cover the cortex, where the
medullary arteries via the periventricular anastomosis are headed. If the targeted
area becomes well-perfused from the bypass, periventricular anastomosis can be
extremely diminished (Fig. 25.6).

25.5 Future Perspectives

Almost 50 years have passed since the first execution of bypass surgery in moyam-
oya disease. Numerous kinds of direct, indirect, and combined bypass procedures
have been proposed, and there seems to be little room for an innovative surgical
procedure anymore. However, some critical missions assigned to contemporary vas-
cular neurosurgeons still exist. First, effective revascularization should be provided
to the patients at the appropriate timing before devastating ischemic and hemor-
rhagic stroke occurs. Although the JAM Trial has demonstrated the effect of bypass
surgery to prevent rebleeding attacks, the evidence is confined to the patients who
have been already affected by hemorrhagic attacks, and the strategy to prevent “the
first hemorrhagic event” in the patients’ life remains to be established. Second,
every effort should be made to suppress the rate of perioperative complications,
such as intracerebral hemorrhage caused by hyperperfusion. Third, microvascular
anastomosis skills should be properly handed down to the next generation. Since the
effectiveness of STA-MCA anastomosis for atherosclerotic arterial occlusion has
been denied in a randomized controlled trial in North America [36], the total num-
bers of direct bypass surgery seem to have been significantly declining, especially
in the Western countries, where moyamoya disease, the major target of direct
bypass, is rare. If no effective measures are taken, there could be a situation in
which direct bypass surgery with minimum complication rate would not be avail-
able even in the advanced nations in the near future. Thus, we neurosurgeons must
not allow such a scenario to occur.
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Fig.25.6 Diminishment of the choroidal anastomosis after STA-MCA anastomosis. Preoperative
angiograms show the well-developed choroidal anastomosis (white circles). Angiograms at 3 post-
operative months reveal the sufficient bypass flow to the frontoparietal lobe and remarkable shrink-
age of the choroidal anastomosis. (a) Anteroposterior view, (b) Lateral view. White arrowheads:
STA parietal branch
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Abstract

Infants and toddlers with moyamoya disease are known to usually have severely
compromised cerebral hemodynamics and are to carry a higher risk for ischemic
stroke than children 5 years or older. However, most clinical issues related to
infants and toddlers with moyamoya disease are still unresolved, probably
because their prevalence is extremely low in each institute and almost all of the
previous studies have been conducted in a single center. In this chapter, there-
fore, we precisely review clinical features, surgical treatment, and outcome of
infantile moyamoya disease by reviewing previous articles and also discuss
future prospective to improve their functional and intellectual outcome even more.
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26.1 Introduction

Moyamoya disease is a very specific disease characterized by progressive stenosis
of the terminal portion of the internal carotid artery and the formation of an abnor-
mal network of dilated, fragile perforators around the basal ganglia and thalamus [1,
2]. Epidemiologically, there is a bimodal age distribution: one at 5-9 years and
another lower peak at around 40 years. Young children with moyamoya disease have

S. Kuroda (P<)) - D. Kashiwazaki

Department of Neurosurgery, Graduate School of Medicine and Pharmaceutical Science,
University of Toyama, Toyama, Japan

e-mail: skuroda@med.u-toyama.ac.jp; dkashiwa@med.u-toyama.ac.jp

© The Author(s), under exclusive license to Springer Nature 325
Singapore Pte Ltd. 2021

S. Kuroda (ed.), Moyamoya Disease: Current Knowledge and Future

Perspectives, https://doi.org/10.1007/978-981-33-6404-2_26


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6404-2_26&domain=pdf
https://doi.org/10.1007/978-981-33-6404-2_26#DOI
mailto:skuroda@med.u-toyama.ac.jp
mailto:dkashiwa@med.u-toyama.ac.jp

326 S. Kuroda and D. Kashiwazaki

historically been considered to be the most severely affected and the most challeng-
ing to surgically treat. Of these, infants and toddlers with moyamoya disease are
known to usually have severely compromised cerebral hemodynamics and to carry
a higher risk for ischemic stroke than children 5 years or older. However, these clini-
cal issues related to infants and toddlers with moyamoya disease are still unresolved,
as their sample size is relatively low in each institute and almost all of the previous
studies have been conducted in a single center. In this chapter, therefore, we clarify
unresolved issues on infantile moyamoya disease by reviewing previous articles and
also discuss future prospective.

