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OR* (95% CI) P
Frequency® P, HWE®

22

12

Cases
11

Frequency® P, HWES

22

12

Controls

Populations
11

Allele
Y2

Table 3 continued

s ID?

@ Springer

0.023

0.600 1.59 (1.06-2.38)

0.81

31 57

2

0.818

Japanese 28 157 199 0.72

AIG

58080957

63.33%
27

34.44%
14

2.22%

51.82%
109

40.89%

98

7.29%
16

0.024

2.00 (1.09-3.68)

0.525

0.83

0.449

0.71

Korean

65.85%

34.15%
11

0.00%
4

48.88%
46

43.95%
45

7.17%

0.667

0.86 (0.44-1.70)

0.434

0.65

0.893

0.69

Chinese

47.83%
95

34.78%
53

17.39%

6

46.00%
354

45.00%
300

9.00%

0.007

1.51 (1.12-2.03)

0.916

0.79

0.390

0.71

All Asian

61.69%
10

34.42%

12
48.00%

3.90%
3

50.07%
61

42.43%
77

7.50%

0.653

1.15 (0.62-2.14)

1.000

0.64

0.932

0.61

Caucasian

40.00%

12.00%

37.20%

46.95%

15:85%

NA, Data not available

a

15 ID, Reference single nucleotide polymorphism (SNP) accession identity number

® Prequency of risk allele 2

£, Hardy=Weinberg Equilibrium (HWE) two-sided probability value from the test for deviation from the HWE

4 OR, Allelic odds ratio with its 95% confidence interval (CI). except for 55161110142

£ P Cochran—Armitage trend test’s P value

¢

, which wascalculated under the assumption of dominant effect because of very rare allele frequency

present at all in Chinese controls. Consequently, the A
allele was associated with a very high odds ratio (OR) for
MMD: 51.5 (95% CI 21.9-121.1) (P = 2.08 x 1072°) in
Japanese and 84.1 (95% CI 28.1-251.8) (P = 942 x
107 in Koreans. Note that the genotype distribution of
the ss161110142 SNP followed HWE in Asian controls but
showed some deviation from HWE in Korean cases, which
would not be unexpected if this SNP is truly associated
with MMD. In contrast, the ss161110142 A allele was not
detected in either the patients or the controls among the
Caucasian participants in the study.

Haplotype frequencies derived from the seven studied
Raptor SNPs are shown in Table 4. Due to the moderate
size of the Chinese samples, haplotypes were inferred only
in Japanese and Korean populations. The same Raptor
haplotype structure was observed in Japanese and Koreans.
Interestingly, the 5161110142 A allele was carried by only
one: haplotype that was very rare in controls but very
frequent in cases; suggesting the existence of a founder
haplotype * spanning - 65 kb common  to Japanese and
Korean subjects with MMD.

Population: attributable risks were estimated to be 49%
(44/90) for Japanese, 66% (27/41) for Koreans, and 9% (2/
23) for Chinese.

Discussion

Here, we report the results of positional cloning based on
tried and frue tactics. We identified ss161110142 as a
sensitivity - SNP- for - MMD. ' Although = the = Rapror
ss161110142 A allele was found to be a rare variant in East
Asian general populations, it was very common in: East
Asian. MMD  patients,. with approximately 50% of the
Japanese and 66% Korean MMD patients being heterozy-
gous for this allele. Intensive sequencing of coding regions
and a promoter of Raptor did not reveal any variants spe-
cific for cases with  MMD, with the exception of the
8s161110142. The presence of this rare allele was found to
elevate susceptibility to MMD by 52.2-fold. We thus ten-
tatively conclude that ss161110142 of Raptor is very likely
to-confer susceptibility to MMD.

There might be a caveat, however, with respect to a
causal role of s5s161110142 in MMD. Sequencing was not
conducted in genes around Rapfor; and we also did not
further explore the founder haplotype around Raptor. More
importantly, the functional link was not explained patho-
logically. Those limitations to our study confribute to an
uncertainty regarding the causal role of Raptor, leaving
open the possibility that this variant of Raptor may simply
be a marker having a very strong linkage disequilibrium
with unknown causative mutations of unsequenced parts of
Raptor or a nearby gene.
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Table 4 Main Raptor haplotypes derived from the study of ss161110142, 159911978, 1512950635, rs4890047, rs4889863, rs11655474, and

1s8080957 in the Japanese and Korean case—control studies

Polymorphisms

Haplotype frequencies

Japanese Korean

ss161110142 159911978 1512950635 154890047  rs4889863

1511655474  rs8080957 Controls Cases Controls  Cases

G G Cc i G
G A (2 c A
G A (& Cc A
G A T @ A
A G C T G

c G 0.366 0.274  0.395 0.219
C A 0.021 0 0.025 0.024
T A 0.248 0.181  0.261 0.146
C G 0.336 0272 0.291 0.268
G G 0.009 0.253  0.011 0.329

Based on signaling by the mammalian target of the
mTOR complex, it has been reported that Raptor is asso-
ciated with vascular smooth muscle cell proliferation and
intimal expansion mediated by interferon-y [25] and with
HLA class I antibody-mediated endothelial cell prolifera-
tion [24]. The $s161110142 variant is predicted to be
located one base upstream of the GATA-1 site (http://
www.cbs.dtu.dk/services/Promoter/) [26]. As such, this
variant may modify signals mediated by mTOR complexes
by changing gene expression levels in tissue-specific
manners. The involvement of Rapror as a key molecule can
potentially explain the smooth muscle cell proliferation
observed in steno-occlusive lesions [27, 28] provide the
basis of several immunological hypotheses [28, 29]. In fact,
elevations of hypoxia-inducible factor [30] and basic
fibroblast growth factor (bFGF) [31] have been reported in
MMD. Therefore, it is possible that the mTOR signaling
pathway may bridge the missing link between genetic
factors and pathological consequences.

