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<« Fig. 1 Intraoperative photographs show the step-by-step procedures of
superficial temporal artery to middle cerebral artery (STA-MCA)
anastomosis and encephalo-duro-myo-arterio-pericranial synangiosis
(EDMAPS). a Following the curved skin incision, the frontal (*) and
parietal branches of the STA (**) are dissected under a surgical
microscope. b The temporal muscle (M) and frontal pericranium (P) are
dissected from the skull and preserved as the vascularized flaps. ¢ The
burr hole just rostral to the pterion (arrow) is made to locate the anterior
branch of the middle meningeal artery (MMA). d Heart-shaped
frontotemporal craniotomy is performed, leaving the lesser wing of the
sphenoid bone intact (arrow). Note the wide extension of the craniotomy
to the frontal area. e The lesser wing of the sphenoid bone is carefully
resected with a rongeur or high-speed diamond drill to preserve the
anterior branch of the MMA (arrow). f The dura mater is opened,
keeping the main branches of the MMA intact. The frontal branch of
the STA is anastomosed to the cortical branch of the MCA. The dural
pedicles are turned into the epiarachnoid space. g The dural windows are
closed with the temporal muscle (/) and frontal pericranium (P)

groups: the patients younger than 30 years and those older (x*
test, p=0.0168).

Table 2 summarizes the relationship between the anatomy of
the MMA branch and its preservation during craniotomy. It was
quite easy to preserve the bridge-type anterior branch of the
MMA by piecemeal resection of the lesser wing of the sphe-
noid bone with a rongeur. The bridge-type MMA branch could
be preserved during surgery in all five sides (Fig. 4a—c). Carefiil
piece-by-piece resection of the lesser wing with a rongeur was
essential to preserve monorail-type MMAs, because the MMA

Fig. 2 The anatomical
relationship between the anterior
branch of the MMA and lesser
wing of the sphenoid bone is
classified into the bridge (a),
monorail (b), or tunnel type (c).
Upper panels demonstrate the
representative findings of the
plain CT scan in each type.
Arrows show a shallow groove
(a), deep groove (b), and bony
tunnel (¢). The middle panels
show the representative findings
of raw images on time-of-flight
MR angiography in each type.
Arrows indicate the flow signal of
the anterior branch of the MMA.
Lower panels show figurative
photographs of each type
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Fig. 3 Column graph shows the relationship between patient age and
anatomical findings of the anterior branch of the MMA around the pterion
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branch was tightly attached to the cranium inside the groove.
As a result, the monorail-type MMA branch could be preserved
in five (71.4 %) of seven sides when a rongeur was used to
remove the lesser wing. However, it was quite easy to preserve
the monorail-type MMA branch in all three sides (100 %) when
the lesser wing was carefully drilled out using a high-speed
diamond drill. On the other hand, the tunnel-type MMA
branches could not be preserved in spite of careful bone resec-
tion with a rongeur because they were tightly attached to the
entirely surrounding bone. Therefore, the lesser wing was
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Table 2  The rate of preservation of the MMA using a high-speed drill

Type N (%) Drill Preservation (%)
Bridge 5(18.5) - 5 (100)
Monorail 7(25.9) - 5(71.4)
3(11.1) + 3 (100)
Tunnel 5(18.5) - 0(0.0)
7(25.9) + 7 (100)

drilled out to preserve tunnel-type MMAs using a high-speed
diamond drill, which made it possible to preserve it in all seven
sides (Fig. 4d—f). The patency of the anterior branch of the
MMA could easily be confirmed using intraoperative ICG
videoangiography. Postoperative cerebral angiography and/or
MR angiography could also evaluate it in all patients (Fig. 5).

The results show that no ischemic stroke occurred within
7 days after surgery. In addition, no patients experienced any
ischemic or hemorrhagic stroke during a mean follow-up
period of 16 months.

Discussion

This study clearly demonstrates a significant anatomical var-
iation of the anterior branch of the MMA around the pterion
among patients with moyamoya disease. The anterior branch
of the MMA ran just within the middle meningeal groove in
15 (55.6 %) of 27 sides. The groove was quite shallow in 5/15
“(bridge type), but deep in 10/15 (monorail type). On the other
hand, the anterior branch of the MMA penetrated the bony
tunnel in the lesser wing of the sphenoid bone in the other 12

Fig. 4 Intraoperative
photographs demonstrate surgical
techniques to resect the lesser
wing of the sphenoid bone after
heart-shaped frontotemporal
craniotomy with a rongeur (a-c)
or high-speed diamond drill (d-f)
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(44.4 %) of 27 sides. The finding differs greatly from those in
previous studies. For example, Shimizu et al. (2008) found 59
tunnels on 78 sides (75.6 %). Ma et al. (2012) also reported
that the vascular marking for the anterior branch of the MMA
consisted of a groove in 30 % of 152 sides and a tunnel in the
other 70 %. Age differences of the samples in each study may
explain this discrepancy. Thus, these previous studies ana-
lyzed only adult skulls. However, the present study included
9 children and 13 adults with moyamoya disease. In fact,
statistical analysis reveals a significant difference in the ana-
tomical relationship between patients younger than 30 years
and those older. Therefore, the bony tunnel may develop with
growth, although there are no previous studies on this issue.
From the viewpoint of surgical revascularization for
moyamoya disease, this study provides novel information on
developing a surgical technique to preserve the anterior branch
of the MMA, which can provide important collateral flow to the
ACA territory. As reported previously, a heart-shaped craniot-
omy with a burr hole rostral to the pterion can make it easy to
preserve the anterior branch of the MMA during craniotomy in
all patients with moyamoya disease [4, 9]. As the next step, in
order to preserve the anterior branch of the MMA when
resecting the lesser wing of the sphenoid, it is essential to
recognize the anatomical relationship between them. In this
study, based on our experience, their relationships were classi-
fied into three types: the bridge, monorail, and tunnel. In all
patients with bridge-type MMA, the resection of the lesser wing
with a ronguer preserved it quite easily. In a majority of patients
with monorail-type MMA, careful and piecemeal resection
with a rongeur could preserve it, although it was sometimes
impossible, especially when the middle meningeal groove was
very deep. In this study, it was difficult to preserve tunnel-type
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Fig. 5 White-light (a) and near
infrared photographs (b) during
surgery reveal that intraoperative
ICG videoangiography can
visualize the blood flow in the
preserved MMA (arrowheads) as
well as the STA-MCA
anastomosis (*). Anteroposterior
(¢) and lateral (d) projection of
postoperative external carotid
angiography demonstrates that
the anterior branch of the MMA is
preserved and supplies blood flow
to the anterior cerebral artery
territory (arrows). Postoperative
MR angiography (e) reveals that
the STA (¥), MMA (arrowhead),
and the deep temporal artery
(arrow) are patent 4 months after

surgery

MMA when resecting the lesser wmg with a rongeur, mainly -

because of the long (~15 mm) bony tunnel, despite the small
caliber of the MMA [10]. On the other hand, it was possible to
preserve it when resecting with a high-speed diamond drill
under a surgical microscope. The resection of the lesser wing
of the sphenoid is essential to performing STA-MCA double
anastomosis targeted to the frontal and temporal branches of the
MCA and to yield a wide attachment between the temporal lobe
and temporal muscle, an important donor tissue for an indirect
bypass. The clinical significance of the surgical technique in
this study is still obscure. However, it is valuable to maintain
the cerebral hemodynamics in the frontal lobe, especially in
pediatric patients, because they are at higher risk for poor
intellectual outcome [15]. Longer follow-up study in a larger
cohort is warranted to evaluate this hypothesis.

