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Moyamoya

• Most malignant radiological signature in AIS
• Commonest in E Asia
• May be idiopathic or secondary to both genetic & 

acquired conditions
• “Moyamoya” probably not single disease entity
• High rates of ischaemic brain injury, cognitive 

dysfunction & cerebral haemorrhage



Imazumi et al 1999







Moyamoya: histology

• Intimal thickening
• Media is thinned
• Tortuous internal elastic lamina



Moyamoya: genetics

• 9-15% cases familial in E Asia
• Likely heterogenous & multiple mechanisms
• Linkage to 5 loci: 3p24.2p26, 6q25, 8q23, 12p12 

and 17q25
• RNF213 – founder effect in Asians
• NF1, trisomy 21 etc.





Gene mutations associated 
with childhood cerebral arteriopathy

COL4A1
ABC6

ACTA2
NF1
ELN

NOTCH3
JAG1

HTRA1

SAMHD1
Pericentrin

APT7A
GLUT10

Homocystinuria
GLA

CECR1

Disease mechanisms implicated

Abnormal vessel wall integrity

Abnormal vascular homeostasis
- SMC proliferation

- NOTCH signalling

- TGFB pathway

- ?

Abnormal response to vascular injury
- infection
- trauma
- oxidative stress

Vascular injury due to
accumulation of abnormal metabolites

Differentiation from monocytes to macrophages



Defining disease causation

• Phenotypic characterisation is vital to defining and 
characterising homogenous disease entities & for 
genotype phenotype correlation
– Clinical

• Neurological
• Cognitive

– Biomarkers
• Circulating
• Radiological



-

- 50 - 30 - 10 10 30 50 70 90 110

Months
Young onset = malignant disease course
Data from 31 children <5 with bilateral cerebral arteriopathies, showing time to 
recurrence (square boxes) relative to presentation.

Al-Yassin et al, (Neurology, in press)



Al-Yassin et al, (Neurology, in press)



ACTA2

• Actin alpha 2 is major contractile protein in 
vascular smooth muscle

• Initial phenotype assoc. w mutations in ACTA2 = 
thoracic aortic aneurysms and coronary artery 
disease

• Mutations lead to occlusive disease in elastin 
deficient vessels and aneurysms in large vessels

• R179 mutations said to be assoc. w “moyamoya”





ductus arteriosus and similar radiological features to those seen in

the Arg179 patients, and seems likely to have had this mutation.

Thus these previously described cases appear likely to represent a

range of underlying mutations.

The brain imaging findings reflect ischaemic injury, both

vaso-occlusive (focal arterial territory infarction) and haemo-

dynamic (borderzone ischaemia). However, what is striking is the

degree of periventricular and subcortical white matter leukoariotic

change, suggesting concurrent angiographically occult small vessel

disease (Patel and Markus, 2011). This is a distinctive feature of

ischaemic brain injury in patients with ACTA2 mutations if present

and is unusual in typical moyamoya disease. The absence of white

matter disease in the youngest child also raises the possibility that

this is an age related phenomenon. We were not able to demon-

strate a statistical association with age as our group was largely

composed of older children and adults.

Milewicz et al. (2010b) previously proposed that the diverse

vascular effects (both dilatation and occlusive disease) of ACTA2

mutations could be due to a differential effect of the mutations on

the smooth muscle cells based on whether the artery is elastic or

muscular. Occlusive arterial disease observed in the smaller diam-

eter muscular arteries could be due to the mutation causing

increased smooth muscle cell proliferation. In contrast, the elastin

in large elastic arteries may inhibit smooth muscle cell proliferation

but decreased contractility resulting from mutant actin may under-

lie the observed arterial dilatation or dolichoectasia. This seems a

more likely mechanism than dilatation being secondary to occlu-

sive disease because the enlarged proximal arterial calibre

observed in these patients was apparent even where distal arterial

calibre was relatively normal. Patients with focal intracranial occlu-

sive disease of other aetiologies do not commonly manifest prox-

imal dilatation that is so marked and extensive. The internal

carotid artery is a muscular artery, with a medial layer predomin-

antly composed of smooth muscle cells; in its proximal segment

there are two elastic laminae, the internal elastic lamina (between

the intima and media) and external elastic lamina (between media

and adventitia). Our analysis of the angiographic images suggests

that the change in vessel calibre from dilated to stenosed occurs

around the cavernous internal carotid artery, which is known to be

where the external elastic lamina becomes absent from the arterial

wall (Masuoka et al., 2010), providing in vivo support for

Milewicz et al.’s (2010b) hypothesis.