The high prevalence of the ss161110142 variant can
explain the large prevalence of MMD among East Asian
populations compared wiith Caucasian populations. In
particular, the high PARs can explain the greater preva-
lence of MMD in Japanese (49%) and Koreans (66%)
compared with other ethnicities. However, the issue of
whether this variant is a single risk factor for MMD should
be addressed because of the large gap between the preva-
lence of carriers of the ss161110142 A allele (2%) and the
prevalence of MMD (as low as 6.03 per 100,000 persons)
[10]. The large gap in the estimated frequencies (330-fold)
strongly indicates that other factors contribute to the
development of MMD. Although we were unable to
demonstrate direct evidence for the involvement of
85161110142 in MMD, it may be that this allele elevates
the risk of MMD synergistically with unknown factors.
Pathologic clues are expected to be identified by functional
characterization of Raptor.

Kraemer et al. [32] recently reported the clinical features
and course of MMD in Caucasians. MMD in Caucasian
differs from Asian MMD in the timing of onset of

vasculopathy and lower rate of hemorrhage. Although we
could not confirm such differences in this study—mainly
due to limitations in the size of the study population—it is
plausible to assume that the Rapror gene may modify the
clinical features and course of MMD.

The present study clearly demonstrated a founder hap-
lotype harboring Raptor ss161110142 variant in East Asian
patients with MMD, giving an explanation for high prev-
alence in Asian. Further studies including functional
analysis are required to envisage the gene—environment
interactions in the process of MMD.
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Multiple Coronary Stenosis in Infantile Moyamoya Disease

Tomoaki Murakami, MD, PhD; Michihiko Ueno, MD, PhD; Atsuhito Takeda, MD, PhD;
Satoshi Yakuwa, MD; Satoshi Kuroda, MD, PhD

3-year-old girl was referred to our institution for evalu-

ation of mitral valve regurgitation. A heart murmur was
observed when she visited a pediatrician for treatment of a
respiratory infection, and it was diagnosed as mitral valve
regurgitation. The regurgitation gradually became worse and she
was referred to the hospital. An echocardiographic examination
showed moderate mitral valve regurgitation. Because her ECG
demonstrated a slight ST depression on the left chest leads,
dipyridamole stress thallinm imaging was performed. However,
it was interrupted when an aminophylline injection was required
because of chest pain with ST depression on leads I, I1I, aVf,
and V4 through V6. This strongly suggested ischemic mitral
valve regurgitation, and coronary angiography was performed.
A coronary angiogram demonstrated multiple stenoses in both
coronary arteries (Figure 1). Because her 16-year-old sister was
sulfering from moyamoya disease, intracranial magnetic reso-
nance angiography was performed.! The image sliowed severe
stenosis. of the bilateral internal - carotid “arteries with “small
collateral vessels (Figure 2), and she was therefore with the early
stages of moyamoya diseuss.

Although she had been suffering from chest pain, the
administration. of aspirin, an angiotensin-converting enzyme
inhibitor," a_fB-blocker; nicorandil; and a calcium. ¢hannel
antagonist relieved her symptoms,

Moyamoya disease is characterized by progressive steno-
occlusive changes at the terminal portions of the bilateral
internal carotid arteries with arterial collateral vessels, called
moyamoya vessels; at the base of the brain, Familial occur-
rence is reported in about 13%. of patients with moyamoya

Figure 1. Coronary angiograms of the right coronary artery (A)
and left coronary artery (B). There are multiple stenotic lesions
and collateral vessels:

Figure 2. Magnetic resonance angiogram of the head. The image
demonstrated stenosis of the terminal portion of the bilateral
internal carotid arteries (arrow).

disease. Therefore, the patient’s: family history led (o the
diagnosis. although she had had no neurological symptoms.?
The scant collateral arteries probably indicate an early stage
of the disorder. which is consistent with the act that she
demonstrated no neurological symptoms.

Cases of moyamoya disease associated with coronary artery
disease, coronary stenosis. and spastic angina have only rarely
been reported.” The present report demonsirated the first case of
multiple coronary artery stenosis in a young patient with moya-
moya disease. A coronary artery discase is rare in small children,
and it is important to consider moyamoya disease as a potential
cause of ischemic heart disease even in children.
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NEUROSUR

Novel Bypass Surgery for Moyamoya Disease
Using Pericranial Flap: Its Impacts on Cerebral
Hemodynamics and Long-term Outcome

OBJECTIVE: We reviewed our 11-year experience with a novel bypass procedure, super-
ficial temporal artery to middle cerebral artery (STA-MCA) anastomosis and encephalo-
duro-myo-arterio-pericranio-synangiosis (EDMAPS), for moyamoya disease regarding
cerebral hemodynamics and fong-term outcome,

METHODS: This prospective study included 75 patients with moyamoya disease, includ-
ing 28 children and 47 adults. We performed STA-MCA anastomosis and EDMAPS on 123
hemispheres of 75 patients. In addition to conventional STA-MCA anastomosis and indirect
bypass for the MCA territory, the medial frontal lobe was revascularized using the frontal
pericranial flap through medial frontal craniotomy. Surgical results were analyzed with
magnetic resonance imaging, cerebral angiography, and single-photon emission com-
puted tomography/positron emission tomography.

RESULTS: Overall incidences of mortality and morbidity were 0% and 5.7%, respectively.
The annual risk of cerebrovascular events during the follow-up periods was very low: 0%
in pediatric patients and 0.4% in adults over approximately 67 months. Postoperative cere-
bral angiography showed that the pericranial flap functioned well as donor tissue for indi-
rect bypass, especially in pediatric patients. Follow-up single-photon emission computed
tomography/positron emission tomography studies revealed that cerebral blood flow and
its reactivity to acetazolamide markedly improved in both the MCA and anterior cerebral
artery territories.