In this study, the anatomical relationship between the ante-
rior branch of the MMA and lesser wing of the sphenoid bone

could be evaluated using MR angiography or 3D-CTA. These
less invasive modalities allowed us to anticipate it before
surgery. In addition, ICG videoangiography was quite useful
to evaluate whether the anterior branch of the MMA could be
preserved or not during surgery. The findings on ICG
videoangiography correlated very well with postoperative
cerebral angiography and/or MR angiography. MR angiogra-
phy can easily visualize the increased calibers of the branches
of the external carotid artery that participate in surgical collat-
erals. The branches include the STA, MMA, and deep tempo-
ral artery (DTA), which normally supply the blood flow to the
temporal muscle [16]. In this study, postoperative radiological
examinations were performed 3 to 4 months after surgery. The

‘results showed that MR angiography clearly revealed all of
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these branches increased their calibers by providing collateral
blood flow through the indirect bypass after surgery as well as
confirmed the patency of the anastomosis.
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Conclusion

It is essential to understand the surgical anatomy of the MMA
around the pterion in order to preserve its anterior branch
during surgery because it can potentially function as important
collaterals to the ACA territory in moyamoya disease. Bridge
and monorail-type MMA can be preserved by carefully
resecting the lesser wing of the sphenoid bone. However, the
lesser wing should be drilled out with a high-speed diamond
drill under a surgical microscope to preserve the tunnel-type
MMA. Pre-, intra-, and postoperative imaging modalities such
as MR angiography, 3D-CTA, ICG videoangiography, and
cerebral angiography are quite useful to evaluate the surgical
anatomy and preservation of MMA during bypass surgery for
moyamoya disease.
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Comments

This is an important article about preservation of the MMA frontal branch
at the time of craniotomy during the STA-MCA bypass surgery for
Moyamoya disease. The meaning of this preservation is to protect the
collateral circulation to the anterior cerebral artery ACA via the
connecting vasculature of the Falx cerebri, as the paper indicates. The
perfusion territory of the ACA is considered to be important for the
intellectual development and its maintenance. On the other hand, direct
STA-ACA bypass would come into question although this topic has not
been discussed in the article : How to perform the STA-ACA bypass? ,
preservation of the MMA towards the midline at the time of craniotomy
for the bypass, and so on. With the addition of the latter the article would
have been more interesting and exciting.

Y.Yonekawa
Kyoto, Japan
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Yonekawa Y (2009) Brain revascularization by extracranial-intracranial
arterial bypass In Sindou M (ed.): Practical Handbook of Neurosurgery,
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Abstract

Recent development of a non-invasive magnetic resonance examination has increased the opportunity
to identify asymptomatic patients with moyamoya disease who have experienced no cerebrovascular
events. However, their clinical features, prognosis, and treatment strategy are still unclear because
of small number of subjects and short follow-up periods. Therefore, we have designed Asymptomatic
Moyamoya Registry (AMORE) study in Japan. The objectives of this nation-wide, multi-center prospec-
tive study are to clarify long-term prognosis of asymptomatic patients with moyamoya disease and to
determine the risk factors that cause ischemic and hemorrhagic stroke in them. In this article, we review
the published data on asymptomatic moyamoya disease and report the on-going multi-center prospective
cohort study, AMORE study. We would like to emphasize the importance to determine the clinical fea-
tures, prognosis, and treatment strategies of asymptomatic moyamoya disease in very near future.

Key words:

Introduction

Moyamoya disease is a unique cerebrovascular
disorder characterized by progressive stenosis of
the terminal portion of the internal carotid artery
(ICA). The perforating arteries in the basal ganglia
and thalamus markedly dilate and function as an
important collateral circulation, called as “moyamoya”
vessels. The posterior cerebral arteries are also
involved in a certain subgroup of patients. Therefore,
cerebral hemodynamics is often impaired especially
in the frontal lobe, leading to transient ischemic
attack (TIA) and cerebral infarction. Furthermore,
the dilated, fragile moyamoya vessels often rupture
and cause intracranial hemorrhage.? The etiology
of the disease is still unknown; however, recent
studies have strongly suggested the involvement
of some genetic factors in its pathogenesis.® The
potential contribution of infections has also been
pointed out, although specific pathogens have not
been identified. Superficial temporal artery to middle
cerebral artery (STA-MCA) anastomosis and indirect
synangiosis are well known to improve cerebral
hemodynamics and reduce the risk of subsequent
cerebrovascular events, including both ischemic and
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hemorrhagic stroke, and improve long-term outcome
in patients with moyamoya disease.*?

On the other hand, the recent development
of noninvasive diagnostic modalities, including
magnetic resonance imaging (MRI) and magnetic
resonance angiography (MRA), has shown that
the incidence of asymptomatic moyamoya disease
may be much higher than previously believed
(see below). Even in Japan, however, the epidemi-
ology of asymptomatic moyamoya disease is still
obscure, and the guidelines for the management
of asymptomatic moyamoya disease have not yet
been established. In this article, we review the
published data on asymptomatic moyamoya disease
and report the on-going multi-center prospective
cohort study, Asymptomatic Moyamoya Registry
(AMORE) study.

Definition

All patients should meet the guidelines for the
diagnosis of moyamoya disease set by the Research
Committee on Moyamoya Disease of the Ministry
of Health, Labor, and Welfare of Japan. All patients
should previously have no ischemic or hemorrhagic
episode and be neurologically free. Patients who
had previously experienced any episode suggestive
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of TIA, cerebral infarction, intracranial hemorrhage,
seizure, or involuntary movement caused by moyamoya
disease should be excluded. Careful medical inter-
view should be performed to distinguish moyamoya
disease-related headache from non-specific headache
such as tension-type headache.'?

