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Novel epidemiological features of moyamoya disease
T Baba,' K Houkin,” S Kuroda®

ABSTRACT

Background: Many clinical features that are specific to
moyamaoya disease have been reported and cited in
textbooks based on previous data. The purpose of this
study is to investigate the present epidemiological
features of moyamoya disease based on recently obtained
regional all-inclusive data.

Methods: The authors performed an all-inclusive survey
of moyamoya disease in Hokkaido, one of the major
islands in Japan that has a population of 5.63 million. The
epidemiological features were analysed based on the data
from 267 newly registered patients with moyamoya
disease in Hokkaido from 2002 to 2006. These analysed
data were adjusted to the whole Japanese population at
2005.

Results: The detection rate of the disease per year
was 0.94 patients per 100 000 people, and prevalence
was 10.5 patients per 100 000 people. The

incidence of ischaemia concerned with the disease

was 0.53 patients per 100 000 people-years and
haemorrthage was (.2 patients per 100 000 people-years.
The ratio of female to male patients was 2.18. The ratio of
patients aged 10 years and above to under 10 years of
age at onset was B6.18. Two peaks for age of onset were
seen: the highest was observed between 45 and 49
years, and the second between 5 and 9 years.
Asymptomatic patients comprised 17.8% of the total
number of patients.

Conclusion: The epidemiological features of moyamoya
disease determined by this survey varied considerably
from previous data. The detection rate and prevalence of
the disease were higher than those reported previously.
The highest peak of onset age was older than those
reported previously. In addition, it was revealed that
asymptomatic moyamoya patients are not always rare in
Japan.

It is not always easy to determine the true
epidemiological features of a specific disease thar
has a low incidence. Most published studies
depend on patient data obtained from selected
large hospitals or compiled from numerous pre-
viously reported literature. Consequently, these
studies have many inherent selection biases. A
nationwide all-inclusive study, which appears to be
an ideal approach to exclude bias, is not always
feasible as the registration of patients suffering
from diseases with a low incidence takes several
years; furthermore, many omissions in registration
can take place because of the weak incentives
provided to doctors and patients, Indeed, the
epidemiological data of many neurological diseases
that appear even in textbooks may suffer from
serious selection biases. Moyamoya disease is one
such typical neurological disease that has a low
incidence. The present epidemiclogical data for this
disease has been obtained mainly from select

community and university hospitals and may
suffer from a serious selection bias."”

In addition, the development of a brain check-up
system in Japan revealed many asymptomatic
cerebrovascular diseases,” * including cases of famil-
ial occurrence of moyamoya disease. This means
that the previous epidemiological data may have
underestimated the number of cases.

However, moyamoya disease has been desig-
nated as an intractable disease by the Japanese
Ministry of Health, Labour and Welfare, which is
fortunate from the point of view of disease
tracking, Patients who are officially registered with
moyamoya disease are qualified to receive a
medical allowance from the government’
Therefore, nearly all patients are considered to
have a strong incentive to seek registration.
Hokkaido is the second largest island in Japan,
and the data of patients with moyamoya disease
have been well documented for the past several
years, including demographic and radiological data.
Therefore, analysis of patient registry data in
Hokkaido may help to reveal the true features of
moyamoya disease. In this study, all-inclusive
continuous data from a well-limited area in Japan
are analysed to reveal the contemporary epidemio-
logical features of moyamoya disease.

PATIENTS AND METHODS

Geographical facts

Hokkaido is the second largest island in Japan,
with an area of 78 000 km’; it accounts for 22% of
the area of Japan. This prefecture has a population
of 5.63 million, which is 4.4% of the total Japanese
population. In addition, although Hokkaido is a
large island, it has only one prefectural govern-
ment; Japan has 47 prefectures in total (fig 1). The
other major islands are divided into many pre-
fectures. Thus, Hokkaido presents us with an ideal
opportunity to obtain sufficient data from a
relatively isolated area that represents a single
prefecture.

Patient registration

This survey was based on the certification system
of registered intractable diseases of the Ministry of
Health, Labour and Welfare in Japan from 1979,
Each prefectural government is required to certify,
register and provide financial support to patients
with moyamoya disease as it has been officially
designated an intractable disease by the Japanese
government.” Patients who were suspected to have
moyamoya disease in hospital could make an
application to the prefectural government to be
granted radiological assessment, including mag-
netic resonance imaging (MRI), magnetic reso-
nance angiography (MRA) and/or conventional
cerebral angiography data, in order to confirm the
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Figure 1 Geographical location of
Hokkaido (grey) in Japan.
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particular vascular changes associated with moyamoya disease,
including basal moyamoya vessels. These applications were
evaluated by the Commission of Certification by specialists in
each prefecture. The applications were sorted into the following
classifications: definite moyamoya disease, probable moyamoya
disease (unilateral moyamoya disease) or improbable cases (eg,
atherosclerosis without moyamoya vessels or quasi-moyamoya
disease related to other diseases) based on the criteria prepared
by the Research Committee on Spontaneous Occlusion of the
Circle of Willis (moyamoya disease) in Japan.’