CONCLUSION: These findings strongly suggest that STA-MCA anastomosis and EDMAPS
using a frontal pericranial flap is a safe and effective surgical procedure to further improve
the long-term progriosis in moyamoya disease by improving cerebral hermodynamics in both
the MCA and anterior carebral artery territories.

KEY WORDS: Bypass surgery, Cerebral hemodynamics, Moyamoya disease, Cutcome, Pericranial flap
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that funcrion as collateral pathways. There are no
effective medical therapies for moyamoya discase.
Surgical revascularization is believed ro be the most
effective therapy to improve cerebral hemody-
namic and to reduce the risk of subsequent stroke, 2

Surgical procedures can be classified into 3 cat-
egories: direce bypass, indirect bypass, and com-
bined bypass. Direct bypass such as superficial

oyamovya disease is an uncommon cere-
brovascular disorder characrerized by pro-
gressive occlusion of the supraclinoid
internal carotid artery (ICA) and its main branches
within the circle of Willis. ‘T'his acclusion results in
the formation of a fine vascular nerwork (the moy-
amoya vessels) at the base of the brain. The moy-
amoya vessels are the dilated perforaring arteries

ABBREVIATIONS: ACA, antetior coronary ariery; CBF, cerehral blood flow; CVR, cerebrovascular reactivity;
EDAS, encephalo-durc-arierin-synagiosis; EDAMS, encephalo-duro-arteric-myo-synangiosis; EDMAPS,
encephale-dure-mys-arterio-pericranio-synangiosis; EGPS, encephalogaleoiperiostealisynangiosis; EMS,
encephalo-myo-synangiosis; ICA ., internal carotid aviery; MMA, middie meningeal artery; SPECT, single-photon
emissfon computsd tomegraply; STA-MCA, superhicial tamporal artery to middle cerebral artery; TIA, transient
| tschemic atia
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temporal artery to middle cerebral artery (STA-MCA) anastomo-
sis is useful ro improve cerebral hemodynamics and to resolve
ischemic atracks immediately after surgery. Surgical procedures
for indirect bypass are specific for movamoya discase. The STA, dura
mater, temporal muscle, and galeal tissue have been used as the
pediculate donor tissues. Combined procedures, which include
direct and indirect, have the advantages of both.! However, sur-
gical procedures should be further advanced to improve long-term
outcome in parients with moyamoya disease. Thus, the majority
of previously reported procedures have aimed to improve blood flow
in the MCA territory. As pointed our before, however, cerebral
hemodynamics in the anterior cercbral artery (ACA) terrivory is
also important to resolve lower-extremity motor weakness and ro
prevent intellectual deficits, especially in pediarric patients with moy-
amoya disease.”> On the basis of these considerations, we used
the frontal pericranial flap as donor tissue for additional indirect
bypass through medial frontal craniotomy to revascularize the
ACA rerritory. During these 11 years, we operated on 75 patients
with moyamoya disease using combined procedures, including
STA-MCA anastomosis and encephalo-duro-myo-arterio-peri-
cranio-synangiosis (EDMAPS). We review the effects of STA-
MCA anastomosis and EDMAPS on cerebral hemodynamics and
long-term outcome in moyamoya disease.

MATERIALS AND METHODS

Patients

This prospective srudy included 75 patients who were admit-
ted to our hospital and were surgically treated for moyamoya dis-
ease berween 1998 and 2009. All were Japanese and mer the
guidelines for the diagnosis set by the Research Commitree on
Moyamoya Disease of the Ministry of Health, Labor, and Welfare
of Japan. Their clinical data are summarized in Table 1. There
were 19 men and 56 women. Of these 75 patients, 28 were <20
years of age at onset. Their age ranged from 3 to 16 years. Their
clinical diagnosis was transient ischemic attack (TTA) in 25 patients
and ischemic stroke in 3. The remaining 47 patients were >20
years of age at onset, and their age ranged from 22 to 68 years.
"I'heir clinical diagnosis included TIA in 8 patients, ischemic stroke
in 24, intracranial bleeding in 12, and asymptomatic in 3.

Radiological Examinations

Cerebral angiography, magnetic resonance imaging, and mag-
netic resonance angiography (1.5-1" apparatus) were performed
on all patients before surgery. Cerebral blood flow (CBF) before
and after intravenous injection of 10 mg/kg acerazolamide was
also measured in all patients ar least 4 weeks after the Jast onset
with (123)I-IMP single-photon emission compurted romography
(SPECT) or (15)O-gas positron emission tomography, as reported
previously.®” Regional CBF was determined by designating 10-
mm-diameter circular regions of interest in the MCA and ACA
tertitories and was expressed as the ratio to mean hemispheric CBF
(regional CBEF/mean CBF ratio) because the absolute values of
CBF are known to depend largely on both methodology and patient
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TABLE 1. Summary of Clinical Data in 75 Patients Who
Underwent STA-MCA Anastomosis and EDMAPS for
Moyamoya Disease®
~ ClnicalData ]
 Children (<20yatomset, n 28
Mean age, v 10.1 (3-16)
Sex, n
Male 7
Female 21
Clinical diagnosis, n
TIA 25
Cerebral infarct 3
Intracranial bleeding 0
Asymptomatic 0
Mean follow-up period, mo 72.8 (1-128)
Cerebrovascular events, n
Cerebral infarct
intracranial bleeding
Adults (>20 y at onset), n 47
Mean age, y 44.8 (22-68)
Sex, n
Male 12
Female 35
Clinical diagnosis, n
TiA 8
Cerebral infarct 24
Intracranial bleeding 12
Asymptomatic 3
Mean follow-up period, mo 63.1(1-127)
Cerebrovascular events, n
* Cerebral infarct 1
Intracranial bleeding 0

2 STA-MICA, superficial temporal artery to middle cerebral artery; EDMAPS,
encephalo-duro-myo-arterio-pericranio-synangiosis; TIA, transient ischemic attack.

age. Cerebrovascular reactivity (CVR) to acerazolamide was deter-
mined as follows: CVR (%) = 100 x (CBFACZ - CBFrest)/CBFrest,
where CBFrest and CBFACZ represent CBF before and after intra-

venous injection of acetazolamide, respectively.®

Surgical Procedures

The involved hemisphere was considered the candidate for sur-
gical revascularization when having impaired reactivity to aceta-
zolamide. As a result, we performed STA-MCA anastomosis and
EDMAPS on 123 hemispheres of 75 patients.