26.2 Epidemiology

As mentioned above, since the discovery of moyamoya disease in the 1950s, the
number of infantile cases has not been consistently high. In a Korean cohort, the
age-specific prevalence of patients with 0—4 years of age between 2007 and 2011
was reported less than 1.8 per 100,000 populations [3]. In a Taiwanese cohort, their
annual incidence rate varied from 0.06 and 0.14 per 100,000 populations between
2000 and 2011 [4]. However, sporadic but infant patients have been reported from a
variety of countries, so the number of patients is likely to be small but still occurring
around the world [5-7].

It is not so easy to accurately evaluate the prevalence of infants and toddlers
with moyamoya disease among total moyamoya disease patients because the
awareness of the disease varies by country and time period and the age categories
vary from report to report. We first discuss their proportion in the overall pediatric
moyamoya disease population. In Korean case series, the incidence of infants with
0-2 years of age was 11.3% (23/204) [8]. The value was 14.5% (8/55) in our previ-
ous case series [8]. According to the report by Funaki et al. (2014), they performed
surgical revascularization for 58 children with moyamoya disease. Of these, 19
(32.8%) were younger than 5 years [9]. In the case series at Harvard Medical
School, infants aged 0-1 year accounted for only 7.9% (19/249) of pediatric
patients [10]. In Japan, the incidence of infants and toddlers with 0—4 years of age
was 15.3% in overall pediatric patients, based on a questionnaire survey in 2003
[11]. Next, we discuss their proportion in the total moyamoya patients. In Japan,
the incidence of infants and toddlers with 0—4 years of age was 4.6% based on a
questionnaire survey in 2003 [11]. The value in China and the USA was also very
similar [12, 13]. There was no significant difference between Asian and non-Asian
patients [13].

26.3 Clinical Presentations

It has long been known that the clinical manifestations are very different between
infants/toddlers and school-age children. The formers more likely develop ischemic
stroke than TIA, while the latter develop mostly TIAs and very rarely ischemic



26 Special Considerations: Infants 327

stroke [8, 10, 14-17]. Kuroda et al. (2003) reported that the incidence of ischemic
stroke was 50% in children aged 0-5 years, but was 8.9% in school-age children
[16]. Likewise, Kim et al. (2004) categorized 204 pediatric patients into Group A
(n = 23, 0-2 years of age), Group B (n = 50, 3-6 years of age), and Group C
(n = 131, 6 years of age). As a result, cerebral infarctions were more frequently
observed in Group A (87%) and Group B (58%) than in Group C (46%) [8].
Mugikura et al. also divided pediatric patients into 4 categories: younger than
4 years (n = 14), 4-7 years (n = 29), 8—11 years (n =21), and 12—15 years (n = 14).
As a result, the prevalence of ischemic stroke was much higher in children younger
than 4 years (85.7%) than the others (21-33%) [17]. According to the report from
the USA, 17 (89.5%) of 19 infants with 0-2 years of age had clinical and radiologi-
cal evidence of cerebral infarction [10]. Kim et al. (2013) found that ischemic stroke
and seizure were most frequent in infants with 0—1 year of age and that infants and
toddlers tended to suddenly develop TIA and/or ischemic stroke without any pro-
voking events such as crying and eating hot foods [15]. These clinical profile differ-
ences may be related to the fact that metabolic demand in the developing brain is
very high in children under 4 years of age followed by a gradual decrease in their
growth (see also Chap. 7) [18, 19].