The subjects surveyed in this study were patients with
definite and probable moyamoya disease, as certified by the
Japanese Ministry of Health, Labour and Welfare in Hokkaido
from 2002 to 2006. We analysed newly certificated data: onset
age for symptomatic cases and detected age for asymptomatic
cases, gender, clinical presentation at onset, familial disease
from 2002 to 2006, and the number of already registered
patients in 2005.

Analysis

In this study, the types of clinical findings were divided into
four subgroups: (a) ischaemia, including infarction and transient
ischaemic attacks; (b) haemorrhage; (c) no symptoms—asymp-
tomatic patients were identified by the brain check-up system
or by administration of screening examinations to individuals
with familial history; and (d) other symptoms, including
headaches, seizures and involuntary movements. Furthermore,
the following were investigated: (1) detection rate, prevalence
and incidence of ischaemia and haemorrhage; (2) gender

J Newol Neurasurg Psychiatry 2008,79-900-904. dor10.1136/nnp.2007.130666

differences; (3) age distribution at onset or detection; (4) type
of clinical findings at onset; and (5) proportion of family
history. As far as age and gender were concerned, the data in
this study obtained from the Hokkaido area were standardised
based on data of the whole Japanese population at 2005, This
figure was the most accurate data based on the national census
in past years. Prevalence was calculated using all of the
registered patients at 2005. The method of statistical analysis
used was Chi-square test.

Protection of privacy act

In this study, all data were obtained, under agreement, from
data from the Department of Health and Welfare of the
Hokkaido Prefecture Government. All data used in this study
were irretrievably unlinked to personal information.

RESULTS

Detection rate, incidence and prevalence

A total of 283 new applications for disease certification were
submitted duning the 5 years from 2002 to 2006. There were 592
cases from individuals who had already been diagnosed with the
disease in 2005. The new applications comprised 233 definite
cases, 34 probable cases and 16 improbable cases that did not
meet the criteria for valid diagnosis. Therefore, a total of 267
newly enrolled cases were investigated in this study. The 60
definite cases (22.5%) were assessed by MR examination
without cerebral angiography. The prevalence of risk factor
within these applications was as follows: hypertension, 0.3%;
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Table 1 Epidemiological features of moyamoya disease

Present study Previous study—1987°

Number of cases 267 1176

Detection rate (per 100 000) 094 0.35

Prevalence (per 100 000) 10.5 316

Sex ratio (malefemaie) 122 1:1.8

Patients younger than 10 years old at onset (%) 15.1% 478%

Pattern of age distribution 2 poaks 2 peaks

Highest peak in age distribution (in years) 45-49 10-14

Second peak in age distribution {in years} 5-9 40-49

Patients with family history 15.4% 10.0%

diabetes, 0.3%; hyperlipidaemia, 0%; and systemic atherosclero-
tic disease; 0.7%. The detection rate of the disease per year was
0.94 patients per 100 000 people (95% confidence interval (CI):
0.71 to 1.24), and the prevalence was 10.5 patients per 100 000
people (95% Cl: 9.44 to 11.7). These figures are higher than
those previously reported (table 1). The incidence of ischaemia
concerned with the disease was (.53 patients per 100 000
people-years, and the incidence of haemorrhage was 0.2 patients
per 100 000 people-years.

Gender differences

The ratio of female to male patients was 2.18 (table 1).
However, no significant gender differences were observed,
although this figure appears to be slightly higher than that of
1.8, as reported previously.*

Age distribution

The percentage of patients under 10 years of age at onset was
15.1% (table 1). This percentage was significantly lower than
that of 47.8%, as reported previously (table 1).* Figure 2 shows
the age distribution of the new patients. The highest peak of
detection rate was observed at 45-49 years and a smaller peak
was observed at 5-9 years. In female patients, two definite
peaks in age distribution were observed—a higher peak at 45-49
years and a smaller peak at 5-9 years; this was similar to the
pattern of total age distribution. In male patients, this two-peak
pattern of age distribution was not clear. It appears that the age
distribution pattern was mainly influenced by the female
patients. This two-peak pattern was also observed in the
previous report.’ However, the main peak was shifted towards
the adult age group.

Types of clinical findings

The percentage of haemorrhage cases was 21.0% and these cases
showed only one peak at 35-39 years (figs 3, 4). The percentage
of cases with ischaemia was 57.4%; these cases showed two
peaks—one at 5-9 years and the other at 45-49 years. The
percentage of asymptomatic cases was 17.8% and had two small
peaks at 5-9 years and adult age.

In the disease pattern by gender, the ratio of ischaemia in
females was significantly smaller than that in males (53.0% vs
65.9%; p<0.05). Female patients showed a higher incidence of
haemorrhage (22.2%) and asymptomatic patterns (20.5%) than
male patients (19.5%, 12.2%). These data were not significant
(p=0.62 and p=0.10, respectively). In the disease pattern by
age, 78.4% of the patients below 10 years of age had ischaemia
compared with 53.5% of the patients of 10 years and older
(p<0.01). For haemorrhage, 2.7% of the younger group versus
24.3% of the older group (p<0.01) were affected.

902

Familial occurrence

Familial history was observed in 15.4% of patients. This figure
was higher than that of 10.0%, as reported previously (table 1) *
In the younger age group, 37.8% patients had familial
moyamoya disease, which was significantly higher than that
in the older age group (12,2%) (p<0.01).