All patients received intravenous drip overnight before surgery
to avoid dehydration before surgery, After induction of general
anesthesia, PaCO, was strictly maintained arcund 40 mm Hg. The
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FIGURE 1. Iutracperarive photogiaphs showing the step-ty-step procedures
of supetficial temporal artery to middle cercbral artery (STA-MCA) anasio-
mosis and encephalo-duio-myo-arrerio-pericranial synangiosis (EDMAPS)
in this stucy. Ay a skin incision is inade along the conrse of e pavieal branch
of the STA and extended upward to the midline (arrowheads), B, The pari-
etal (arrowheads) and frontal (arvow) branches of the NTA ave carefully dis-
sected from the surrounding rissue, mainraining their patency. C, the temporal
mussele (M) and fiontal pericranim (P) ave dissecied from the skl and pre-
served as the vascularized flaps. D, Trvo-flap craniotomies are perforned. The
size of bone windows fits that of the muscudar and pe: icranial flaps for indi-
rect bypass. E, The duia mater is opened, Note that the rnain buanches of the
middle meningeal artery aic prescrved (arrowheadss. The dimsal faps are pie-
pared for indivect bypass (asterishs), The frantal biich of the STA is aiseo-
mased 1o the frontal branch of the MCA (arrow), F, The dusad windvees are
closed by sutnring the teipoiid muscle (A1) and frontal pesscazsiune (P,

course of the S'TA was identified with a Doppler ultrasound probe,
The skin incision was then made along the cowrse of the parictal
branch of the STA and extended upward to the midline near the
bregma and then along the midline downward ro the haisline
(Figure 1A). The parietal branch of the STA was dissecred from
the surrounding tissues, being kept patent at the point where the
STA crosses the skin incision. After the scalp flap was reflected lat-
erally, the fronral branch of the STA was also dissected under a
surgical microscope (Figure 1B). The temporal muscle was dis-
sected as widely as possible and was made as a vascularized flap for
encephalo-myo-synangiosis (EMS). Then, the vascularized frontal
pericranium, consisting of the cranium periosteum and the over-
lying loose areolar layer, was also dissected for subsequent encephalo-
pericranio-synangiosis (Figure 1C). Careful dicsection is essential
to preserve the arterial and venous pedicles of the pericranial flap,®

STA-MCA AND EDMAPS FOR MMD

A standard frontotemporal craniotomy was made, preserving the
middle meningeal artery (MMAD). The size of craniotomy was
matched to that of the temporal muscle flap. Then, a medial frontal
craniotomy was made separately: which should fir the size of the per-
icranial flap (Figure 1D). The dura was incised and rolled back,
preserving the main branches of the MMA. Subsequently, STA-
MCA single or double anastomosis was performed in an end-ro-
side fashion with 10-0 or 11-0 nylon threads. The frontal branches
of the MCA were usually selected as the recipients of anastomoses
because cerebral hemodynamics are impaired, especially in the
frontal lobe, in moyamoya disease. The diameter of the recipients
ranged from 0.5 to 1.1 mm. The blue dye was put onto the surface
of cut ends of the donor and recipient to visualize them clearly, A
green silicon sheet was inserted beneath che recipient for the same
purpose.'® Furthermore, each needle was left keeping the surface
of both cut ends in good position until the next needle was placed,
like a pin fastens picces of cloth together when sewing.!! The
clamping time of recipient was approximately 20 minutes (Figure
LE). Then, the dural flaps were turned into the epiarachnoid space.
The dural opening through frontotemporal craniotomy was cov-
ered with the remporal muscle flap. The dural opening through
medial frontal craniotomy was covered with the frontal pericra-
nial flap (Figure 1F). Cranioplasty was performed for both cran-
iotomies, and the wound was closed. Total operation time ranged
from 5 1o 7 hours. Blood transfusion was not performed.

FOLLOW-UP

All 75 patients were followed up in the outpatient clinic, The
mean follow-up period was 66.7 + 43.2 months, ranging from 1
to 128 months. Episodes of TIA, cerebral infarction, and intracra-
nial hemorrhage during follow-up periods were precisely recorded.

Three-dimensional skull computed tomography (CT) was per-
formed after surgery to confirm the extent of craniotomy. Cerebral
angiography and blood flow study were repeated 3 1o 6 months after
surgery. On postoperative cerchral angiography, the extent and
disrribution of collateral circulation through direct and indirect
bypass in the MCA and ACA territories were analyzed. They were
graded according to the scales described previously.'213 "I 'hys,
collaterals were considered grade A if they supplied more than
two thirds of the MCA terrirory, grade B if they supplied between
one third and two thirds of the MCA rerritory, and grade C if
they supplied less than one third of the MCA tertitory. Postoperative
CBF and CVR were also determined in the MCA and ACA rer-
ritories and were compared with preoperative values. Both mag-
neric resonance imaging and magnetic resonance angiography
were performed every 6 or 12 months with a 1.5-T whole-body
magnetic resonance imager.