It is also known that clinical course is more aggressive in infants and toddlers
than in school-age children. According to the report by Kim et al. (2004) cited
above, ischemic stroke is more frequently repeated when waiting for surgery in
Group A (39%) than in Group B (6%) and Group C (0.8%) [8]. Funaki et al. (2015)
also reported that age younger than 3 years is an independent risk factor for unstable
clinical course such as rapid disease progression or repeated ischemic stroke [20].
The finding correlates well with the fact that disease stage more likely advances in
children aged 0—4 years than in older children. Representative case is shown in
Fig. 26.1.

26.4 Radiological Findings

There are several studies that denote the findings on cerebral angiography in infan-
tile moyamoya disease. Their disease stage is significantly earlier, but more aggres-
sively progresses than school-age children [17]. In addition, the involvement of the
posterior cerebral artery (PCA) is significantly more frequent in infants/toddlers
than in school-age children, 50-66% and 20-30%, respectively [16, 17].

Children <4 or 5 years of age significantly more frequently have cerebral infarc-
tions than older children [16, 17]. Thus, the prevalence of cerebral infarction was
65.6% (21/32) in children under 5 years of age, but was 17.4% (4/23) in school-age
children. Especially, cerebral infarct was highly located in the cortical branch terri-
tories in those <5 years of age (Fig. 26.1) [16]. This finding seems inconsistent with
the fact that their disease stage is significantly earlier than that of school-age chil-
dren, but they have a significantly higher rate of PCA involvement, one of the
important collateral circulation channels, and a significantly lower rate of transdural
anastomosis [16, 17]. More importantly, normal cerebral blood flow is much higher
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Fig. 26.1 Radiological findings of a 3-year-old boy who repeated ischemic stroke while waiting
for surgical revascularization at prior hospital. Note that cerebral infarcts on diffusion-weighted
MRI (upper) are distributed in the cortical area every time. The findings on cerebral angiography
are very typical for moyamoya disease (lower)

in infants and toddlers than in school-age children, as described in Chap. 7. These
facts would be directly related to a higher prevalence of cerebral infarct develop-
ment in children <5 years of age.

26.5 Surgical Treatments

As described in Chap. 18, surgical revascularization is the only way to improve
cerebral hemodynamics and reduce the further risk for ischemic/hemorrhagic stroke
in moyamoya disease. Roughly, the procedures can be divided into three categories:
indirect bypass, direct bypass, and combined bypass. This theory is also true in
infants and toddlers with moyamoya disease. However, it should be noted that there
are unique concerns when performing surgical revascularization for them, as
follows:

Surgical revascularization is usually considered safe to perform when the brain
condition has stabilized several weeks after the last ischemic or hemorrhagic stroke.
In the cases of infants and toddlers, however, the timing of surgical revasculariza-
tion may be frequently missed, as the patient repeats ischemic strokes one after
another while waiting for several weeks (Fig. 26.1). Therefore, clinical factors to
determine the optimal timing of surgical revascularization for them should be deter-
mined in near future.
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As aforementioned, surgical procedures do not largely differ from those of the
school-age children just because the patient is an infant or toddler. Direct bypass,
typically represented by superficial temporal artery to middle cerebral artery (STA-
MCA) anastomosis, is also technically feasible. We usually use 11-0 nylon threads
for STA-MCA anastomosis for them (Fig. 26.2) [20].

It is still controversial whether children younger than 3—4 years of age are at
higher risk for perioperative complications than school-age children. Kuroda et al.
(2003) reported that the incidence of perioperative stroke was 6.3% (2/32) and 8.7%
(2/23) after indirect or combined bypass procedures in infants/toddlers and school-
age children, respectively [16]. Kim et al. found no significant differences in the
incidence of perioperative complications after encephalo-duro-arterio-synangiosis
(EDAS) among Group A (<3 years of age), Group B (3-6 years of age), and Group
C (>6 years of age) [8]. However, the same group subsequently reported that the
incidence of newly developed cerebral infarcts was about 11% in children younger
than 6 years after indirect bypass procedures, being three-fold higher than school-
age children [21]. Another Korean group performed EDAS for 170 hemispheres in
90 children with moyamoya disease and found postoperative ischemic complica-
tions in 12 hemispheres (7.1%). The prevalence of children younger than 3 years
was higher in children with postoperative ischemic complications (41.7%) than