Epidemiology

The incidence of moyamoya disease is high in
countries in East Asia such as Japan and Korea. In
Japan, the annual prevalence has been estimated to
be 3.16—10.5 per 100,000. The female to male ratio
was shown to be 1.8.2 However, both the preva-
lence and incidence of asymptomatic moyamoya
disease are still unclear. Previously, asymptomatic
patients with moyamoya disease have rarely been
sporadically reported. Screening of family members
with moyamoya disease has also identified small
number of asymptomatic patients. Therefore, the
incidence of asymptomatic moyamoya disease had
been believed very low. In fact, Yamada et al. (2005)
reported the results of a nation-wide questionnaire
conducted in 1994 and identified 33 asymptomatic
patients (1.5%) out of a total of 2,193 patients.'®
Nanba et al. (2003) reviewed their single-center
experiences and precisely reported the clinical
features of 10 asymptomatic patients with moyamoya
disease.!” Furthermore, an all-inclusive survey of
moyamoya disease in Hokkaido, one of the major
islands in Japan, revealed that 47 (17.8%) of 267
newly enrolled patients between 2002 and 2006
were asymptomatic.!®

The first multi-center, nation-wide survey focused
on asymptomatic patients with moyamoya disease
was conducted between 2003 and 2006 in Japan. As
a result, totally 40 patients were enrolled from 12
hospitals. Their mean age was 41.4 years ranging
from 13 years to 67 years. The female-to-male ratio
was 2.1. Clues to the diagnosis were tension-type
headache in 14 patients, dizziness in 5, and head
trauma in 4. Five patients were incidentally diag-
nosed on MRI and MRA performed for a brain health
check-up. Five diagnoses were made on MRI and
MRA performed for screening, because a member
of their family had moyamovya disease diagnosed.
They were siblings in two and offspring in three.
The remaining seven cases were diagnosed on
MRI and MRA performed because of an unrelated
disease in other organs. Therefore, the prevalence
and incidence may be much higher than considered
before. The female-to-male ratio and mean age of
the patients in these studies were very similar to
those of moyamoya disease as a whole.'?
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Radiological Findings

On cerebral angiography, the bilateral carotid
forks were involved in a majority of asymptomatic
patients with moyamoya disease. Thus, Nanba et al.
(2003) reported that all 10 patients were classified
into bilateral type.'¥ Subsequently multi-center,
nation-wide survey in Japan also reported that 37
of 40 asymptomatic patients were judged as bilat-
eral type. Of 72 involved hemispheres, 33 (45.8%)
and 21 (29.2%) were graded as stage 3 and stage
4, respectively. More importantly, older patients
had significantly more advanced disease stage (P =
0.0134).1»

Cerebral infarction was identified in a certain
subgroup of asymptomatic patients with moyamoya
disease, although they experienced no cerebrovascular
events. Nanba et al. (2003) reported that 3 (30%)
of 10 asymptomatic patients had cerebral infarction
in the watershed zone.'¥ Multi-center, nation-wide
survey in Japan also reported that cerebral infarction
was identified in 16 (20.8%) of 77 involved hemi-
spheres.’? According to a population-based autopsy
study in Japan, the incidence of silent cerebral
infarction was 4.4% in 40-59-year-old people.’®
Therefore, the incidence of silent cerebral infarction
is much higher in asymptomatic moyamoya disease
than in normal population.

None of these studies detected intracranial
hemorrhage in asymptomatic moyamoya disease.
However, recent studies have demonstrated that T,*-
or susceptibility-weighted MRI can more sensitively
detect silent microbleeds in moyamoya disease than
conventional MRI. Thus, 15-44% of adult patients
with moyamoya disease have silent microbleeds
in the basal ganglia, thalamus, and periventricular
white matter, where they are prone to intracranial
hemorrhage. Silent microbleeds may also be an
independent predictor for subsequent hemorrhagic
stroke.”"21) More notably, Kuroda et al. (2013)
reported that silent microbleeds were even found in
5 (25%) of 20 asymptomatic patients.?) Therefore,
further study would be warranted to evaluate the
incidence of silent microbleeds in larger cohort of
asymptomatic moyamoya disease.

The data on cerebral hemodynamics is limited
in asymptomatic patients with moyamoya disease.
Thus, Nanba et al. (2003) quantified cerebral blood
flow (CBF) and cerebrovascular reactivity (CVR)
to acetazolamide in 10 asymptomatic patients and
found that 2 patients had normal CBF but reduced
CVR and other two had reduced CBF and CVR in
the involved middle cerebral artery (MCA) terri-
tory.'¥ Multi-center, nation-wide survey in Japan
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also reported that 24 (34.3%) of 70 involved hemi-
spheres had normal CBF but reduced CVR and other
7 (10%) had reduced CBF and CVR. Therefore,
cerebral hemodynamics may be disturbed even in
about 40% of asymptomatic patients.’® The find-
ings are quite important to further consider the
prognosis and treatment strategy in asymptomatic
moyamoya disease, because the patients with
reduced CBF and CVR due to occlusive carotid
artery diseases are known to be at higher risk for
subsequent ischemic stroke.

Prognosis

As aforementioned, the long-term prognosis in
asymptomatic patients with moyamoya disease is
not fully understood. Based on a nation-wide ques-
tionnaire study conducted in 1994, Yamada et al.
(2005) retrospectively analyzed the prognosis in 33
asymptomatic patients and found that 4 patients
developed TIA and other two died of intracranial
hemorrhage.'® Nanba et al. (2003) followed up 10
asymptomatic patients during a mean period of 4.1
years. As a result, one patient (10%) developed
ischemic stroke due to the progression of disease
stage.*?

Multi-center, nation-wide survey in Japan was the
first historical prospective cohort study to evaluate
the prognosis in asymptomatic patients. Of totally 40
patients enrolled in this study, 6 underwent surgical
revascularization including STA-MCA anastomosis,
and other 34 were conservatively followed up. Of
these, antiplatelets and/or anticonvulsants were
prescribed in 11 asymptomatic patients. During a
mean period of 43.7 months, 6 surgically treated
patients experienced no cerebrovascular events.
On the other hand, 7 of 34 conservatively treated
patients developed any cerebrovascular events,
including TIA in three patients, ischemic stroke in
one, and hemorrhagic stroke in three. As a result,
the annual risk of any cerebrovascular events and
stroke was 5.7% and 3.2%, respectively. Disturbed
cerebral hemodynamics at initial diagnosis was
significantly linked to ischemic episodes (P < 0.05).
Disease progression during follow-up periods also
highly caused ischemic episodes. Follow-up MRI
and MRA revealed silent radiological changes in
other three patients, including cerebral infarction,
microbleed, and disease progression.'? As previously
reported, disease progression occurs in about 20%
of patients during a mean follow-up period of 6
years. Occlusive arterial lesions progress in both
anterior and posterior circulation, in both bilateral
and unilateral types, and in both symptomatic
and asymptomatic patients. Multivariate analysis
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has revealed that female gender is an independent
risk factor for disease progression. Therefore, it
would be natural that disease progression occurs
and causes ischemic or hemorrhagic stroke even
in asymptomatic patients.??