STATISTICAL ANALYSIS

All values were expressed as mean + standard deviation. A paired
# test was used to compase CBF and CVR before and afier sur-
A value of P < .05 was considered statistically significant.
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FIGURE2. Postoperative 3-dimensional computed tosog-
waphy scans of the skull of an 8-year-old girl who under-
went supeificial temporal avtery to middle ccrebral aveery
anastomosis and encephalo-duro-myo-arterio-pericianio-
synangiosis on both sides. Note the wide cranial windows
Jor sirgical revascrlarization.

RESULTS

Clinical Results

STA-MCA anastomosis and EDMAPS were performed on 47
hemispheres of 28 pediarric patients. Perioperative ischemic stroke
occurred in 2 of these 47 surgical procedures. Cerebral infarct
developed in the ipsilateral parietal lobe in 1 patient and in the
contralateral temporal lobe in another after surgery. As a result,
3-month mortality and morbidity were 0% and 4.3% in pedi-
atric partients, respectively. Forty-seven adult patients underwent
surgical revascularization on 76 hemispheres. Of these, cerebral
infarct developed in 2 ischemia-type patients and intracerebral
hemorrhage occurred in 3 bleeding-type patients. Therefore,
3-month mortality and morbidity were 0% and 6.6% in adult
patients, respectively.

'TIA completely disappeared in all but 1 patient. Only a 7-year-
old girl continued to develop transient weakness of the bilateral legs
for 1 year after surgery, although its frequency decreased marlkedly.
No cerebrovascular events occurred in pediatric patients during
a mean follow-up period of 72.8 months (Table 1). Of 47 adult
patients, 46 experienced no episodes of ischemic or hemorrhagic
stroke during a mean follow-up of 63.1 months. Only a 55-year-
old female patient suffered cerebral infarct in the right occipital lobe
caused by progression of an occlusive lesion in the right posterior
cerebral artery 11 months after STA-MCA anastomosis and
EDMAPS for both sides. No intracranial bleeding occurred (Table
1). Therefore, the annual risk for subsequent sirake in adults was
0.4% per year per patient.

Radiolegical Findings
Postoperative 3-dimensional skull CT clearly demonstrated
that craniotomy widely covered the MCA and ACA territories
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FIGURE 3. Preaperative sadiological findings of an 8-year-old girl who devel-
oped rransient weakncess of the right extremities. A, T2-weighted magnetic
resonance imaging shows cortical infaieiion in the left frontal lobe (arrow).
A small iufarction can be seen in the decp white matter of the bilateral fontal
lobes. Towne’s views of vight (B) and left internal carotid angiograms (C)
demonstiate typical findings of mqyamayn disease, ie, severe stenosis of the ter-
ininal portion of the internal carotid avtery and marked development of moya-
#roya wessels an botls sides.

(Figure 2). Postoperative external carotid angiography revealed
that STA-MCA anastomosis was patent in 40 of 47 operated hemi-
spheres (85.1%) of pediatric patients. However, extensive devel-
opment of surgical collaterals through indirect bypass was observed
in all pediatric patients. The calibers of the STA, MMA, and deep
temporal artery increased markedly. As a result, surgical collater-
als in the MCA territory were grade A in 43 hemispheres (91.5%)
and grade B in 4 (8.5%). Surgical collaterals in the ACA territory
were grade A in 28 hemispheres (60.0%), grade B in 10 (22.7%),
and grade Cin 9 (18.3%). The moyamoya vessels disappeared or
diminished in all pediatric patients (Figure 4). Uniquely, postop-
erative external carotid angiography demonstrated that the branches
of the facial artery markedly increased their calibers, anastomosed
with the supraorbital artery, and primarily supplied blood flow
to the ACA areas (Figure 4). In other cases, postoperative internal
carotid angiography showed that the branches arising from the
ophthalmic artery increased their caliber and supplied blood flow
io the ACA areas (Figure 5). Table 2 summarizes the number of
hemispheres that showed the increase in caliber of these branches
on postoperative angiography.

STA-MCA anastomosis was patent in all 76 operated hemi-
spheres of adult patients. However, surgical collaterals through
indisect bypass developed in 45 (59.2%). In these hemispheres,
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FIGURE 4. Towucs view
(A and C) and lateial views
(B, D, and E) of vight exier-
nal carotid angiograms of
an 8-year-old girl before (A
and B) and 4 months aficr
supeificial remporal artery
to middle cerebral artery
(STA-MCA) anastomasis
and encephalo-duro-myo-
arterio-pericianinl synan-
giosis (C through E).
Compared with preopera-
vive angiogiins (A andB), A
poitoperative angiognims desionstiied that STA-AICA ainastornssis and fndi-
rect bypass widely supply collareral blood finw to the opevvered homisphore,
especially to the fonial lobe. Note thar the buznch of “Eriiil areery man lami’p
incveased its caliber aid supplies blood flow to the saedil fronsal lote hrough
encephalo-pevicranio-synangiosss (airowinads 7 C und D 1. The inressnid
caroiid ariery diminished its caliber and is abinost ocoluded tawvow in D J,

Wide opacification of contist naateriad i the éutersaal carotid aveesy tervivwny
can be seeir in the lare aricréed phase (E 1.

the calibers of the STA, MMA, and deep temporal arrery increased.
Indirect bypass was effective in 21 (63.6%) of 32 henmphu;s of

patients <40 years of age and in 24 (54.5%) of 44 hemispheres of

those >40 years of age. Therefore, patient age was not directly
related 1o the formation of surgical collatexa!‘; through indirect
bypass in adult patients with moyamoya disease. As a “resule, sur-
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TABLE 2. Number of Hemispheres That Showed the Increase
in Caliber on Postoperative External and Internal Carotid
Angiograms

S B h Children Adults
ource of Branches (I‘\ =47)' " (n =76)l n
Facial and superficial 25 23
temporal arteries
Ophihalmic ariery 35 34

gical collaterals in the MCA territory were grade A in 50 hemi-
spheres (65.8%), grade B in 22 (28.9%), and grade Cin 4 (5.3%).
Surgical collaterals in the ACA territory were grade A in 36 hemi-
spheres (47.4%), grade B in 24 (31 6%), and grade Cin 16 (21.0%).