DISCUSSION

The epidemiological features of moyamoya disease have been
reported several times in Japanese literature.' However, as
shown in table 1, there are several differences in the
epidemiological features of moyamoya disease between the
data from previously and our study. The results produced from
our study might not exclude latent regional bias, although this
bias seems to be small enough to neglect. However, in order to
minimise this regional bias, the age and gender of this data
obtained from Hokkaido were adjusted to those of the whole
Japanese population. As far as race/ethnicity 1s concerned, all
data in this study were obtained from Japanese individuals. The
results of this study revealed higher detection rates and
prevalence compared with previous studies, as well as a peak
shift in detection rate from children to adults, and a change in
the type of clinical findings and higher familial occurrence.

Higher detection rate and prevalence

The higher detection rates and prevalence of moyamoya disease
disclosed in this study do not necessarily indicate that the values
of these two important epidemiological parameters have
actually increased. Indeed, the increase in the registered number
of adult patients with moyamoya disease has resulted in an
increase in the values of detection rate and prevalence. These
higher figures than previous reports’® probably reflect the
availability of appropriate diagnostic tools and the brain check-
up system that has been extensively developed in Japan. On the
contrary, this figure could be lower than the actual figure as this
system can register fatal cases due to moyamoya disease. In any
case, the higher detection rate and prevalence reflects the actual
features of moyamoya disease.

Peak shift from children to adults

One of the well-known specific features of moyamoya disease is
its two-peak pattern of age distnibution and its higher incidence
in childhood in Japan. This study also revealed a two-peak
pattern similar to that reported in previous papers.'* " This
study, however, revealed that the higher peak observed in
adults, particularly in female patients, is more prominent than
in children. This result is similar to the data of Uchino er al.,
which is a multi-race/ethnicity study in non-Asian countries.” It
is conceivable that this difference is caused by the method of
data sampling. Most of the previous surveys were conducted by
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Figure 2 Onset age distribution of moyamoya disease.
Figure 3 Age distribution of disease pattern at onset.

using questionnaires on the epidemiological features of moya-
moya disease, This method was affected by sampling hospitals.
Previous surveys had an inclination to use mainly university
hospitals and public general hospitals. In this study, however,
there were 33.3% patients from large hospitals and 15.4% from
university hospitals. The other 51.3% patients were from
numerous neurosurgical, neurological or paediatric specialised
small hospitals or clinics. The selection of hospitals might lead
to an overestimation of the number of psediatric patients and
an underestimation of the number of adult cases in the past

Bl Ischaemia

B Haemorrhage
B Asymptomatic
W Others

literature

Changes in types of clinical findings and familial occurrence
Minor changes in the types of clinical findings, including an Total
increase in haemorrhage onset, is not always remarkable as 1t
simply reflects an increased number of adult patients with
moyamoya disease in this study. However, with regards to
clinical findings, the most remarkable difference observed in this
study was an increase in the number of patients with
asymptomatic moyamoya disease. These patients accounted
for 18.0% of the total number of patients. The driving force for
the elevated number of asymptomatic cases is believed to be the
brain check-up system in Japan®* and the knowledge of the
familial occurrence of moyamoya disease. These factors were
responsible for the identification of asymptomatic patients and
indicate that many patients with asymptomatic moyamoya Male
disease have still not been identified. The familial occurrence
rate is 15.4% in this study and was higher than that reported
previously." " This increase is also a reflection of the screening
of the families with a history of moyamoya disease

CONCLUSION

The detection rate, incidence and prevalence of moyamoya
disease are higher than previously reported. The two-peak
pattern was recognised as previously reported. However, the
peak of detection rate in adult patients was higher than that in

paediatric patients. In addition, it was revealed that patients <10 years =10 years

with asymptomatic moyamoya disease are not always rare in

Japan Figure 4 Disease patterns of moyamoya disease at onset.
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Autosomal dominant moyamoya disease

maps to chromosome 17q25.3
o~

ABSTRACT

Background: Moyamoya disease (MMD) is an idiopathic steno-occlusive cerebrovascular disease
that represents an important cause of stroke. However, etiology of the disease has remained
largely unknown

Methods: We previously showed that the inheritance pattern of MMD is autosomal dominant with
incomplete penetrance. Here, we report the genome-wide parametric linkage analysis for MMD in
15 extended Japanese families. We conducted linkage analyses under two diagnostic classifica-
tions: narrow and broad. Affected member-only analysis was applied due to incomplete and age
dependent penetrance of the disease.