Based on these observations, asymptomatic moyamoya
disease is not a “silent” disorder and readily progress
to cause ischemic and hemorrhagic stroke. It would
also be essential to repeat MRI and MRA at regular
intervals when asymptomatic patients are conserva-
tively followed up to detect disease progression
before any cerebrovascular events occur.

Management

Surgical revascularization has widely been accepted
to reduce the risk of subsequent ischemic and
hemorrhagic stroke in symptomatic patients with
moyamoya disease.*'" However, management strate-
gies for asymptomatic moyamoya disease have not
been established yet because of limited information
on its clinical features.

The Research Committee on Moyamoya Disease in
Japan recommends the management of risk factors
and lifestyle guidance. Antiplatelet agents are not
recommended for asymptomatic patients, because they
may suffer hemorrhagic stroke. Surgical revasculari-
zation may be indicated, at least, in asymptomatic
patients with disturbed cerebral hemodynamics, if
surgical morbidity is low enough. As aforementioned,
precise and regular MRI/MRA examinations should
be repeated to improve their long-term outcome by
predicting ischemic and hemorrhagic stroke before
the onset.?® However, the first multi-center, nation-
wide survey in Japan was a historical prospective
cohort study and not a prospective study.’® There-
fore, a prospective cohort or randomized study is
warranted on the basis of a larger population of
asymptomatic patients to build accurate evidence on
the clinical features and outcome of asymptomatic
moyamoya disease.

AMORE Study

Based on these observations, the Research Committee
on Moyamoya Disease in Japan conducted a
prospective multi-center, nation-wide observational
study, AMORE study, in January 2012 to further
clarify the epidemiology, pathophysiology, and
prognosis in asymptomatic moyamoya disease.
This study is done at 20 centers in Japan (see
Appendix). The study confirmed to the Helsinki
Declaration, and Good Clinical Practice Guideline,
and was approved by the ethics committees at
participating centers.
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I. Patient eligibility

Patients are eligible if they meet the following
criteria: age 20-70 years; bilateral or unilateral
moyamoya disease on cerebral angiography or MRA;
no episodes suggestive of TIA, ischemic stroke,
and hemorrhagic stroke; possible to conservatively
follow-up; and independent in daily life (modified
Rankin scale 0 or 1). Exclusion criteria are previous
episodes suggestive of TIA, ischemic stroke, and
hemorrhagic stroke, and quasi-moyamoya disease.
The patients are registered for 4 years between
January 2012 and December 2015. All patients
provide written informed consent when included
in this study. Clinical information at enrollment
includes patient’s age, gender, clue of diagnosis,
past history, family history of moyamoya disease,
modified Rankin scale, medicine, the frequency,
location, and severity of headache, laboratory
data, blood pressure, MRI [T,-weighted images,
T,*-weighted images, and fluid-attenuated inver-
sion recovery (FLAIR) images], MRA (3-dimensional
time-of-flight) or cerebral angiography, and single
photon emission computed tomography/ positron
emission tomography (SPECT/PET) data.

II. Follow-up

All enrolled patients are followed up for 5 years.
A follow-up assessment is scheduled at 12 months,
including any cerebrovascular event, blood pressure,
MRI (T,-weighted images, T,*-weighted images, and
FLAIR images), and MRA (3-dimensional time-of-flight).
Primary endpoint is any ischemic and hemorrhagic
stroke during a follow-up period of 5 years. Any
ischemic 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, newly developed ischemic and hemorrhagic
lesions, and disease progression during a follow-up
period of 5 years..

Conclusion

Clinical features and outcomes of asymptomatic
moyamoya disease should be clarified by conducting
further studies, including ongoing AMORE study.
Treatment strategies would be established through
these efforts.
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Abstract

Case report A 4-year-old female was presented at our hospital
with frequent right frontal headache attack. She was diag-
nosed with moyamoya disease and was conservatively follow-
ed up. One year later, the frequency of headache gradually
decreased. However, follow-up MR imaging revealed that the
disease stage markedly progressed in the right side and cere-
bral infarction occurred in the temporal lobe with atrophy of
the right frontal lobe. She underwent direct and indirect re-
vascularization on the right side.

Conclusion Aware of this case, we would like to emphasize
that headache may be one subtype of ischemic attacks and
require frequent MR follow-up to see the disease course. If
there is any sign of disease progression, immediate surgical
intervention should be indicated to avoid irreversible brain
damage.

Keywords Moyamoya disease - Headache - Cerebral
revascularization - Natural history - Disease progression

Introduction

Moyamoya disease is an uncommon cerebrovascular disease
characterized by progress stenosis in the terminal internal
carotid arteries (ICAs) and their main branches, which results
in the formation of fine vascular networks at the base of the
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brain (moyamoya vessels) to compensate cerebral ischemia.
Interestingly, moyamoya disease has two age distribution
peaks at around 5 and 40 years. Most pediatric patients exhibit
transient ischemic attack (TIA) or ischemic stroke. Headache
and involuntary movements are also serious symptoms asso-
ciated with pediatric moyamoya disease [1, 2]. Although the
disease is rare, it is an important cause of ischemic stroke in
children, and recently, it has become more widely recognized
worldwide as a cause of pediatric cerebrovascular events.
Thus, moyamoya disease should be considered in any child
who presents with only headache attack.

In this report, we describe a pediatric case that presented
with headache attacks due to moyamoya disease. During
1 year of follow-up, rapid disease progression led to cerebral
infarction associated with intellectual impairment.

Case

A 4-year-old female was presented at our hospital with fre-
quent episodes of right frontal headache. She complained of it
when she waked up in the moming and sometimes vomited.
Physical and neurological examinations revealed no definite
abnormality. Laboratory examinations, including erythrocyte
sedimentation, somatic antibodies, and leptospiral antibodies,
were all negative and ruled out any other underlying diseases.
MR imaging (MRI) demonstrated no parenchymal lesion, but
MR angiography (MRA) showed significant stenosis at the
terminal portion of the right ICA and moyamoya vessels at the
base of brain. There were no vascular lesions in the left side
(Fig. 1). Therefore, we diagnosed as unilateral moyamoya
disease. Except for the headache attacks, she was asymptom-
atic and her conditions seemed stable, so follow-up MR
examination was scheduled 1 year later. One year later, she
came back to the hospital for the follow-up. The frequency of
headache attacks gradually decreased. However, MRA
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revealed that the disease stage on the right side markedly
progressed from stage 2 to stage 4 on Suzuki’s grading. Right
posterior cerebral artery was also involved. MRI demonstrated
that cerebral infarction occurred in the right temporal lobe.
There was also cerebral atrophy in the right frontal lobe
(Fig. 1). 1231-IMP single photon emission computed tomog-
raphy (SPECT) showed a marked reduction of cerebral blood
flow in the right cerebral hemisphere. The intelligence quo-
tient (IQ) was impaired. Therefore, she underwent superficial
temporal artery to middle cerebral artery (STA-MCA) anasto-
mosis combined with indirect bypass, encephalo-duro-myo-
arterio-pericranial synangiosis (EDMAPS) [3, 4]. The frontal
branch of STA was anastomosed to the prefrontal artery of
MCA (0.8 mm in diameter). Temporary clamping time of
MCA was 20 min. The patency of STA-MCA anastomosis
was confirmed, using near infrared indocyanine green
(ICG) videoangiography during surgery. The dura mater,
temporal muscle, and frontal pericranium were used as the
donor tissues for indirect bypass. Postoperative course was
uneventful. She was discharged without any perioperative
complications. During follow-up period, her headache at-
tack almost disappeared. Repeated cerebral angiography
revealed well-developed collaterals through both direct
and indirect bypass (Fig. 2).