Postoperative blood flow studies demonstrated that regional
CBF/mean CBF ratio in the MCA and ACA territories signifi-
cantly increased from 0.97 £ 0.03 to 1.10 = 0.04 (P < .01) and
from 0.96 + 0.04 10 1.08 + .02 (P < .01), respectively. Postoperative
improvements in CVR were more notable. Thus, CVR in the
MCA and ACA territories increased significantly from 10.2 +
14.0% ro 22.3 £ 10.5% (P < .01) and from 2.5 + 11.0% t0 18.3
+ 8.8% (/< .01), respectively (Figure 5).

llustrative Case 1

An 8-year-old girl frequently experienced transient weakness
of the right extremitics and was admitted to our hospital. Pre-
operative magnetic resonance imaging revealed cortical infarction
in the left frontal lobe. Cerebral angiography demonstrated severe
stenosis of the terminal portion of the ICA and marked develop-
ment of moyamoya vessels on both sides (Figure 3). On (123)1-
IMP SPECT, both CBF and CVR were reduced in the right frontal
lobe and left cerebral hemisphere (Figure 5). She underwent STA-
MCA anastomosis and EDMAPS on the left side. The postoper-
ative course was uneventful. Repeared SPECT revealed significant
improvement in CBF in the left cerebral hemisphere 1 week after
surgery. She underwent STA-MCA anastomosis and EDMAPS
on the right side 3 weeks afrer the first surgery. The postopera-
tive course was uneventful, After surgery, her ischemic arracks
a_ompktelv disappeared. Follow-up examinations were repeated
4 months after the second surgery. On cerehral angiography, sur-
gical collaterals widely cuppilcd blood flow to the operated hemi-
splmn, including the frontal lobes, through both direct and indirect
bypass. The facial branch of the STA m.mrl\cdlv increased its cal-
iber and supplied blood flow to the medial frontal Tobe through
the pericranial flap (Figure 4). On (123}1-IMP SPECT, both G BF
and CVR significantly improved (Figure 3).

[Hustrative Case 2

A Td-year-old girl frequently complained of frantal headache and
rransient weakness of the left exeremities and was admitred to our
hospital. She was diagnosed with moyamoya disease and under-
went STA-MCA anastomosis and EDMAPS on both sides. The
interval between the 2 susgeries was 2 months. Her postoperative
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FIGURES, Pre- (lef) annd postoperative (123)I-IALP single-phaton emission computed tomogiaphy (vight) of an 8-year-old
girl who underwent supesficial temporal arrery to middle cercbial prtery anastomosis and cricephalo-dira-inya-arrerio-
pericranial siuigiosis on both sides. Before suigery, botl corebral blood flow and irs seactivity vo acetazolamide (ACZ) were
reduced in the vight frontal lobe aad the entire tevvétory of the ioft internal carorid artery. These pasamcters significantly
improved or normalized 4 months after suigery, except for a sall cortical infiirerion in the Iofs frontal lobe. Note thar both
cerebinl blood flow and its veactivity to ACZ also zinproved in the antevior coronary ariery tervitovics (arrowhead),

DISCUSSION

Surgical procedures for moya-
moya disease can roughly be
classified into 3 categories: direct
bypass, indirect bypass, and
combined bypass.!> STA-MCA
anastomosis is most frequently
used as direct bypass proce-
dures.' Direct bypass is useful
to improve cerebral hemody-
namics and to resolve ischemic
atracks immediately after sur-
gery. The incidence of periop-
erative ischemic stroke is lower
after direct or combined bypass
than after indirect bypass.'s
Direct bypass may be essential
in adult patients with moya-
moya discase because indirect
bypass starts to function in only
about 50% of them (sece

FIGURE 6. Lateral view of right interital carorid angiograis of a I4-year

old givl before (A) and G wenils aftvr supeificial temparal wriery ro middle
cerebial aricry anasiomnosis and eicephalo-duro-mya-aricrio-pevicranial syman-
giosis (B). A, preopeiative angiogiain showed a warked developuient of cib-
noid and basal moyamoya vessels (arvows) and z dilutation of anrevior filcian
ariery (arrowhead). B, postoperative angiogram demonsivaied the decrease in
ethmoid and basal nioyamaoya vessels (arrows) and ihe developiens of collie-
cral vessels through the pericianial flap (arrowheads). In conirass, ihe enserior
falciaw artery decieased its caliber.

course was uneventful, and her symptoms resolved after surgery.
Cerebral angiography was performed 4 months after the second
surgery. On external carotid angiograms, surgical collaterals widely
supplied blood flow to the operated hemisphere through the STA,
MMA, and deep temporal artery. On internal carotid angiograms.
the branches from the ophthalmic artery increased rtheir caliber
and extended into the ACA area through the pericranial flap
(Figure 6).
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below). STA-MCA anastomo-
sis can be technically challeng-
ing in some pediatric patients because their cortical branches
have a smaller caliber and are more fragile than those of adults.
However, it is not impossible to perform using the above-
mentioned procedures.!!