Results: Under both classifications, significant evidence of linkage was only observed on chromo-
some 17g25.3, with maximum multipoint logarithm of odds (lod) scores of 6.57 (under the narrow
classification) and 8.07 (under the broad classification) at D175704. Haplotype analysis re-
vealed segregation of a disease haplotype in all families but one, and informative crossovers
enabled mapping of the MMD locus to a 3.5-Mb region between D1751806 and the telomere of
17q, encompassing 94 annotated genes

Conclusions: Our data suggest that there is a major gene locus for autosomal dominant moya-
moya disease on chromosome 17g25.3. Neurology™ 2008;70:2357-2363

GLOSSARY
ACAs = anterior cerebral arteries; HLOD = heterogeneity-adjusted logarithm of odds; ICAs = internal carotid arteries;
MCAs = middle cerebral arteries; MMD = moyamoya disease; MRA = MR angiography; NF1 = ne bromatosis type
1. NPL = nonparametric linkage; RCMJ = Research Committee on the Spontaneous Occlusion of the Circle of Willis of
the Ministry of Health and Welfare, Japan, RFLP = restriction fragment length polymorphism; SNP = single nucleotide
polymorphism

Moyamoya disease (MMD) is an idiopathic cerebrovascular disorder characterized by
steno-occlusive lesions around the terminal portions of the bilateral internal carorid ar-
teries (ICAs) accompanied by collateral vessels (moyamoya vessels) at the base of the
brain.! The disease extends over all age groups, but is predominant in the age group <10
vears.? Most juvenile patients develop transient ischemic attacks or cerebral infarctions,
which cause severe disabilities including motor weakness or mental retardation.” On the
other hand, adult patients are more prone to have hemorrhagic stroke. Although there
are few epidemiologic studies for stroke in children in Asian countries, an annual inci-
dence of stroke in Hong Kong Chinese children was estimated to be 1.9 to 2.1 per 100,000
children-years, and 6.0% of the patients had MMD (23.1% for stroke caused by vascular
disease in children).* In addition, moyamoya angiopathy has been shown to be an inde-
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pendent risk factor for recurrence of arte-
rial ischemic stroke in children.® Thus,
MMD is an important cause of stroke espe-
cially for children. Morcover, MMD is a pro-
gressive disease, and there are no effective

treatments for preventing the narrowing of
the intracranial arteries. Surgery using an
extracranial-intracranial bypass can be used
as a trearment oprion,®” but it is a heavy bur-
den to carry, particularly for children.

Two previous genome-wide linkage stud-
ies that mainly involved affected siblings
or relative pairs identified two loci for MMD
ar 3p24.2-p26* and 8q23.” Another candi-
date locus at 17925 was proposed from
chromosome-wide linkage analyses.”” How-
ever, no disease-causing gene has yet been
identified. The different loci identified by
these linkage studies most likely represent lo-
cus heterogeneity. In the context of genetic
heterogeneity, linkage analyses using affected
siblings or relative pairs have only limited
statistical power and are often confounded
by false-negative results.'" Alternatively,
parametric analyses using extended pedi-
grees of Mendelian traits provide us more
chances to identify a disease-causing gene. In
the present study, we selectively recruited
families of =3 generations without consan-
guinity, in which an autosomal dominant
mode of inheritance can be rationally as-
sumed. Genome-wide parametric analyses
with the affected member-only method pro-
vided significant evidence of a major gene lo-
cus for autosomal dominant MMD in the
telomeric region of chromosome 17q. Identi-
fication of a gene responsible for MMD
would lead to understanding of the disease
pathogenesis, thereby enabling the develop-
ment of new therapeutic options to prevent
disease progression.

METHODS Clinical evaluation. According to the offi-
cial diagnostic criteria proposed in 1997 by the Rescarch
Commirtee on the Spontaneous Occlusion of the Circle of
Willis of the Minmistry of Health and Welfare, Japan
(RCM])H MMD should be defined as follows: 1) steno-
occlusive lesions around the terminal portions of the 1CAs
including the proximal portions of the anterior cerchral ar-
teries (ACAs) and middle cerebral arteries (MCAs); 2) mova
moya vessels at the base of the brain illustrated by abnormal
vascular networks on conventional angiography or more
than two flow voids in the basal ganglia on MRI; and 3)

June 10, 2008 (Part 2 @
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Table 1 Definition of the narrow and broad
diagnostic classifications of familial
moyamoya disease (MMD)

Narrow classification

Definite MMD that fulfills all of the following findings in the
RCM.J criteria in 180872

1) Steno-occlusive lesions around the terminal portions
of the internal carotid arteries lincluding the proximal
portions of the anterior cerebral arteries and middle
cerebral arteries)

2) Moyamoya vessels at the base of the brain illustrated
by abnormal vascular netwarks on conventional
anglography or mare than two flow voids in the basal

ganglia on MRI

3) The findings 1 and 2 are present bilaterally
4) Known di with similar angiographic findings

[i.e., arterioscleresis, autoimmune disease, meningitis,
brain neoplasm, Down syndrome, neurofibromatosis
type 1, head trauma, and irradiation to the head)
should be ruled out

Broad classification

Any steno-occlusive lesions that fulfill the following
findings:

1) Stenc-occlusive lesions around the terminal portions
of the internal carotid arteries

2) Findings of moyamoya vessels are not essential
3) Bilateral involvement is not essential

4) Known diseases with similar angiographic findings
should be ruled out

RCMJ = Research Committee on Moyamoya Disease of the
Ministry of Health and Welfare, Japan.

these findings are present bilaterally. Patients with unilateral
involvement of these findings were diagnosed as probable
MMD. However, MMD is a progressive discase and its phe-
notype changes dynamically according 1o the disease stage.
For example, collateral vessels cannot be detected in the

