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Conventionally, we distinguish between moyamoya disease (MMD, the idiopathic form) and

moyamoya syndrome (MMS), also known as “moyamoya like,
moyamoya” and “secondary moyamoya” (the acquired form). MMS is mainly associated with

» » o«

quasi moyamoya,” “akin
other diseases and risk factors such as intracranial atherosclerosis, cerebral vasculitis, Down
syndrome, neurofibromatosis type | (NF-1), and sickle cell anemia. Predisposing factors, with
unknown link, are autoimmune diseases such as vasculitis, or Basedow-Graves thyroid disease.
MMS is a cerebrovascular condition that predisposes affected patients to stroke in association
with progressive stenosis of the intracranial internal carotid arteries and their proximal
branches.' The incidence of MMS is higher in Western countries and in females (female/male
ratio 1.57e4.25:1).% In the pediatric population, MMS is associated with congenital diseases
such as Down syndrome and NF-1, whereas intracranial atherosclerotic disease and thyroid
disease are predominant in elderly patients.’ In patients with MMS, the development of
moyamoya vessels is less pronounced than in patients with MMD and steno-occlusive lesions
are unilateral in most patients.” Recently, there are several reports that do not distinguish
between MMD and MMS, but analyze them together as MMV.>°

Angiopathy, vasculopathy, and arteriopathy

Angiopathy is a disease of the arteries, veins, and capillaries. There are two types of angiopathy:
microangiopathy and macroangiopathy. In microangiopathy, the walls of small blood vessels
become so thick and weak that they bleed, leak protein, and slow the flow of blood. For example,
diabetics may develop microangiopathy with thickening of capillaries in many areas, including
the eye. In macroangiopathy, fat and blood clots build up in the large blood vessels, stick to the
vessel walls, and block the flow of blood. Macroangiopathy in the heart is coronary artery
disease. Peripheral vascular disease is macroangiopathy that affects vessels in the legs.
Vasculopathy (vascular disease) is a general term used to describe any disease affecting blood
vessels. This ranges from diseases of arteries, veins and lymph vessels to blood disorders that
affect circulation. It includes vascular abnormalities caused by degenerative, metabolic and
inflammatory conditions, embolic diseases, coagulative disorders, and functional disorders such
as posterior or reversible encephalopathy syndrome. The etiology of vasculopathy is generally
unknown and the condition is frequently not pathologically proven. Vasculitis, on the other hand,
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is a more specific term and is defined as inflammation of the wall of a blood vessel. However,
the term vasculopathy is also used for “vasculitis” that has not been pathologically established.
Cerebral arteriopathies are disorders that affect the arteries in the brain. There are several
different types of these blood vessel abnormalities, including moyamoya disease, arterial
dissection, and vasculitis. About a quarter of cerebral arteriopathies have no known cause.
Neither name is strictly defined. In moyamoya disease, it may be better to use arteriopathy,
considering that it is a disease of the arteries. However, arteriopathy is generally used in children,
and both angiopathy and vasculopathy are general and comprehensive technical terms.

Vessel wall imaging

Vessel wall imaging refers to 2D or 3D black blood MRI sequences with cerebrospinal fluid
suppression that allow intracranial blood vessel walls to be delineated. Typically, MMD shows
concentric, non-enhancing steno-occlusive lesions with wall shrinkage.66 When MMD segments
do enhance they have a mild concentric and homogenous pattern. Ryoo et al. reported
concentric enhancement in 93.3% of a symptomatic MMD segment, suggesting that this finding
could be an indicator of evolving intimal hyperplasia, neovascularization, and active
inflammation.’

The problem lies in differentiating MMD from atherosclerotic stenosis. According to the 2021
version of the diagnostic criteria of moyamoya disease in Japan, Atherosclerosis associated
(AS)-MMV has been removed from moyamoya syndrome. The reason described in the new
criteria is that MMD and AS-MMV are completely different in terms of their etiology and
pathophysiology, even though they shared similar clinical and radiological features.®’
Mossa-Basha et al reported that the likelihood of a correct diagnosis in MMV patients
significantly increased from 31.6% to 86.8% when HRMRI was combined with luminal imaging,
and this increase was significant for both MMD and AS-MMV.™®

Recently, several studies have reported that AS-MMV could be distinguished from MMD using
high-resolution MR (HRMR) imaging Vascular changes are similar to those in MMD but in ICAD
the steno-occlusive lesions are not always limited to supraclinoid ICA and proximal ACA and/or
MCA. Several studies have also reported cases of MCA atherosclerotic stenosis associated with
moyamoya vessels. The development of moyamoya collaterals may serve as an endogenous
bypass procedure and have a protective role from hypoperfusion. Tanaka et al. showed that in
MMS, secondary to intracranial atherosclerosis, moyamoya vessels are more developed in the
presence of multiple steno-occlusive lesions involving the ACA and MCA and in poorly developed
leptomeningeal collateral vessels from the ACA."

The major findings on luminal imaging include narrowing of one or more vessels, possible
development of moyamoya vessels, regular downstream antegrade flow or retrograde flow from
leptomeningeal collaterals evaluable by DSA. On HR-MRI, the typical atherosclerosis plaque is
an eccentric, heterogeneous, and positive remodeling lesion and shows eccentric wall
enhancement. HRMR should be used in daily clinical practice, as it can help identify patients
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with MMD who are at risk of rapid disease progression and future cerebrovascular events.'