Indirect bypass surgery induces spontancous angiogenesis
between the brain surface and the vascularized donor tissues. The
procedures are technically easy and can even be performed by sur-
geons with little experience in moyamoya disease. There are
various methods for indirect bypass, including encephalo-
duro-arterio-synagiosis (EDAS), EMS, encephalo-duro-atterio-
myo-synangiosis (EDAMS), and encephalo-galeo-synangiosis.
'I'he STA, dura mater, temporal muscle, and galeal tissue have been
used as the pediculate donor tissues in these techniques.’6-?
According to a recent review by Fung et al,?? indirect bypass pro-
cedures have been pesformed in approximately 75% of patients in
57 studies that included 1448 surgically treated patients between
1966 and 2004, However, the beneficial effects are not immedi-
ate because surgical collarerals tequire 3 to 4 months to develop,>2!+2?
and there is a higher risk of perioperative ischemic stroke after
indirecr bypass than after direct or combined bypass.'5:23
Furthermore, indirect bypass does not develop collateral path-
ways in about 40% to 50% of adult patients, although it provides
extensive surgical collaterals in almost all pediatric patients,>425
More important, surgical design is critical because the extent of sur-
gical collateral pathways depends on the size of craniotomy and the
extent of the indirect bypass. Thus, the revascularized area is can-
tined to the craniotomy field afrer indirect bypass.'3-26-28 For
example, indirecr bypass such as EDAS and EMS is performed
through temporoparieral cranioromy and is useful to resolve
ischemic arracks such as hemiparesis because surgical collaterals
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develop in and around the primary motor cortex after surgery.
However, the procedures do not improve disturbed cerebral hemo-
dynamics in the frontal lobe even after surgery.>*® Recent multi-
variate analysis has proven that such “small craniotomy” can be
an independent predicror for poor intellectual outcome in pedi-
atric moyamoya disease because it does not improve cerebral hemo-
dynamics in the frontal lobes.3

On the basis of these observations, we performed combined
bypass, including STA-MCA anastomosis and EDAMS, through
frontotemporal craniotomy for patients with moyamoya disease
between 1988 and 1997. Combined bypass can provide the
advantages of both direct and indirect procedures. Clinical results
were more favorable than before, as reported in derail elses
where.»1115:2427.29.30 However, surgical collaterals were not always
sufficiently induced in the ACA territory because the temporal
muscle, a main donor tissue for indirect bypass, covered mainly
the MCA territory.!? In fact, our previous report has shown that
ischemic attacks in lower legs persisted in 56% of pediatric patients
after EDAS or EMS and in 10% after STA-MCA anastomosis and
EDAMS.'® Therefore, since 1998, we have extended the exposure
of the brain surface to the medial frontal area through additional
craniotomy and covered the brain surface with the vascularized
pericranial flap. Previously, various surgical procedures targeting
the ACA territory have been proposed. Ideally, the best way to
revascularize the ACA territoty is to perform direct anastomosis
of STA in the interhemispheric space to a branch of the ACA 43!
However, STA-ACA anastomosis is technically more difficult than
STA-MCA anastomosis in moyamoya disease. Thus. the peripheral
STA is too small to provide enough blood flow to the ACA terri-
tory immediately after surgery. Furchermore, perioperative compli-
cations resulting from cerebral ischemia in the ACA tetritory are
vety rare.’ Therefore, STA-ACA anastomosis may be one surgical
option for specific patients who have marked hemodynamic com-
promise in the ACA territory before surgery but not a routine pro-
cedure for all patients.” Several tissues for indirect bypass have been
used to revascularize the ACA territory; including the dura mater,
galea aponeurotica, and omentum, through multiple burr holes
ot craniotomy. Clinical and radiological findings were rather favor-
able, but the small sample size and short follow-up periods make
it difficult to draw final conclusions in each study.>-35-37

A pericranial flap has been widely used to reconstruct the ante-
rior cranial fossa because of its simplicity, reliability, and low mor-
bidity.” In this study, the pericranial flap was large enough to cover
the frontal lobe through medial frontal craniotomy (Figure 1). As
reported by Yoshioka and Rhoton,? the frontal peticranium receives
blood flow mainly from the supraorbital and supratrochlear arter-
ies. The supraorbital artery has the vascular anastomosis berween
the deep branches of STA. Therefore, we attempred to prepare
the pericranial flap based anteriorly and widely to preserve its vas-
cular supply. Previously, Korean groups have used the galeoperi-
cranial flap in the parietal region to revascularize the ACA territory
lencephalogaleo(periosteal)synangiosis; EGPS]. However, they
have not considered the vascular supply of the pericranial flap.>35:3¢
We analyzed the radiological findings and long-term outcomes
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in 75 patients who underwent this novel bypass surgery, STA-
MCA anastomosis and EDMAPS, for moyamoya disease. The
sample size and follow-up period are believed to be sufficient ro
discuss the efficacy of this surgical procedure on long-term out-
come in patients with moyamoya disease. Surgical collaterals
widely supplied blood flow to the operated hemisphere, and cere-
bral hemodynamics significantly improved in both the MCA and
ACA rerritories afier surgery, Overall incidences of mortality and
morbidity were 0% and: 5.7%; respectively. The annual risk of
cerebrovascular events was very low; 0% in pediatric patients and
0.4% in adults, when they were strictly followed up for approxi-
mately 67 months.

According to the literature review by Fung et al.*® perioperarive
complications, including ischemic stroke and hemorrhage, occurred
in 6.1% of 680 pediatric patients who underwent any surgical
revascularization. Martsushima et al*® reported thar 6 of 81 pedi-
atric patients (7%) developed cerebral infarction in the perioper-
ative period after EDAS. Kim et al® petformed combined EDAS
and bifrontal EGPS on 92 children and reported that 12 (13%)
developed cerebral infarction within 14 days after surgery. Okada
et al® reported that 2 of 30 adult parients (6.7%) developed intrac-
erebral hemorrhage on the second day after direct bypass. There
was the possibility that the surgical procedures presented in this
study would increase the risk for perioperative complications because
it required longer operative times and wider surgical fields. However,
its incidence was lower than or comparable to previous data.