Discussion

Headache was not considered as an important clinical sign of
pediatric moyamoya disease a decade ago. With the accumu-
lation of clinical data, however, headache attack is now rec-
ognized as one of important initial symptoms [5-7].
Yamashiro et al. reported clinical feature of 10 Japanese

Fig.1 T2-weighted MR imaging
(a, ¢) and MR angiography (b, d).
At initial presentation, there was
no parenchymal lesion in the
brain (a). The occlusive lesion in
the right carotid termination was
moderate (Suzuki’s stage 2, b).
One year later, however, cerebral
infarction developed in the right
temporal lobe. Cerebral atrophy
was noted in the right frontal lobe
(c). Disease stage markedly
progressed in the right carotid
termination to Suzuki’s stage 4.
The flow signal in the right
posterior cerebral artery also
decreased (d)

@ Springer

children with moyamoya disease. The most common initial
manifestations were headache in four cases (40 %) and motor
deficit and convulsion in three cases (30 %) [7]. Battistella and
Carollo described 34 Italian patients suffering from
moyamoya disease. The early clinical symptoms consisted
of TIA and/or stroke (44 %), recurrent migraine-like headache
(20 %), seizure (18 %), and hemorrhage (3 %) [8]. Matsushi-
ma et al. reported that about ones-third of pediatric patients
complained of headache at initial presentation. Headache
significantly affected their activity of daily life (ADL) in more
than 60 % of them. Majority of headache was localized in the
frontal (40 %) or temporal region (25 %) [9]. Seol et al. also
reported that headache was documented in 44 (21.6 %) of 204
pediatric patients with moyamoya disease. They also de-
scribed that clinical course of headache in pediatric
moyamoya disease had the following features: (1) a coexisting
stage of headache and TIA; (2) the second stage of headache
only; and (3) the final stage of improvement or disappearance
of headache [6]. In fact, the frequency of headache gradually
decreased during 1 year in the present case. Very recently,
Kawabori et al. also reported the incidence and clinical fea-
tures in pediatric moyamoya disease. Thus, headache attack
was documented in 11 (38 %) of 29 pediatric patients. Severe
disabling headache often develops in the frontal or temporal
region in the morning but spontaneously resolves within 3 to
4w [5].

Underlying mechanisms of headache in pediatric
moyamoya disease is still unclear. Headache may arise from
hypoperfusion-induced activation of pain-sensitive structures
such as both intracranial and extracranial vasculatures, dura
mater, and orbital and nasal cavities. Concomitantly, other
mechanisms such as dilatation of the meningeal collaterals
stimulating dural nocireceptors and ischemia-induced
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Fig. 2 Towne’s view (a, ¢) and lateral view of postoperative right
external carotid angiogram (b, d). Panels a and b represent early arterial
phase, and panels ¢ and d represent late arterial phase. They demonstrate
that both direct and indirect bypass widely provide collateral blood flow
to the right cerebral hemisphere

lowering of the migraine threshold have also been suggested
[6]. Therefore, headache may develop as a symptom of TIA in
pediatric moyamoya disease. Indeed, headache attack in pe-
diatric patients is closely related to more advanced disease
stage and also to decrease in cerebral blood flow and its
reactivity to acetazolamide [5]. In the pediatric cases with
atypical attacks of migraine and/or absence of a family history
of migraine, therefore, a detailed investigation should be
performed to detect underlying vascular diseases such as
moyamoya disease.

Furthermore, there are a limited number of studies that
denote the effect of surgical therapy on headache in pediatric
moyamoya disease. Matsushima et al. reported that headache
improved or disappeared in about 75 % of pediatric patients
after encephalo-duro-arterio-synangiosis (EDAS) [9]. Howev-
er, Seol et al. concluded that more than 60 % of pediatric
patients still complained of headache even after EDAS [6].
Indeed, EDAS may provide no or little collateral blood flow to
the frontal region where headache attacks often occur. There-
fore, the impact of EDAS on headache attack is still contro-
versial in pediatric moyamoya disease. On the other hand,
very recent report has shown that STA-MCA anastomosis
combined with EDMAPS markedly improves cerebral hemo-
dynamics and resolves headache attacks in all of 11 pediatric
patients with moyamoya disease, suggesting the importance
of surgical design through a large craniotomy covering the
frontal area [5]. It is still obscure whether surgical revascular-
ization would be beneficial for pediatric patients with only
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headache attack due to moyamoya disease. However, there is
the possibility that surgical revascularization at initial presen-
tation may possibly prevent cerebral infarction in the present
case. Further studies are warranted to clarify this issue. Well-
designed surgical treatment should be indicated without delay,
at least when the pediatric patients with only headache due to
moyamoya disease shows disease progression or deterioration
of cerebral hemodynamics on follow-up examinations. Future
clinical testing would be warranted to resolve this issue.

In the present case, disease stage markedly progressed
during 1 year of follow-up, causing irreversible brain damage.
Occlusive lesions in the carotid terminations often worsen in
pediatric moyamoya disease [10, 11]. In fact, Fukuyama and
Umezu reported that occlusive lesions progressed in about
two-thirds of hemispheres on repeat cerebral angiography
with a mean interval of about 3 years in pediatric moyamoya
disease [12]. Therefore, the radiological course in the present
case may be natural, although the incidence of disease pro-
gression during 1 year is still unknown. Based on these
observations, follow-up MR examination should be planned
with shorter interval, for example, every 3 to 6 months. In
addition, it is well known that functional and/or intellectual
outcomes are poor in pediatric patients presenting with ische-
mic stroke due to moyamoya disease [13-15]. To prevent the
occurrence of cerebral infarction, therefore, regular imaging
studies should also be planned with shorter intervals in the
conservatively treated children with moyamoya disease, be-
cause MRI and MRA studies enable it to accurately detect
disease progression at outpatient clinic [16]. Surgical revas-
cularization should also be indicated in the cases that show
rapid disease progression in order to prevent permanent neu-
rological and cognitive deficits.