U and unilateral MMD can progress to

carly and end srages,"
bilateral involvement during its follow-up.'*** Therefore, the
core spectrum of the diagnostic criteria for MMD is the
steno-occlusive lesions around the terminal portion of the
ICAs. On the basis of these observanons, we analyzed our
data under two diagnostic classifications: narrow and broad
(rable 1). The narrow classification only included patients
with definite MMD according to the RCM] criteria. For the
broad diagnostic classificanion, we employed modified diag-
nostic criteria, in which any steno-occlusive lestons around
the rerminal portions of the ICAs, either unilaterally or bilar-
crally, were considered to be in the continuum of the MMD
phenotype even without findings of moyamoya vessels. The
maodified diagnostic criteria may be applicable only to those
who have a family history of defimte MMD. Accordingly,
the broad classification contained the following phenotypes
1) definite MMID; 2) probable MMD {unilateral MMD); and
3) cither bilateral or unilateral steno-occlusive lesions
around the terminal portion of the ICAs without findings of
mayamoya vessels.

The medical records of participants who had already
been diagnosed were checked ro confirm the diagnosis of
MMD. A clinical interview and examinations by MR and
magnetic resonance angiography (MRA) were carried out
for all available relanives, and conventional angiography was
conducted when necessary. We ascertained the medical his-

'Enterprrses Inc. Unauthonzed reproduction of this article is prohibited.



tory, age, age at onsct, age at diagnosis, first sign at onset,
course of the discase, treatment option, and associated dis-
eases, Families with moyamoya syndrome, that is, MMD
with known causes such as neurofibromarosis type 1 (NF1),
protein C deficiency, Down syndrome, or past radiation ther-
apy in the head, were excluded from this study, The present
study was approved by the Ethics Committee of the Kyoto Uni-
versity Institutional Review Board and approved wrinten in-
formed consent was obtained from all subjects or their parents
if the subjects were children younger than 16 years. An autopsy
brain was obtained from 11-% in Family 6 (figure ¢-1, on the
Newrology™ Web site ar www.neurology.org), with written in-

formed consent from a family member.

Family pedigrees. As shown in figure e-1 we recruited 15
pedigrees of familial MMD for whom DNA samples were
available from =3 affected and unaffecred individuals. These

families had never participated in previous linkage
Twelve families (families 1 through 6, 8 through 10, and 13
through 15) were reported in our earlier report, and the family
IDs in the present study correspond to those in the previous
report (DNA samples were not available from Families 7, 11,
and 12). We expanded Family 2, in which Individuals 1-2, 11-1,
11-3, 116, and 111-1 were newly recruited and individual IV-4 had
received an initial screening examination by MRI and MRA.
The remaining three families were assigned as Families 16
through 18. Under the broad classification, all the familics
1

ranged for =3 generations from the fi (we d the

nearest common ancestor of the affected individuals to be the
founder), justifying a parametric model as an autosomal domi-
nant transmission.” We consistently used a parametric analysis
with a dominant model even under the narrow classihcation,
since 12 of the 15 familics ranged for 23 generations and saris-
fied & dominant model (Families 8, 17, and 18 would be one or
two generational families), We defined an obligatory carmer as
a non-founder with affecred offspring, if one's phenorype had
been confirmed to be normal by MRI and MRA or one was
deceased.

The demographic features of the participating pedigrees
and pedigree members are shown in table 2. We observed a
total of 55 patients (38 women and 17 men) with MMD phe-
notype under the broad diagnosric classificarion, of which 53
patients (the other two had been deceased) were finally en-
rolled in the study, Twenty-five patients showed childhood
onset (<15 years of age). The female and childhood predom-
inances were compatible with the characteristics of MMD in
a previous report.! Among the §5 patients, 43 (28 women and
15 men) were patients with definite MMD and five were pa-
tients with probable MMD (11-2 in Family 1, 11-2 in Family 8,
11-2 in Family 9, 1-2 in Family 10, and Il-4 in Family 17).
Stenoses around the terminal portion of the ICAs without
collateral vessels were found bilaterally in one patient (11-3 in
Family 1) and unilaterally in six parients (11-2 in Family 5,
11-3 in Family 9, 11-2 in Family 10, IV-4 in Family 14, I-2 in
Family 17, and 111-3 in Family 18}, Obscrvations of patients
with various phenotypes (unilateral or bilateral, or with or
without collateral vessels) in a single family justified our as-
sumption that these phenotypes were within the continuum
of MMD phenotypes. This assumption is also supported by
the findings that two pairs of identical twins (IV-3 and IV-4
in Family 14 and 11-3 and 11-4 in Family 17) showed qualita-
rive differences in their disease phenotypes. We observed the
skipping of a generation phenomenon and assumed 13 oblig-
atory carriers, of whom five (11-3 in Family 3, 11-2 in Family