Fig. 26.2 Intraoperative findings of STA-MCA anastomosis combined with indirect bypass for a
11-month-old boy with moyamoya disease. (a) Clamping of the cortical branch of MCA with a
diameter of 0.6 mm. (b) Suturing with a 11-0 nylon thread for STA-MCA anastomosis. (c)
Completion of STA-MCA anastomosis. (d) Intra-operative indocyanine (ICG) videoangiography
shows a good patency of STA-MCA anastomosis (arrowheads). Small picture demonstrates the
surgical wound. Note that the procedure can be performed with partial shaving of the hair
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those without (8.2%) [22]. Jackson et al. (2014) performed pial synangiosis for 19
patients younger than 2 years of age and experienced unanticipated staged opera-
tions due to persistent EEG changes during the initial surgery in two patients and
due to intraoperative brain swelling requiring ventriculostomy in another. The other
two cases developed postoperative seizures due to a newly developed cerebral
infarct. Therefore, the incidence of perioperative complications was 26.3% (5/19)
[10]. More recently, Bot et al. (2019) performed 11 combined bypass procedures for
6 children <3 years of age and reported that perioperative stroke occurred in one
(9.1%) [23]. As is widely known in moyamoya disease in general, therefore, direct
bypass may contribute to reduce perioperative ischemic stroke even in infants and
toddlers.

In addition to surgical procedures, perioperative managements may influence the
occurrence of perioperative complications. Matsushima et al. (1991) reported 6
pediatric patients, including 3 cases younger than 3 years, developed cerebral
infarcts as the result of crying-associated hyperventilation [24]. Sato et al. (1997)
also indicated that intraoperative blood loss and excessive urinary output were
potential contributors to ischemic complications in pediatric patients and presented
a 1-year-old case that suffered a postoperative ischemic stroke due to these two fac-
tors [25]. Smaller circulating blood volume in infants would be responsible for such
ischemic complications after surgery.

26.6 Long-Term Outcome

The risk of recurrent stroke during the follow-up period after surgical revasculariza-
tion does by no means seem to differ between infants/toddlers and school-age chil-
dren. Kuroda et al. (2003) found no recurrence of ischemic stroke during an average
of 7.5 years of follow-up after indirect or combined bypass [16]. Funaki et al. (2014)
analyzed the late cerebrovascular events during a mean follow-up period of
18.1 years after combined bypass procedure for 58 pediatric patients and found that
4 of 56 followed patients experienced late ischemic or hemorrhagic stroke at
8-33 years post-surgery. The ages at which they underwent surgery were 3, 4, 6, and
7 years old, respectively, and infants do not appear to be more prone to suffer late
cerebrovascular events [9]. Conversely, Jackson et al. (2014) reported that new cere-
bral infarcts developed in 2 cases (10.5%) and repeat bypass was required for fron-
tal lobe ischemic symptoms in other 2 cases (10.5%) in 19 children <2 years of age
after pial synangiosis [10]. Kimiwada et al. (2018) reported that PCA involvement
during follow-up periods after surgical revascularization for anterior circulation
more likely occurs in younger children (5.1 + 2.5 years vs. 8.2 + 4.0 years) [26]. The
PCA is known as one of the most important collateral pathways in moyamoya dis-
ease, thus PCA involvement would carry the risk of late cerebrovascular events in
infants and toddlers.

In addition, infantile patients are known to have worse functional outcome com-
pared to school-age children. Kim et al. (2004) found lower rate of favorable out-
come in Group A (58%, <3 years of age) than in Group B (84%, 36 years of age)
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and Group C (86%, >6 years of age) [8]. Based on recent multivariate analysis,
however, ischemic stroke that occurred between the time of onset and surgical
revascularization, but not the onset age itself, is considered as its primary cause
(odds ratio, 4.9) [27]. In addition, postoperative ischemic complications would con-
tribute to poor functional outcome [22].