The pericranial flap was used to revascularize the medial frontal
lobes and to improve blood supply o the ACA territory; espe-
cially in pediatric patients who frequently develop ACA territory
symptoms. Transient attack of paraparesis was repeated in only 1
of 28 pediatric patients (3.6%) within 1 year after surgery. No
adulr patients experienced any further TIA after surgery. The
clinical results were supported by postoperative radiological find-
ings. Thus, surgical collaterals widely covered the operated hemi-
spheres (see also Table 2), and both CBF and CVR significa ntly
improved in both the MCA and ACA territories after surgery.
Previously, ACA territory symptoms were known to repeat in up
to 109 after effective bypass surgery.!!:1>4% Kim et al> reported
that 19% of pediatric patients repeated ACA territory symptoms
and required, maximally, 18 months even after combined EDAS
and bifrontal EGPS,

There is a scarcity of randomized clinical trials to confirm the
beneficial effects of bypass surgery on subsequent ischemic stroke
in both pediatric and adult patients with moyamoya disease.! On
the basis of previous studies, however, surgical revascularization is
thoughr to improve cerebral hemodynamics and to reduce the
incidence of subsequent ischemic stroke.! 1339 [y this study, the
incidence of cerebrovascular events was very low during a mean post-
operative follow-up period of approximately 67 months. Thus,
no pediatric patients experienced further ischemic or hemorrhagic
stroke. Only 1 adult patienr developed cerebral infarction in the
occipital lobe because the stenosis in the posterior cerebral artery
progressed (annual risk, 0.4%/y). Recent observational studies
show that about 20% of adult patients with moyamoya disease
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experience disease progression in both anterior and posterior cir-
culation, even if they are asymptomatic or are diagnosed with uni-
lateral moyamoya disease. Therefore, careful and long-term
radiological follow-up is essential to prevent additional stroke
events and to improve prognosis even in patients with favored
postoperative course.””* Recurrent hemorrhagic stroke (rebleed-
ing) is still a serious problem in adult patients with moyamoya
disease, Rebleeding is known to occur in about 30% to 65% of the
conservatively treated patients during follow-up periods of 2 to
20 years.™ 2 Rebleeding significantly worsens their functional
outcome and increases mortality,*®>2 Rebleeding can occur at the
original bleeding site and at a different site.**>* Some clinical
studies have suggested that surgical tevascularization may reduce
the incidence of rebleeding to 12.5% to 20%, although their evi-
dence level is not very high,?#3%52%4 Direct or combined bypass
may have the potential to reduce the risk of rebleeding and to
resolve the “peripheral” aneurysms located within the ‘collaterals
ot moyamoya vessels.>>% Presently, the Japan Adult Moyamoya
trial, 2 multicenter, randomized clinical erial; is undeérway to eval-
uate whether direct or combined bypass surgery can reduce the
risk of rebleeding in adult patients with moyamoya disease.>?

CONCLUSION

Our study demonstrares that STA-MCA anastomosis and
EDMAPS using a frontal pericranial flap is a safe and effective
surgical procedure that improves the long-term prognosis in moya-
moya disease by improving cerebral hemodynamics in both the
MCA and ACA territories,
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his article introduces encephalo-duro-mye-arterio-pericranio-

synangiosis (EDMAPS), a variation of combined direct and indirect
bypass for moyamoya disease thar uses pericranium as an onlay graft
ovet the medial frontal lobe in addition to direct superficial temporal
artery--middle cerebral artery bypass and temporalis muscle onlay grafts.
A'second medial frontal craniotomy is needed for the pericranial flap, which:
increases the revascularized area of brain 1o include the anterior cere:
bral artery territory. The results in this 11-year experience in 75 patients
are éxcellent, with improved cerebral blood flow by positron emission
tomography and single-photon emission computed tomography imag-
ing and infrequent clinical events after trearment. The authors suggest
that by extending revascularization to include the antetior cerebral arrery
tertitory; EDMAPS might improve blood flow to the frontal lobes and
improve intellectual outcome in pediatric patients. This provocative idea
was not tested here but deserves further study. EDMAPS appears to be
a useful technique to consider in the management of patients with moy-
amoya disease.

Michael T. Lawton
San Francisco, California
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Summary: We report. a novel surgical technique for patients with profound cerebral ischemia in the Key words:
femporo-occipital lobes due to: significant stenosis of the ipsilateral posterior cerebral artery (PCA) * moyamoya disease

In moyamoya disease. The technique includes STA-MCA anastonosis targeted to the angular artery * posterior; cerebval artery
and indirect bypass through large craniotomy extended towards the temporo-parietal area. Over the * temporo-accipital lobes
past 10 years, we applied the surgical technigue for 4 patienis who exhibited iransient ischeniic + cerebral ischemia
attacks or ischemic stroke involving the temporo-oceipital lobes: Following surgery; none of them - surgical revasculariza-

developed any cerebrovascular events during follow-up periods of up to 8 years. Cevebral angiog- tion
raphy revealed: that surgical collaterals widely supplied blood flow to the operated hemispheres,
including the posterior temporal and parietal lobes. Postoperative SPECT and/or PET studies also
demonstrated marked improvement of cerebral hemodynamics anid nietabolism in the operated hemi-
spheres, including the occipiial lobe.

The presented surgical technique can effectively improve cerebral hemodynamics and metabolism
in the frontal, temporal, and occipital lobes at once in patients with cerebral ischemia i the fenm-
poro-occipital lobes due to PCA stenosis in moyamoya disease:

Surg Cereb Stroke
(Jpn) 37 3d5-349, 2009
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Recommendations for the Management of Moyamoya Disease
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