(Figure 1)
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Yu LB et al. prospectively studied 116 patients who had angiographically proven MMD and
Quasi-MMD (unilateral cerebral artery steno-occlusion lesion combined with moyamoya vessels).
Detailed analysis of 204 affected hemispheres showed that several combinations of different
vasculopathies were observed in the ICA and MCA of the same hemisphere, such as ICAD-ICAD,
ICAD-MMD, dissection-ICAD, and dissection-MMD. They discussed the mixed vasculopathies
in the affected ICA or MCA indicated the complicated etiologies in moyamoya vasculopathies,
and misdiagnosis might occur if only luminal imaging was used

for evaluation.'® The diagnostic performance of pattern of vessel wall thickening was inferior to
that of outer diameter and RI. The possible reasons are as follows: (1) some patients with MMD
may coexist with atherosclerosis, which could lead to the presence of eccentric thickening; (2)
at the early stage of AS-MMYV, the eccentric thickening of the vessel wall is not evident enough
to meet the diagnostic criteria (the thickest part of the wall was 2 times of the thinnest part).
(3) The pattern of vessel wall thickening cannot be evaluated in patients with occlusive MCA.
Based on the above analysis, the application of the pattern of vessel wall thickening in
differentiating MMD from AS-MMV is limited.
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Moyamoya disease and RNF213 vasculopathy

RNF213-related vasculopathy was proposed as a new disease entity in 2019,

The R4810K variant was identified in 95% of patients with familial MMD, 80% with sporadic
MMD, and 1.8% of control individuals in a Japanese population.' In vitro and in vivo experiments
revealed that RNF213 is related to angiogenesis and vascular inflammation; however, the exact
physiologic functions of RNF213 remain unknown.'® The penetrance rate of MMD in
heterozygotes is as low as one per 150-300, whereas the penetrance rate of MMD in
homozygotes was calculated to be over 78%."

There is increasing evidence for RNF213 p.(R4810K) being related to vasculopathy with a
spectrum of clinical presentations that include MMD but also other intracranial and systemic
vasculopathies.'® Extracranial involvement of MMD has been described in case reports of
coronary, pulmonary, and renal artery stenosis in 7.9% of pediatric MMD patients, although
genetic information was unavailable. R4810K is associated with a high penetrance of systemic
vasculopathy in homozygous patients, and a low penetrance of MMD in heterozygous patients,
suggestive of a gene-dosage effect. MMD requires redefinition, from childhood and cerebral
vasculopathy to a broader spectrum vasculopathy affecting both cerebral and systemic vessel
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systems.' Both genetic and environmental factors may play important roles in the development
and phenotype of RNF213 vasculopathy, through complex mechanisms. (Figure 3)

RNF213 variants may not be the only determinants of MMD. Very recent clinical studies showed
that RNF213 variants are associated not only with MMD but also with intracranial
atherosclerosis and systemic vascular diseases, such as peripheral pulmonary artery stenosis
and renal artery stenosis. Moreover, not all the patients with MMD have this genetic variant.
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MMD and autoimmune disorders
Recent findings increasingly point towards an aberrant immune response to infection as a
potential trigger for MMD onset. A number of moyamoya cohort studies suggested autoimmune
conditions and infection as potential environmental triggers. Seventy-five cases of MMD
associated with leptospiral cerebral arteritis had already been described in 1980. A second
cohort study describing the incidence of infections in 100 MMD patients dates from 1983 and
found that 87 patients had experienced infections of the face, head and/or throat before the
onset of MMD, including otitis media and tonsilitis.*® Since the link with Graves’ disease, less-
common autoimmune disorders such as polyarteritis nodosa, myasthenia gravis, systemic lupus
erythematosus, antiphospholipid antibody syndrome, Addison’s disease, dermatomyositis,
Sjogren’s syndrome, Kawasaki’s disease, acute limbic encephalitis with anti-LGIT antibody,
granulomatosis, multiple sclerosis, systemic sclerosis, primary systemic vasculitis, rheumatoid
arthritis, polymyositis, and thyroiditis have also been related to MMD.

A recent study by Roy et al. suggested that RNF213 could function as a key regulator of
cerebral endothelial integrity. When RNF213 was depleted from human cerebral ECs, the
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authors reported morphological changes associated with increased blood-brain barrier
permeability and abnormally high secretion of proinflammatory cytokines. These results suggest
that blood-brain barrier disruption may play a role in MMA and that endothelial dysfunction is
the initiating event leading to MMD pathogenesis, as it is in numerous other cerebrovascular
diseases.”

The recently discovered function of RNF213 as a key antimicrobial protein strengthens a role

for infectious or autoimmune stimuli as second hit for MMD onset.? # (Figure 4)
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Although the etiology of MMD/MMS is not clear, Komiyama proposed the concept of cephalic
neurocristopathy based on the fact that stenotic and obstructive changes are developmentally
limited to arteries derived from neural crest cells (embryological anterior circulation).?****® The
possibility that not only genetic factors including RNF213 but also epigenetics and
environmental factors are involved in the pathogenesis of this disease has been shown. It is
time to review the diagnosis and pathogenesis of MMD/MMS from multiple perspectives.
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