71

Table 2 Characteristics of the pedigrees of
Itam No.
No. of patients
Definite maysmoya disease 43 (15 men, 28 women)
1 (1 man, O women)
lasions without collaterals
Probable moyamoya disease 5 (0 man, 5 women)
Unilaters! steno-ccclusive £ (1 man, 5 womaen)
lesiona without collaterals
Total 55 (17 men, 38 women|
No. of obligatory carriers 13 (4 men, 9 women)
Pedigree size under the broad
! 36 11
4 Genarations 3
5 Generations 1
All 15
Type of onset
Childhood onset (<15 ) 25
Adult onset (=15y) 15
Asymptomatic 13
L 2
Symptom at onset
Ischermic stroke 20
Hemorrhagic stroke 6
Epilepsy 4
Headache 1
Asymptomatic 13
Unknawn 2

13, 11-9 in Family 14, and 11-3 and 111-7 in Family 15) were
confirmed not to have any abnormal findings on MRI1 and
MRA, indicating incomplete penetrance of MMD. In addi-
tion, we observed rapid discase emergence in Individual T11-3
in family 18, a 37-year-old woman without any vascular risk
facrors, who had no occlusive lesions around the rerminal
portions of the 1CAs in 2005 at the start of her participation
in the study but had developed lesions 1 year larer in 2006,
suggesting age-dependent penetrance of the discase.

Genotyping. Genomic DNA was extracted from blood
samples from living panents and the autopsy brain from a
deceased participant (I1-9 in Family 6) using a QlAamp DNA
Blood Mini Kit (Qiagen GmbH, Hilden, Germany). For
genotyping in the genome-wide linkage study, an ABI Prism
Linkage Mapping Set (Version 2; Applied Biosystems, Foster
City, CA) with 382 markers for 22 autosomes and 18 mark-
ers for the X chromosome with more than 75% heterozygos-
ity was used at about 10-cM resolution as described
previously.” Briefly, genomic DNA extracted from periph-
eral blood was amplificd by PCR with fluorescently labeled
markers, and the PCR products were analyzed by an ABI
Prism 3100 Avant Genetic Analyzer (Applied Biosystems) us-
ing the Genescan program. Fine mapping markers were de-
signed according to information from the Marshfield genetic
map (hups/research.marshfieldclinic.org/genetics!). We used
2359
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single nucleotide polymorphism (SNP) markers with minor al-
lele Frequencies of =10% if we could not obtain microsatellite
markers. Genotyping of SNP markers was performed using a
PCR-restriction  fragment length polymorphism (RFLP)
miethud as previously deseribed.™ A rotal of 17 markers were
genotyped at 12.5-Mb intervals ar the 17g25-gter linkage re-
gion, The marker locations were obrained from the umSTS ref-
erence physical map (http//www.nchi.nlm.nih.govigenome!
sts/). Merlin sofrware™  (hiegps//www.sphoumich.edu/csg/
abecasis/Merlin) was used to detect genotyping errors and
Mendelian inconsistency. When genotyping resulted in no calls
or an ambiguous call, the genotype was set 1o “unknown.”
Owerall successful call rare was 99.8%,

Linkage and haplotype analyses. We conducted a para-
metric linkage analysis assuming a dominant model. An af-
fected member-only analysis was employed on the basis of
observations of incomplete and age-dependent penetrance of
MMD. In the analysis, we assigned an affected individual as
cither one whose phenotype was clinically diagnosed by ci-
ther the narrow or broad classification or an obligatory car-
rier. The rationale for the ption that obligatory
carriers should be treared as affected was the low penetrance

and low discase allele frequency. To increase the accuracy of
haplotype estimation in affected individuals, we included
unaffected individuals and non-founder spouses, The pheno-
type of unaffected related individuals in the pedigrees was
assigned as unknown, while non-founder spouses were as-
signed as unaffected. On the basis of the observed prevalence
of 3.16 per 100,000 persons,’ the disease allele frequency
should be set at 0.0000158, but we set it more conservartively
at 0.0001 due to the increasing number of asymptomatic pa-
tients who have recently been diagnosed by MRI and
MRA* We assumed a phenocopy frequency of 0.00001,
Population allele frequencies for each microsatellite marker
were estimated from all the unrelated founders using the
Merlin software,'” with the exception of the X chromosome.
For the X chromosome, we assigned equal portions for indi-
vidual alleles. A twao-point linkage analysis was performed
using the MLINK program of LINKAGE version 5.2 (hrpy/
linkage.rockefeller.edu/soft/linkage).*' Multipoint analyses
for autosomes and X chromosome were run with a one-
tailed probability value using GENEHUNTER version 2.0
(hetpe//www broad. mit.edu/frp/distribution/sofrware/gene-
hunter/).# Since locus heterogeneity could be associared with
MMD, we obtained both logarithm of odds (lod) and
heterogeneity-adjusted logarithm of odds (HLOD) scores.
We employed a multipoint lod score of >3.6 as the threshold
for genome-wide significance, and a lod score of >3.3 for
the rwo-point analysis,” Haplotypes were constructed with
the GENEHUNTER program. To avoid mis-specification
of the inheritance pattern, we confirmed our results by non-
parametric analysis. Nonparametric linkage (NPL) score
was obrained using the GENEHUNTER program,