Furthermore, intellectual outcome is known worse in children who developed
moyamoya disease before school age. Thus, Matsushima et al. (1990) studied cog-
nitive outcomes following EDAS in children with the onset of the disease before the
age of 5 years. As aresult, 7 of 8 cases that presented moyamoya disease at <2 years
of age had an IQ lower than 61 [28]. Kuroda et al. (2003) also reported that a mean
full-scale 1Q value was 85 in infants and toddlers, being significantly lower than
98 in school-age children [16]. Most of other earlier reports have also shown that the
onset of the disease in infants adversely affects higher brain function probably
because most of them more likely suffer ischemic stroke due to single or multiple
cortical infarcts [29-33].

26.7 Conclusion

In summary, a number of studies have gradually revealed the clinical picture and
long-term prognosis of moyamoya disease in infancy. However, many issues,
including the timing of surgical revascularization after an ischemic stroke and the
clinical factors that predispose to perioperative complications, remain unclear.
This is partly due to their small sample size in single institute and the lack of a
comprehensive and precise survey. Therefore, we are conducting a multi-center
observational cohort study, “Moyamoya Disease with Aggressive Clinical Course
in The Infants for Safety and Healthy Growth [MACINTOSH] study in Japan
now. It is our great hope that the functional and intellectual outcomes of infants
affected by moyamoya disease will improve even more through these studies in
near future.
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Abstract

Moyamoya disease (MMD) is a chronic, occlusive cerebrovascular disease with
unknown etiology characterized by progressive stenosis/occlusion at the termi-
nal portion of the internal carotid artery and an abnormal vascular network for-
mation at the base of the brain. MMD was known to have bimodal age distribution
with a peak each in childhood and young adulthood, and presentation in the
elderly has been considered to be relatively rare. Recently, there is an increasing
number of the elderly patients being diagnosed as having MMD and undergoing
management under the modern diagnostic criteria, which also includes patients
with atherosclerosis and/or with unilateral involvement as the definitive
MMD. The aim of this chapter is to summarize the current status of revascular-
ization surgery for elderly MMD patients. We also introduce the tips and pitfall

of the diagnosis and the management of elderly MMD patients.
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27.1 Introduction

Moyamoya disease (MMD) is characterized by progressive stenosis/occlusion at
the terminal portion of the internal carotid artery (ICA) and an abnormal vascular
network formation at the base of the brain [1, 2]. MMD has been known to have
bimodal age distribution with a peak each in childhood and young adulthood [3, 4],
but there is an increasing number of elderly patients being diagnosed as having
MMD and undergoing management under the modern diagnostic criteria [5]. In this
chapter, we sought to summarize the current status of revascularization surgery for
elderly MMD patients, while introducing the tips and pitfall of their diagnosis and
the management.

27.2 Current Diagnostic Criteria of MMD

Original diagnostic criteria of definitive MMD in the 1960s included stenosis/occlu-
sion at the bilateral ICA terminus, associated with abnormal vascular network for-
mation at the base of the brain [1]. In light of the increasing number of the MMD
patients with unilateral involvement and the similarity of the genetic background
between patients with bilateral and unilateral involvement, diagnostic criteria of
MMD in Japan were updated in 2015 to include patients having both bilateral and
unilateral involvement of terminal ICA stenosis/occlusion, in association with the
abnormal vascular network formation at the surrounding area [5]. Regarding moy-
amoya vasculopathy associated with atherosclerosis, the previous diagnostic crite-
ria had categorized them into moyamoya syndrome (akin/quasi MMD), but the
modern diagnostic criteria allow it to be diagnoses as definitive (idiopathic) MMD
[5]. Based on these backgrounds, the number of the elderly MMD patients could be
markedly increasing more recently.