The abnormally straight arterial course in these patients is un-

usual; this seems to predominantly affect the arteries that make up

Figure 4 The lateral view of the internal carotid artery injections of a cerebral angiogram of (A) an unaffected 3-year-old child, (B) a child
with ACTA2 Arg179H is and (C) a child with idiopathic moyamoya disease. (B) Distinctive cerebrovascular features of ACTA2 mutations
with dilatation of the proximal internal carotid artery, occlusive disease of distal intracranial circulation, an abnormally straight course of
intracranial arteries and absence of ‘moyamoya’, other basal and leptomeningeal collaterals, which are prolific in (C), the child with
moyamoya disease. A persistent posterior communicating artery (arrow) is a frequent feature in children with moyamoya disease, (C), but
not seen in children with ACTA2 mutations.

2512 | Brain 2012: 135; 2506–2514 P. Munot et al.
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suggest some propensity to recurrent arterial ischaemic stroke and

progressive brain injury. However, there is a likely referral bias for

more severely affected patients to present to us.

Images and description of some of these features have been

published but they have not been synthesized into a comprehensive

and consistent cerebrovascular phenotype. The Arg179His mutation

was previously described as associated with moyamoya disease

(Guo et al., 2009) but features distinguishing these cases from

typical moyamoya disease, namely the combination of ectasia and

stenosis, straight arterial course, absence of basal collaterals and

more widespread cerebrovascular involvement were not empha-

sized (Fig. 4). Current paediatric arteriopathy classifications are

not comprehensive and patients like these who fall out with cur-

rently recognized phenotypic entities are likely to prove informative

in terms of genotype-phenotype correlations (Munot et al., 2011).

On review of the cerebrovascular images in Guo et al. (2007) of

patients with missense mutations in ACTA2 that disrupt Arg258,

the proximal dilatation and lack of basal collaterals, but not the

straight arterial course, which we observed in the Arg179His

patients, are also apparent. Thus it would appear that there is

overlap in the cerebrovascular phenotype associated with these

ACTA2 mutations, with none of the cases demonstrating features

typical of the radiological definition of moyamoya disease (Fukui,

1997). Mutations disrupting Arg179 appear to show the most

severe cerebrovascular disease, and multi-system phenotype. We

searched PubMed (1990–2011) using the keywords ‘moyamoya’,

‘persistent ductus arteriosus’, ‘iris’, ‘mydriasis’ and ‘ectasia’ as well

as the reference lists from the references cited in order to identify

other published cases of potential ACTA2 Arg179 mutations

where neuroimaging was provided. The cases of Yamada et al.

(1985) and Hanakita et al. (1986) have some (proximal ectasia,

basal collaterals) but not all the features we describe here (no

stenotic disease/normal arterial course/ectasia of more distal ves-

sels). The patient reported by Kato et al. (1999) had persistent

Figure 1 Axial T2-weighted and FLAIR images of Patients 1–13 (excluding Patient 6) (a–f, m–r) and their corresponding intracranial
magnetic resonance angiograms and internal carotid artery injection of a cerebral angiography (g–l, s–x). The imaging of the brain
parenchyma reveals the periventricular and deep white matter lesions (a–e, m, n, p and q) and cortical infarctions (e, f, m and o). Patient
13 has normal brain parenchyma (r). The lateral projections (h, j, l) and the (s) anterior-posterior view of the intracranial angiograms show
dilatation of the internal carotid artery to the terminal portion, occlusive disease of distal intracranial circulation, an abnormally straight
course of intracranial arteries and absence of ‘moyamoya’, other basal and leptomeningeal collaterals. Tortuous small vessels can be seen
on the cerebral angiograms on Patients 2 and 4 (h and j). Posterior circulation involvement was manifest as basilar artery and posterior
cerebral artery stenosis (i) and vertebral artery dilatation (u and v).

2510 | Brain 2012: 135; 2506–2514 P. Munot et al.