Mutation analysis of candidate genes. The 3.5-Mb
candidare interval on chromosome 17q25-qrer contains 94
annotated genes, of which 28 are predicted genes of un-
known function (NCBI Human Genome Resources), There
appear to be several putative candidare genes around the in-
rerval, which included BAll-associated protein 2 (BAIAF2),
tissue mhibitor metalloproteinase-2 (TIMP2), ras-related C3
Botulinum toxin substrate 3 (RAC3), an important regulator
of cell growth and cytoskeletal reorganizanon, or RAB4OB,
member of ras oncogene family (RAB40B), These four candi-
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date genes were directly sequenced for a proband of five fami-

lies (Families 1, 2, 5, 14, and 15) including coding exons, exon-
intron boundaries, and 3" untranslated regions in the same way
as described previously.” Any polymorphic sites identified
through our sequencing were searched for SNP database
(dBSNE, httpd/www, nebinlmonih.govSNPAndex himl). When
a muinor allele frequency of a vanant has not been determined
yet in the darabase, genotyping was performed in 32 control
subjects using PCR-RFLP method as described previously."
Variants with a minor allele frequency of > 1% were considered
not to be associated with autosomal dominant MMD because it
is a relatively rare discase and is likely to be caused by a muta-
ton. As —418G=C in TIMP2 gene on chromosome 17¢25 has
been shown to be associated with familial MMD in a recent
report,™ we genatyped —418G>C for the probands of families
using PCR-RFLP method.

RESULTS The results of genome-wide screening
are shown in figure 1. Significant evidence of link-
age was only observed on chromosome 17q25-
gter, with maximum multipoint lod scores of 5.92
(HLOD score = 5.92) under the narrow classifica-
tion and 7.33 (HLOD score = 7.33) under the broad
classification at D175928. No other regions showed
genome-wide lod scores of >3.6. Two-point lod
scores of 4.23 and 4.45 under the narrow classifica-
tion (5.25 and 5.48 under the broad classification)
with a recombination fraction of 0.05 were obrained
at two nearby genome-wide screening markers,
D175784 and D175928 (table e-1). Both the rwo-
point and multipoint lod scores were linked to the
locus in all families, with the exceprion of Family 14
{data not shown). Results of non-parametric analy-
sis showed pracrically same result, with only a
prominent peak ar chromosome 1725 with a maxi-
mum NPL score of 4.51 under the narrow classifica-
tion (5.51 under the broad classification) ar D175928
(data nort shown). Taken rogether, we considered
17q25-qter as a major genetic locus for MMD with
an autosomal dominant mode of inheritance.

To narrow down the genetic locus, we con-
ducted fine mapping of the 17q25-qrer linkage re-
gion at an average resolution of 0.8 Mb, which
gave a maximum multipoint lod score of 6.57
{(p = 0.000021) under the narrow classification
and 8.07 (p = 0.0000034) under the broad classifi-
cation at D175704 (figure 2). A maximum HLOD
score of 6.81 under the narrow classification and
8.11 under the broad classification was observed
at the same marker. Both the lod and HLOD scores
decreased sharply at D1751806. Sensitivity analyses
using various sets of parameter combinations, 1e.,
the disease allele frequencies (0.0001 or 0.00001) and
phenocopy frequencies (0.001, 0.0001, or 0.00001)
for either narrow classification or broad classifica-
tion did not alter either lod or HLOD scores more
than 1% (data not shown). As shown in figure e-1,
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Figure 1 Multipoint parametric lod and heterogeneity-adjusted logarithm of odds scores in the genome-wide
screening for familial moyamaya disease (MMD) under the narrow diagnostic classification, in which
only patients with definite MMD are assigned as affected. and under the broad diagnostic
classification, in which patients with unilateral or bilateral steno-occlusive lesions around the
terminal portion of internal carotid arteries including definite MMD and unilateral MMD are
designated as affected
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The dotted line shows the cutoff for a lod score of >3.6,

all affecred individuals in each family shared a dis-
case haplotype, with the exception of Family 14,
Family 14 failed to show a common haplotype in the
affected family members, suggesting the possible in-
volvement of locus heterogeneity. Haplotype analy-
sis with fine mapping revealed an obligate
recombination between markers D1751806 and
D175784 in Individual 111-2 of Family 2 (figure e-1),
which defined the critical MMD gene location
within a 3.5-Mb region from D1751806 to the end of
chromosome 17q (uniSTS reference physical map).
The MMD locus at 1725 reported by Yamauchi
et al. spans from D175785 to D175836," which lies
1.5-Mb centromeric to D1751806 of the present lo-
cus, suggesting the possibility that their locus may
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not be identical to our locus. On the other hand,
maximum lod and HLOD scores within MMD lo-
cus at 3p24-p26.1* were —8.95 and 0.24 under the
narrow classification, and —9.04 and 0.30 under the
broad classification. As for MMD locus at 8q23,"
maximum lod and HLOD scores were —4.18 and
0.15 under the narrow classification, and —2.99 and
0.42 under the broad classification. These two loci
satisfied the linkage exclusion critena (lod <—2.0).