27.3 Significance of the Supportive Diagnostic Tools

Definitive diagnosis of MMD is not always easy, especially in the elderly patients,
because the current diagnostic criteria might lead to the misdiagnosis of atheroscle-
rotic patients with unilateral involvement to the definitive MMD. To resolve this
critical issue, it is essential to understand the diagnostic value of high-resolution
magnetic resonance (MR) vessel wall imaging (VWI) focusing on the intracranial
major arteries. Ryoo and colleagues reported the characteristic VWI finding of
MMD, such as the concentric moderate enhancement on distal ICA and shrinkage
of middle cerebral artery (MCA), which is distinct from atherosclerosis represent-
ing focal eccentric enhancement at the symptomatic segment of intracranial arteries
[6]. Similar observation was reported by Yuan et al. that the vascular wall-thinning
and the arterial outer diameter narrowing shown by high-resolution MR VWI could
be the characteristic finding of MMD [7]. Taken together, MR VWI provides impor-
tant information for the accurate diagnosis of MMD, especially in the elderly
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patients. Alternatively, genetic analysis of a MMD susceptibility gene, ring finger
protein 213 (RNF213), would also provide supportive information for the accurate
diagnosis of MMD among East Asian population [8].

27.4 Surgical Indication and Management Procedure
for Elderly MMD Patients

Concept of the revascularization surgery for adult MMD includes both the micro-
surgical reconstruction by superficial temporal artery (STA)-MCA bypass and the
consolidation for the extracranial—intracranial neovascularization by indirect pial
synangiosis such as encephalo-myo-synangiosis, encephalo-duro-arterio-
synangiosis (EDAS), and encephalo-duro-myo-synangiosis (EDMS) [9]. For the
adult MMD patients, including the elderly, STA-MCA bypass with or without indi-
rect pial synangiosis is a preferred management not only to prevent recurrent stroke
by improving cerebral hemodynamics in ischemic-onset patients, but also to ame-
liorate the hemodynamic stress to the vulnerable collateral anastomosis at the base
of the brain, thus reducing the risk of re-bleeding from the affected vessels in
hemorrhagic-onset patients [5, 10]. This 72-year-old woman had undergone left
STA-MCA bypass with EDMS at the age of 60 years (Fig. 27.1), which relieved her
ischemic symptom on the left hemisphere. Twelve years later, external carotid
angiogram indicated patent STA-MCA bypass (arrow in Fig. 27.1f) and marked pial
synangiosis via middle meningeal artery and deep temporal artery, indicating the
efficacy of combined revascularization in the elderly MMD patient (Fig. 27.1e and
f). In light of her newly-developed ischemic symptom of the right hemisphere as
confirmed by N-isopropyl-p-['*I] iodoamphetamine SPECT ('**I-IMP SPECT), we
diagnosed her as having surgical indication also for the right hemisphere twelve
years after the initial management (Fig. 27.1g).

Since March 2004, the single surgeon (M.F.) performed over 530 consecutive
procedures of STA-MCA (M4) single bypass with EDMS at Kohnan Hospital,
Tohoku University Hospital, and Sendai Medical Center according to the previously
described procedure [11]. Intra-operative finding of the representative case of this
72-year-old woman is shown (Fig. 27.2). Craniotomy is performed around the
Sylvian fissure end, approximately 8 cm in diameter, and the stump of the STA,
either frontal or parietal branch, is prepared as semi-fish mouth shape with the
stump of 1.6 ~ 2.0 mm (Fig. 27.2a and b). Then the stump of STA is anastomosed
by 10-0 nylon monofilament suture to the M4 segment of the MCA, approximately
0.8 ~ 1.2 mm in diameter (Fig. 27.2c and d). After reperfusion, the patency of STA-
MCA bypasss is confirmed by intra-operative indocyanine green (ICG) video angi-
ography and Doppler ultrasonography (Fig. 27.2e and f). The direct anastomosis
procedure is followed by indirect pial synangiosis such as EDMS. Postoperative
course of this patient was uneventful, and MR angiography demonstrated appar-
ently patent STA-MCA bypass as shown by thick high signal intensity (asterisk in
Fig. 27.3d). T2-weighted MR imaging showed the absence of parenchymal lesion
after surgery (Fig. 27.3e). Efficacy of STA-MCA bypass for elderly patients with
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Fig. 27.1 (a) Representative case of a 72-year-old woman with moyamoya disease (MMD). MR
angiography demonstrated an apparently patent bypass, undergone at the age of 60 years (a).
Bilateral internal carotid angiograms indicated the definitive MMD (b—d). Left external carotid
angiogram demonstrated patent STA-MCA bypass (arrow) and pial synangiosis via middle menin-
geal artery and deep temporal artery (e and f). 'I-IMP SPECT indicated favorable hemodynamics
on the hemisphere operated on, while apparent hemodynamic compromise on the right hemi-
sphere (g)