CECs detect ongoing endothelial injury in 
progressive cerebral arteriopathy 
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Surgical revascularisation

• Direct vs. indirect
• Aim to provide alternate source of blood to the 

brain
• Indications unclear 
• GOSH: established tendency to 

recurrence/progression
• Challenging populations: SCD, asymptomatic



1. Different revascularization techniques are useful to effectively
reduce the risk of stroke resulting from moyamoya
disease (Class I, Level of Evidence B). However, despite a
vast literature on moyamoya, there are no controlled
clinical trials to guide the selection of therapy.

2. Indirect revascularization techniques are generally preferable
and should be used in younger children whose
small-caliber vessels make direct anastomosis difficult,
whereas direct bypass techniques are preferable in older
individuals (Class I, Level of Evidence C).

3. Revascularization surgery is useful for moyamoya
(Class I, Level of Evidence B). Indications for revascularization
surgery include progressive ischemic symptoms
or evidence of inadequate blood flow or cerebral
perfusion reserve in an individual without a contraindication
to surgery (Class I, Level of Evidence B).

AHA childhood stroke guidelines 2008



Fung et al 2005 



Fung et al 2005 



Pial synangiosis





hemispheres were assessed (2 direct, 34 indirect hemi-
spheres) by CCA and were reviewed by a neuroradiologist
(DES). Newly developed collateral vessels were graded
according to Matsushima’s classification of the proportion
of the MCA territory revascularised [13] (grade A>2/3, n0
7; grade B between 1/3 and 2/3, n013 and grade C<1/3, n0
13) and illustrated in Figs. 2 and 3. No collateral develop-
ment was identified in 3 out of 36 hemispheres (all indirect
SR). The two with recurrent AIS in this subgroup had
collateralised >2/3 of the MCA territory (one direct, one
indirect). The four patients with persistent TIA had collat-
eralised less than one third of the MCA territory following
indirect SR.

Discussion

The key findings of this study are that SR was a safe
procedure in this group of British children with MM dis-
ease/syndrome, without appreciable differences between di-
rect and indirect techniques in terms of recurrence of AIS or
rate TIA. Over three quarters of those with TIA experienced
a reduction in attacks (79.2 %). Three of the 70 patients
experienced a further AIS or silent radiological infarct,
markedly less than was observed in a comparable cohort
[8]. Whilst the usual surgical procedure at the beginning of
the series was direct SR, indirect SR was chosen in the very
young children or those with infavourable anatomy. Increas-
ing realisation of the success of the indirect procedure meant
that this would now be the preferred surgical technique.Two
of the three patients with recurrent AIS had deep white

matter infarcts, in an area where potential revascularisation
might be expected to be less effective.

In common with similar data from other centres, this
study is flawed by its retrospective nature, relatively small
sample size and the paucity of any objective indices of the

Fig. 1 Timeline depicting
recurrent strokes from
presentation to last follow-up in
67 patients with a minimum of
12 months post-operative
follow-up. Children experienc-
ing TIA only without radiolog-
ical infarction were excluded

Fig. 2 a, d, g Arterial and b, e, h lateral and c, f, i anteroposterior
projection of the capillary phase of the lateral of the external carotid
artery injection following an indirect SR procedure in three patients. a–
c Less than one third of the collateral formation following indirect SR
with anterior parenchymal blush is perfusion via innate external to
internal carotid artery bypass. d–f One-third to two-third collateral
formation following indirect SR. g–i More than two-third collateral
formation following indirect SR

Childs Nerv Syst (2012) 28:1041–1048 1045

Ng et al 2012







National paediatric moyamoya registry

• National study w 23 sites
• Aim to identify all UK paediatric MM 2004-2014
• Mostly non-Asian patients
• Reduce referral bias
• Clinical interview to ascertain presentation & disease 

course
• Centralised imaging review 



National paediatric moyamoya registry

• 94 patients reported; 88 consented and verified
• 71 from GOSH
• 55 treated w surgery
• Good outcome (mRS & school type) in 39



Prognostic predictors- Multivariable analysis

Surgery not predictive of prognosis



Conclusions

• “Moyamoya” probably encompasses a range of 
pathologies, including distinctive genetic disorders

• Natural history is variable
• Completed stroke is rare after surgery
• Surgical selection criteria remain undefined