In summary, we describe a case of pediatric moyamoya
disease that presented with headache attacks at initial presen-
tation. During 1 year of follow-up, a rapid disease progression
caused cerebral infarction associated with cognitive impair-
ment. We are convinced that a closer radiological monitoring
would identify the disease progression more promptly and
prevent permanent neurological sequelae due to ischemic
stroke by indicating surgical revascularization.
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Abstract

Moyamoya syndrome is a unique progressive occlusive cerebrovascular disease that predisposes affected patients to stroke. We
describe the case of a 2-year-old girl presenting with early onset of moyamoya syndrome with concurrent Down syndrome. Genetic
testing revealed a heterozygous missense variant of RNF213. RNF213 was recently identified as the first susceptibility gene for moya-
moya disease in patients with no known associated risk factors. The reported median age at the onset of idiopathic moyamoya dis-
ease with a heterozygous RNF213 risk variant is 7 years, while, the average age at onset of moyamoya syndrome in Down syndrome
is 7-16 years. Down syndrome and RNF213 variant contribute to the development of moyamoya vasculopathy in different ways.
Although the underlying mechanism is not fully understood, an additive effect was observed with the early-onset seen in this patient.
Little is known about the potential association between RNF213 and moyamoya syndrome. Based on these observations, we
hypothesize that the RNF213 risk variant has a modifier effect in steno-occlusive vasculopathy, even in medical conditions known

to be associated with moyamoya syndrome.

© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Moyamoya syndrome; Down syndrome; RNF213; Pediatric stroke

1. Introduction

Moyamoya syndrome (MMS) is a chronic cerebro-
vascular condition that predisposes affected patients to
stroke in association with progressive stenosis of the
intracranial internal carotid arteries and their proximal
branches. Proliferation of fine wvascular collaterals
around the occlusive region is a distinctive feature of
this syndrome, and gives rise to a “puff of smoke” radio-
graphic appearance, which is termed “moyamoya” in
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Japanese. Patients who have the characteristic moya-
moya vasculopathy and also have other associated con-
ditions (for example, Down syndrome (DS) and
neurofibromatosis type 1) are categorized as having
MMS. Whereas, patients with no known associated risk
factors are described as having moyamoya disease
(MMD) [1].

The etiology of MMD is probably multifactorial, but
several lines of evidence support the importance of
genetic factors in susceptibility to MMD. Twelve per-
cent of individuals with MMD have a family history
of the disease [2]. The RNF213 gene on the 17q25.3 locus
was recently identified as the first susceptibility gene for
MMD [3.4], and the p.R4810K missense variant (rs
112735431, G>A) has been reported to increase the risk
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of MMD with an odds ratio of 190.8-338.9 in the Jap-
anese population [3-5]. The median age of onset in
patients with the heterozygous RNF213 pattern was
found to be 7 years [5]. Herein, we report the case of a
2-year-old Japanese patient who had early-onset MMS
with concurrent DS and had the heterozygous RNF213
missense variant.

2. Clinical report

A Japanese girl presenting with muscle hypotonia,
epicanthal folds, flattened nose, and congenital heart
disease at birth was diagnosed with DS. Her chromo-
some analysis using G banding karyotyping showed
47,XX,+21. The patient underwent atrial and ventricu-
lar septal defect patch closure at the age of 1 month,
and remained symptom free after the procedure.

At the age of 2 years and 9 months, the patient was
referred to us because of weakness in her left arm. Neu-
rologic examination revealed left facial hemiparesis and
4/5 motor strength with manual muscle testing in the left
upper extremity. Magnetic resonance imaging of the
brain showed a fresh cerebral infarction in the right
frontal cortex as well as old infarction lesions in the deep
white matter (Fig. 1A and B). An intracranial magnetic
resonance angiogram revealed the characteristic steno-
occlusive features and accompanying collaterals of
MMS (Fig. 2). Evaluation of coexisting autoimmune
disorders including immunological and array of autoan-
tibodies studies were negative.

The patient was treated conservatively. Oral aspirin
therapy was commenced after discharge. She was later
referred to the neurosurgery department for surgical
intervention evaluation, and a bypass procedure was
scheduled for a later date. The patient received genetic
testing for RNF213. Genotyping was conducted using

Fig. 2. Intracranial magnetic resonance angiography revealing bilat-
eral stenosis of the terminal portion of the internal carotid artery,
bilateral occlusion of the proximal region of the middle cerebral artery
(arrow), and a fine network of collaterals (arrowhead) in proximity.

a TagMan® SNP Genotyping assay (Applied Biosys-
tems, Foster City, CA) and revealed a heterozygous pat-
tern in the p.R4810K variant [3]. Genotyping of the
patient’s father also showed the same heterozygous pat-
tern. The father is asymptomatic and has no headache,
paralysis or other complaints. Ethical approval for this
study was given by the Institutional Review Board and
Ethics Committee of the Kyoto University School of
Medicine, Kyoto University, Japan.

3. Discussion

The p.R4810K variant has been identified as a foun-
der variant commonly observed in Japanese and other
East Asian patients. Mutational analyses of the
RNF213 gene have revealed a p.R4810K variant in

Fig. 1. Brain magnetic resonance imaging during admission. (A) Axial T2-weighted image showing high intensity area in the right frontal cortex
(arrow) and old infarction lesions (arrowhead) in the deep white matter. (B) MRI diffusion-weighted imaging sequence confirming a fresh cerebral

infarction of the right frontal cortex.
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95.0-95.1% of familial MMD cases, 73.0-79.2% of non-
familial MMD cases, and 1.4-1.8% of controls [4,5]. A
gene dosage effect was observed with the homozygous
variant showing an earlier onset age and a more severe
form of the disease in comparison to the heterozygous
variant [5]. The median age at onset in Japanese
MMD patients was found to be 3, 7, and 8 years for
homozygotes, heterozygotes, and wild types, respec-
tively [5]. The MMS onset age in the DS patient showing
a heterozygous pattern of the RNF2]3 variant as
described in this study was 2 years, much earlier than
the reported onset age of MMD with a heterozygous
variant. Although the clinical effect of RNF2I3 in
MMS that occurs together with recognizable medical
conditions is unknown, our observations lead us to
hypothesize that the RNF213 risk variant may further
promote and accelerate the vasculopathy in a subset of
populations highly susceptible to MMS.