Fig. 27.2 Intra-operative view of right combined revascularization. Surgical view before (a, b),
during (¢, d), and after right STA-MCA bypass (e, f). Vascular wall structure was very thin and
fragile, compatible with the characteristic finding of MMD (¢, d). Indocyanine green video angi-
ography demonstrated patent bypass (f)
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Fig.27.3 '’I-IMP SPECT after STA-MCA bypass (a, b, ¢) indicated temporary local hyperperfu-
sion (arrow in a). Postoperative MR angiography showing patent bypass (asterisks in d), and the
absence of brain damage by T2-weighted MR imaging (e). POD postoperative day(s)

MMD was reported from multiple institutes [12—14], indicating revascularization
surgery could be beneficial for the elderly MMD patients as well as for the younger
adult patients.

27.5 Potential Complications of the Revascularization
Surgery for Elderly MMD Patients

Surgical complications of the combined revascularization procedure for adult MMD
include perioperative ischemic stroke and cerebral hyperperfusion (CHP) syndrome
[11, 15-17]. Perioperative cerebral ischemia could be caused by a variety of factors
including intra-operative hypotension, anemia, inadequate general anesthesia
(hypocapnia, etc.), and surgical procedure. While considering the association of
atherosclerosis in the elderly MMD patients, ischemic complication should be care-
fully avoided by prompt perioperative management [14]. Besides perioperative
ischemic stroke, CHP syndrome is one of the most deleterious complications after
STA-MCA bypass for MMD, especially in the elderly [14]. Excessive focal increase
in cerebral blood flow (CBF) at the site of the STA-MCA bypass could result in
focal hyperemia associated with vasogenic edema and/or hemorrhagic conversion
in adult MMD, and elderly patients are known to have higher risk for CHP
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syndrome [16, 17]. Clinical presentation of local CHP includes transient neurologi-
cal deteriorations, seizure, and delayed intracerebral hemorrhage [11, 16]. Blood
pressure dependent worsening of the focal neurological symptom further supports
the diagnosis of CHP syndrome in MMD [11]. Representative case of this 72-year-
old woman underwent left STA-MCA bypass with EDMS (Fig. 27.2). '*I-IMP
SPECT on POD 1 revealed intense focal increase in CBF at the site of the anasto-
mosis (arrow in Fig. 27.3a), and the patient subsequently suffered from fluctuated
numbness on her left extremities. MR angiography 2 days after surgery showed
apparently patent STA-MCA bypass with thick high signal intensity (asterisk in
Fig. 27.3d). Strict blood pressure control (100—130 mmHg of systolic blood pres-
sure) improved her symptom, and serial '*I-IMP SPECT indicated the gradual dis-
tribution of local hyperperfusion to the wider vascular territory on the affected
hemisphere (Fig. 27.3b and c). As shown in this case, blood pressure lowering is
generally an effective management of CHP in adult MMD patients, but the con-
comitant ischemic complication at remote area should be carefully avoided by
prompt blood pressure control, such as the avoidance of the excessive hypotension
[11, 14]. Besides the blood pressure control, protective role of minocycline hydro-
chloride and edaravone was reported to ameliorate CHP after revascularization sur-
gery for adult MMD, based on their pharmacological effects of blood—brain barrier
maintenance and anti-oxidant/anti-inflammatory roles [18, 19].
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