We sequenced four candidate genes (BAIAP2,
TIMP2, RAC3, and RAB40B) and identified a
of 37 vanants, of which four cause amino acid sub-

total

stitution (data not shown), However, all the non-
synonymous variants were found in the database
and their minor allele frequencies were above 1%, A
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Figure 2 Multipoint lod and heterogeneity-
adjusted logarithm of odds (HLOD)
scores in fine mapping of
chromosome 17g25-qter under the
narrow and broad classifications
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The definition of the classifications is described in table 1
The location of marker D1 751806 is arbitrarily set at 0 Mb,
and the other markers are scaled on the basis of thair dis-
tances (in Mb) from D1751806. The lod scares are shown by
the continuous line and the HLOD scores are shown by the
broken line. The lower figure shows the chromosomal posi-
tions of the fine mapping markers

promoter polymorphism —418G>C in TIMP2 gene
was not polymorphic in our studied population.

DISCUSSION This study presents compelling
evidence thar a major locus for aurosomal domi-
nant MMD lies in the telomeric region of 1725,
The restriction of employment of pedigrees to
multigenerational families, which i1s compauble
with autosomal dominant transmission, justified a
genome-wide parametric analysis. To crcumvent
uncertainty in phenotyping arising through low and
age-dependent penetrance, we applied an affected
member-only analysis after MRI and MRA screen-
ing examinations. We analyzed the data under both
a narrow classification, in which only parients with
definite MMD were assigned as affected, and a
broad classification, in which patients with any
steno-occlusive lesions around the terminal portions
of the ICAs were designated as affected. With such a
conservative approach, the presenr study succeeded
in robustly revealing significanr evidence of linkage
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to chromosome 17q25.3 under both classifications,

with maximum multipoint lod scores of 6.57
(HLOD score of 6.81, p = 0.000021) under the nar-
row classification and 8.07 (HLOD score of 8.11,
p = 0.0000034) under the broad classification. Seg-
regation of a disease haplotype in all affected indi-
viduals was observed in 14 of the 15 families. An
informative crossover defined the candidate interval
between D1751806 and the telomere of 17q, corre-
sponding to a distance of about 3.5 Mb. We selecred
four candidate genes around the disease locus; how-
ever, mutation analysis could nor identify any dele-
tenous mutations.

The robust results of our linkage analyses under
both the narrow and broad diagnostic classifica-
tions in turn suggest that our modified diagnostic
criteria in the broad classification can be safely ap-
plied for the diagnosis of patients with MMD at
least in familial cases. If so, the present study, n
turn, indicates that MCA stenosis or MCA occlu-
sion of uncertain causes as well as unilateral MMD
may also be considered 1o be in the spectrum of
MMD.,

One ambiguity in the present study would be
the assignment of the obligatory carriers, since we
could not detect any lesions in the spectrum of
MMD even with MRI and MRA examinations.
One explanation for the absence of stenotic le-
sions in the obligatory carriers would be age-
dependent progression of MMD, as observed in
111-3 of Family 18.

Our locus is close to the previous reported
MMD locus at 17g25," but the rwo loci might not
overlap with each other. At present, further evi-
dence is required to confirm whether these two
loci are identical. On the other hand, we failed to
replicate the other MMD loci at 3p24-p26.1* and
8423.” This failure of replication may be arttribut-
able to genetic heterogeneity, since the present
study restricted the studied pedigrees to multigen-
erational families, while the other studies mainly
used affected siblings or relative pairs. Isolation
of a gene responsible for autosomal dominant
MMD in our locus will provide evidence for or
against genetic heterogeneity.

We selected four candidate genes on the basis of
their biologic functions: BAIAP2, TIMP2, RAC3,
and RAB40B. BAIAP2 interacts with brain-specific
angiogenesis inhibitor-1 (BAIT), which is an inhibi-
tor of basic fibroblast growth factor (bFGF)-
induced angiogenesis.”* A promoter polymorphism
of TIMP2 gene was found to be associated with fa-
milial MMD in the Korean population. However,
it was not polymorphic in our studied population,
although we genotyped only a limited number of

s, Inc. Unauthorized reproduction of this article is prohibited.



population. RAC3 and RAB40B are members of ras
oncogene family and important regulators of cell
growth and cytoskeletal reorganization. No muta-
tion was identified through the mutation analysis of
these candidate genes. Further analyses will be
needed.
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Current Knowledge on the Genetic Factors Involved in Movamoya Disease
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Abstract

Movamova disease (MMD) is characterized by progressive stenosis and occlusion of the terminal
portion of the bilateral carotid arteries as well as arterial collateral vessels, The etiology of MMD,
however, remains unknown,

Several pieces of evidence suggest the involvement of genetic factors in MMD: over 10% of MMD
patients have affected blood relatives: concordance in the affection status has been proven in 80% of
identical twins: and there is an ethnic predisposition to MMD. the incidence of the disease being the highest
in the Asian population.  With regard 1o genetic factor (s), transmission of MMD does not follow the classic
Mendelian law, i, .. skipping of a generation and discordance in identical twins, thereby indicating that
genetic influence ig likely to determine the susceptibility to MND

This study aimed to overview the recent findings related to the genetic determinants in MMD and to
provide research perspectives for the next decade

Pathophysiological investigations at molecular levels have uncovered the upregulation of vanous

wrowth and stress response factors that are associated with angiogenesis in occlusive cerebral arteries,
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