A higher prevalence of MMS in DS patient than in
general populations is commonly observed. Based on
data from the Nationwide Inpatient Sample, the esti-
mated prevalence of coexisting MMD and DS is 3.8%
(3760 per 100,000) among patients admitted with
MMD in the United States [6]. The prevalence of DS
in patients with coexisting MMS was 26-fold greater
than the prevalence of DS among live births (145 per
100,000) [6]. In Japan, the estimated prevalence of
MMS in DS patients is estimated to be one in 400-532
[7], whereas the prevalence of MMD in the general pop-
ulation is estimated to be one in 15,000 [2,7]. In every
racial or ethnic group, therefore, the occurrence of
MMS in patients with DS may be higher by a similar
proportion compared to idiopathic MMD in general
populations. In a series of case reports, the average
age at onset of MMS was reported to be 7 years [8];
the mean admission age was found to be 16 years in a
large observational study [6]. The present 2 year-old
DS patient, by having a RNF213 variant, observes an
accelerated onset age of MMS. This may suggest that
DS and RNF213 variant contribute to the development
of moyamoya vasculopathy, with different mechanisms
showing an additive effect.

Recent studies have revealed that the RNF213 gene
may play a role in angiogenesis [9], vascular development
[3], and mitosis [10]. In experimental medicine, overex-
pression of RNF213 p.R4810K in HeLa cells extended
the time of mitosis by 4-fold [10]. Aneuploidy was
observed more frequently in induced pluripotent stem
cells and fibroblasts from patients with MMD carrying
RNF213 mutation [10]. Thus, RNF2I3 variant may
induce mitotic abnormalities and chromosomal instabil-
ity. The molecular mechanism of vascular occlusion in

DS with MMS is unknown; however, it has been postu-
lated that several proteins encoded on chromosome 21
(a-chains of collagen type VI, interferon-y receptor and
others) may be inappropriately expressed, causing an
increased risk of moyamoya vasculopathy [6,8]. Further
study on the cross-talk between RNF2/3 and conditions
that cause MMS is warranted to foster a better under-
standing of these molecular mechanisms.
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BVPBYR/E ANF213 EInF

R R, AREH, INRIBE
KOBAYASHI Hatasu, HITOMI Toshiaki, KOIZUMI Akio
RBAXEAZREZMARREGEZNE

b ANF213 BIFHHPHOROBRFHEEGETF CHHI L, p.R4810K
ZENBRSUSETHDCEERELRE. OFEDOKBERRICED, ANF213
R4810K |3 Securin DRIRIE T%:& U CIMEALMIBOMELHERE FSE
BT &, MADZ HEEFRERB U CRIEBDHEED KUY/ AFTRERZS TR -
TTEDESHITHED, TNSDEKEEENEPEVRORERBICESTEE

A5ND.
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B b OSBRI O PR b LOREN &R
B (300 RME) OIRE RS E ¥+ 5 RIS
BTH5. 0L PHIIDAEEZCOET U T HIST
ERTHIEANYUMKOMONTHY, & 5IDEETI
ROk CO#E &R E, RS TNRRMIERED X
BEEE LTRDERTVE, KB TIHEEbILbILA
G AIZ L7238 b RO MBET RNF213 OE
TEARAT 5 & OMBBERIT 1= D WO T 5.

1 HPHPREREEILT ANF213 O
ik

ERLRXRMEAET VT TEHT LA, BEOHN 15%1C
FIRFE % 20 5 H 6 BIEISBEZERSEE 5 Z &4
BEINTEED, FEEEFEIREATH >, bhb
BB R EPRICEE T2 EERFAALS»IZT 5720
I, BYEHREMBERRENEL, &7/ LEHBT
BXUToy L@tk Ihko7z. TOME, 17¢25.3
WZIFHET 5 RNF213 BIZTFD 4810 BHO T L X =V
DY UANEETEEE (p.R48I0K, IRFEIL dbSNP i
rs112735431 TEH™*) AR RAD LR L PHABEICHLE
LTRIMENBZEERLEY., AREOMAEEL RS

*IAE NCBI IZEFRENT WA pRASIOK dbNbNMABI kol u—o v FHREOALR LT, MESY L OMRAEOBE» S B
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HUVECs

O HXHPHRIGFREMN IPSEC L5
V7 B IMEFZE BE D Sl
(Hitomi T et al, 20139 X h %%
51H)
() P9 R48I0K DI&{=FHI,
HUVECs : & b &R PR MR
(Bt Hd HR)

LR BEIC T AEBEEN T Y p.R4SIOK 13 BE THEE
BICERY (HA 1 90%, #E :79%, HE :23%), 3 »
El42A& T pR4SIK ICK B FEEY X 71380 112 fE &
Btz BT, HT U T O—MBAOD S B 2~
3% pR4BIOK # T 5 KBIEDEEFF vV 7 — 48
FETHIEWREN, ATV T7EETENAY Aok
BIEFFY VT -3 1,500 TARABA S LHEETE N5,
XBIZRNF2I3 Do U —=V T kBT - 7-5E8, KE
AT ER L v 4 — (NCBD) BEIEH & BETFHEE I
EENDHY, EOICHEBEMICELEL - 591 kDa EHO
in vitro TORBBEMEITIZ LD Walker A KX U'B £F—
7 & RING finger fBIi % 8 DBEHTH 5 Z LG &
727-%, HWERE LT mysterin (moyamoya steno-
occlusive disease—associated AAA-+and RING finger pro-
tein) LM% L7z, &7z, WHED Morito 62 DWETIE
FRD AAA+ATPase THB Z EHRENTNE, &5
IZ¥T 59749 a, $U XD RNF213 RETFLEH
WEB TIRMERE B LOVMatk 2 b L ASEICEE
BREERETZIEBHELE AL BV UL,
RNF213 RiBV Y AT, MERLIRD 5NTY, g2
& RTRDIRREIZ I B RENIRIBA LT D2 E 0,

bR b PREE
(GA)

2EE2 BEFFYUT -
(GG) (GA)

LR HPREE2
(AA)

HPHPHREES
(AA)

2 | BPHYFIFEN IPS MHHRIME
AR OMERZRBEDIE T

R ERRICHIT B RNF213 R4810K DI&E| % BH 5 &
1293 BT, R4810K & ~T 1 (GA) & B 2R E (AA)
TET LR ORBEBLIVEREBEFF YV T &0
iPS Ml % /ESL L, MENEMAZ (iPS endothelial cell
iPSEC) ~D4r{t.# ¥ Z % -7z, Tube formation assay <
FBMERREDFTH A B I E - R, 0L RHA
ERLOCEEFF vV 7 —HED iPSEC TRRIMEFR
BEMETLTWB I LML ok (RQ)Y. F7
v4ou7 LA @BROBR, BELLCEERTFF Y
7 —H%D iPSEC TEHER T v 7 4 MIC@EEZ LI
BUTHEDEOAS D, L<ICHlTHICEET 2%
BOBETHEHMETLTWAZ LRSI,

R &7z iPSEC DFRBEAH RNF213 R4810K D&
FIRRICEDBFRINDS »REET 57201, b MEEHIK
PNEZHAE (human unbilical vein endothelial cell : HUVEC)
Z BT RNE213 RAS10K DEREHIHREA B ko7, %
DFER, RNF213 R4810K A& R B ML M T e D
ETARLZES, FRIZH LT siRNA X 5 RNF213
FHIMEEREICHEEE A A o7z, ZOBRELD
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RNF213 R4810K i3 gain of function D THlliaiEeEIC
BELREZ B3I ENRE I, bubUIE G
DAETFAD Securin DRI51% H U7z, Securin i3 A& H
R iPSEC TIET LT /oflilan REEBETFHO S 5
D—2T, KRR EEOSEEEIFE, /2%
FAICB TR OEERE T U TETBRICER
EREEZR-TIENHMENTWS, Securin I BEH
3 iPSEC & [RI4%iZ RNF213 R4810K HIREMIE T
ETFLTWBIENHELPIZAD, X612 siRNA IZX
% Securin #1#i3 HUVEC % & U% iPSEC 123 T4
BB AET X3 2 & 25R S e,

LIk Y, RNF213 R4810K i Securin DREFUE T 438
UCIENEMBOMERREL4KETE®2ZLT, &
P HOBOFMEIEE T2 I L NREENAE, 28R
OB E 5 D iPS Mg LB £ THREN S,
LB mvitro TEFNE L TOFRHEHE TR 3.

3 ANF213 R4810K i&HIFIRICEKD
HHiED RN DRE

& Y PR AFH¥ PSEC 123 W\ CHllins 2LRE M8
BFORBEET 258D 7255 6, RNF213 R4810K %54
HIFR L2 b P FESEEMIE Hela #ifa % H > CHllas
ZUBBEDFHIE % %5 Z % - 7=. RNF213 R4810K DEFIF
Btk , Mlg@EskE KT U, F2-MizFEE M #5
1359 4 f5I12HER U | mitotic failure DEEEMR R LT3
ZEDBE NI 57D,

& BT RNF213 & M MRS FE A RE 2 R T
Mitotic arrest deficiency2 (MAD2) I DWW T D% Z
Tofz. M BIRTHRENC BT, MAD2 3B TR alk
ODHRFICHEETS. ZhiZH LT, RNF213 R4810K
FBMIIETId MAD2 3 RNF213 R4810K & B HE &R
U, BERICEFEL Ao, E72, GBEEMEIC K
0 RNF213 \& MAD2 L BA&WRER %R, RNF213
R4810K FEFAERI L IR LT L V< BABEZEK TS
ZEMREN. ZORERIE RNF213 R4810K 4% MAD2
NOEEIZE D EELARELEET S Z L ARELTY
3. EHIZpRA8IOK #H T2 3R XHABE» b
Fiilar BEEEL MBEIL2FE T2 24 - L TL
BUTEM B ko R, BEBERRHTMECE
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Genetic Study of Intracranial Aneurysms

Junxia Yan, PhD*; Toshiaki Hitomi, PhD*; Katsunobu Takenaka, MD, PhD;
Masayasu Kato, MD, PhD; Hatasu Kobayashi, MD, PhD; Hiroko Okuda, PhD;
Kouji H. Harada, MPH, PhD; Akio Koizumi, MD, PhD

Background and Purpose—Rupture of intracranial aneurysms (IAs) causes subarachnoid hemorrhage, leading to immediate
death or severe disability. Identification of the genetic factors involved is critical for disease prevention and treatment. We

aimed to identify the susceptibility genes for IAs.

Methods—Exome sequencing was performed in 12 families with histories of multiple cases of IA (number of cases per family
>3), with a total of 42 cases. Various filtering strategies were used to select the candidate variants. Replicate association
studies of several candidate variants were performed in probands of 24 additional IA families and 426 sporadic IA cases.

Functional analysis for the mutations was conducted.

Results—After sequencing and filtering, 78 variants were selected for the following reasons: allele frequencies of variants in
4?2 patients was significantly (P<0.05) larger than expected; variants were completely shared by all patients with IA within
=1 family; variants predicted damage to the structure or function of the protein by PolyPhen-2 (Polymorphism Phenotyping
V2) and SIFT (Sorting Intolerance From Tolerant). We selected 10 variants from 9 genes (GPR63, ADAMSTI15, MLL2,
ILIORA, PAFAH2, THBD, IL11RA, FILIPIL, and ZNF222) to form 78 candidate variants by considering commonness in
families, known disease genes, or ontology association with angiogenesis. Replicate association studies revealed that only
p-E133Q in ADAMTS15 was aggregated in the familial IA cases (odds ratio, 5.96; 95% confidence interval, 2.40-14.82;

=0.0001; significant after the Bonferroni correction [P=0.05/78=0.0006]). Silencing ADAMTSI5 and overexpression of
ADAMTS15 p.E133Q accelerated endothelial cell migration, suggesting that ADAMTS15 may have antiangiogenic activity.
Conclusions—ADAMTS15 is acandidate gene for IAs. (Stroke.2015;46:620-626.DOI: 10.1161/STROKEAHA.114.007286.)

Key Words: genetics m intracranial aneurysms

he overall prevalence of intracranial aneurysms (IAs) is

estimated at 3.2% in the general population.! The rupture
of an IA is one of the most devastating neurological conditions
known.? Multiple risk factors, such as cigarette smoking, hyper-
tension, and alcohol consumption, are known risk factors for the
formation and possible rupture of IAs.>* The familial occurrence
of IAs suggests that genetic factors are involved in disease sus-
ceptibility.5” Although several genome-wide association stud-
ies have been performed worldwide®* because of their limited
power to detect rare variants that are thought to have larger effect
sizes, the genetic predisposition of IAs is largely unknown.

In accordance with the hypothesis that less common vari-
ants (minor allele frequency [MAF] <0.05) may contribute to
IA development, we performed whole exome sequencing of
42 cases with a definite phenotype of IA from 12 families.
Further replicate association studies of several candidate vari-
ants in additional familial and sporadic IA cases and biologi-
cal investigation were performed.

Methods
Study Population

In cooperation with hospitals in the Western part of Japan, we estab-
lished a large cohort of familial and sporadic IA cases.' These cases
were diagnosed by angiography or subarachnoid hemorrhage with
aneurysm rupture or in some cases, unruptured IAs were.confirmed
during intracranial surgery. Individual information and lifestyle data
were collected by interview. With respect to familial IA, these fami-
lies showed high IA aggregation (22 first- to third-degree relatives
affected by IA) with a supposed strong genetic component. Twelve
families with >3 definite IA cases (a total of 42 cases) were selected
for whole exome sequencing (Figure 1). The probands of another un-
related 24 IA families were used for further replication study. Then,
426 unrelated sporadic IA cases were used for further association
study of the selected candidate variants. Written informed consent
was obtained from all participants.

For the control population, we used exome data from the
Japanese genetic variation consortium database (a reference da-
tabase of genetic variations in the Japanese population that con-
tains genetic variations determined by exome sequencing of 1208
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