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Abstract

Purpose: The aim of this narrative review is to update current knowledge on Moyamoya
vasculopathy (MMV) by addressing key diagnostic debates—including laterality; genetic
subtypes; regional epidemiology; and features distinguishing Moyamoya Disease (MMD),
Moyamoya Syndrome (MMS) and their mimics. Methods: Key and representative studies
were identified through PubMed/MEDLINE and Scopus, focusing on publications from
2014–2025 while also considering earlier seminal works. Results: MMD typically presents
with bilateral steno-occlusion of the terminal internal carotid arteries (ICAs) and proximal
middle and anterior cerebral arteries (MCAs/ACAs) due to concentric vascular thickening,
accompanied by characteristic ‘puff-of-smoke’ collaterals, whereas MMS shows a similar
but more often unilateral pattern with fewer collaterals, influenced by the underlying
condition. However, this distinction often fails to reflect the full clinical and radiological
variability of the Moyamoya spectrum. Atypical moyamoya-like patterns, often confined
to M1 or A1 segments, further complicate diagnosis. Clinical manifestations ranged from
asymptomatic cases to ischemic or hemorrhagic strokes, and occasionally seizures. Diagno-
sis relied on multimodal imaging (DSA, MRA, CTA), but genetic mutations, contributing to
radiological variability, often complicate differentiation between MMD, MMS, and mimics.
Management is pattern-specific: MMS and atypical forms are generally managed con-
servatively, whereas MMD frequently requires surgical revascularization, particularly in
children and symptomatic adults. Nevertheless, variability within diagnostic categories
limits the applicability of rigid treatment protocols. Conclusions: Current diagnostic algo-
rithms remain limited. Integrating advanced imaging findings with clinical, genetic, and
epidemiological data is essential to define the full disease spectrum, improve diagnostic
accuracy, and inform patient management and outcome assessment.

Keywords: moyamoya disease; moyamoya syndrome; atypical moyamoya-like patterns;
steno-occlusive angiopathy; puff of smoke; imaging
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1. Introduction
Steno-occlusive diseases involving the terminal portion of the intracranial carotid

artery (ICA) and the origin of its major branches represent a rare and heterogeneous group
of congenital and acquired conditions—either progressive or non-progressive—that can
significantly compromise cerebral blood flow [1–3]. Occlusion of the terminal portion of
the ICAs, together with the proximal segments of the middle cerebral arteries (MCAs);
anterior cerebral arteries (ACAs); and, less commonly, the posterior cerebral arteries (PCAs),
accompanied by the development of an abnormal and fragile network of collateral vessels
with the characteristic ‘puff of smoke’ appearance, are typical features of moyamoya disease
(MMD), traditionally defined as a progressive, idiopathic, and bilateral intracranial arterial
stenosis [1,4]. MMD shows notable genetic heterogeneity, with variants in the RNF213
gene representing the major susceptibility factor—particularly in East Asian populations—
and rarer associations with genes such as ACTA2 and GUCY1A3 [5–9]. These genetic
determinants have been shown to influence age at onset, disease severity, angiographic
phenotype, and clinical course, including the risk of ischemic or hemorrhagic events and
response to surgical revascularization.

In contrast, when these vascular abnormalities occur in association with other con-
comitant conditions, the term moyamoya syndrome (MMS) is used, as the underlying
disease may contribute to the pathogenesis of the vascular changes [1,3,4]. MMS has been
reported in a wide range of disorders including autoimmune or hematological disorders,
metabolic diseases, genetic or chromosomal abnormalities, drug toxicity, neoplasms, cranial
trauma, and cranial irradiation [10].

However, this distinction often fails to capture the full clinical complexity of the Moy-
amoya spectrum, as unilateral presentations, atypical patterns, or subclinical forms do not
fit neatly within traditional definitions. For this reason, the broader concept of Moyamoya
vasculopathy (MMV) has been proposed in recent years as an umbrella entity encompassing
MMD, MMS, and atypical variants, offering a more flexible and comprehensive diagnostic
framework [11].

Moreover, rare developmental vascular anomalies—such as Aplasia/Twig-like MCA
(Ap/T-MCA), arteriovenous malformations (AVM), fibromuscular dysplasia (FMD), and
cerebral aneurysms may secondarily induce atypical moyamoya-like changes, thereby
mimicking MMV and further complicating the diagnostic process [12,13].

In all these conditions, hemodynamic changes from vascular stenosis, occlusion, or
more rarely developmental vascular anomalies—combined with increased mechanical
stress on fragile network of intracranial collaterals, may lead to a wide spectrum of clinical
manifestations, including headache, seizures, transient ischemic attacks (TIAs), ischemic
stroke and hemorrhage [1,14]. Computed tomography angiography (CTA), magnetic reso-
nance angiography (MRA), and digital subtraction angiography (DSA) are reliable tools for
identifying and localizing intracranial stenosis, occlusion, or vascular dysplasia, as well as
for assessing the collateral circulation network [1,3]. While DSA remains the gold standard
for accurately distinguishing MMV from rarer atypical moyamoya-like vascular changes, it
does not directly assess parenchymal damage or cerebrovascular reserve (CVR), and may
underestimate disease severity [1,15]. Such information is crucial for selecting patients for
either conservative or surgical treatment aimed at preventing both ischemic and hemor-
rhagic stroke. Several studies have described specific features of MMS and MMD [16–20],
but only a few have comprehensively reported the full clinical and radiological spectrum
of this diagnostically challenging condition [1,3,21–23]. Notably, important aspects such as
genetic variability, regional epidemiology, and systematic characterization of Moyamoya
mimics remain underexplored. Addressing these gaps is essential to improve diagnostic
accuracy and patient management.
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This narrative review aims to update current knowledge on MMV by addressing key
diagnostic debates—including unilateral vs. bilateral forms, genetic subtypes, regional
epidemiology, and features distinguishing MMD, MMS and their mimics—to highlight
the limitations of traditional classification systems. It also synthesizes emerging evidence
to refine diagnosis and support clinically oriented decision-making in both medical and
surgical management.

2. Material and Methods
2.1. Search Strategies

The literature was searched from January 2014 to June 2025 in the medical database
PubMed and Scopus using the following MeSH terms: Moyamoya disease, Moyamoya
syndrome, Moyamoya vasculopathy, Moyamoya angiopathy, Moyamoya like changes,
Twig-like MCA. Seminal older articles were also considered when providing relevant
clinical or radiological insights. The combined search ensured broad coverage of the rele-
vant literature, encompassing key aspects of moyamoya vasculopathy, including etiology,
pathophysiology, disease laterality, imaging characteristics, clinical presentation, surgical
management strategies, outcomes, genetic subtypes, and regional epidemiology.

2.2. Overview of Study Selection

The literature review was conducted independently by three authors (a neuroradiolo-
gist, a neurologist, and a neurosurgeon), and studies were selected by consensus. In the
identification phase, a total of 3463 records were retrieved from PubMed and Scopus. After
removing 444 duplicates, 3019 unique records were screened by title and abstract.

During this screening, 2.419 records were excluded because they were not written in
English (n = 310), were non-original publications such as editorials or conference abstracts
(n = 561), or were considered not sufficiently representative or relevant to the scope of the
narrative review (n = 1548).

Subsequently, 600 full-text articles were examined to identify studies providing ade-
quate and pertinent clinical and/or radiological information on moyamoya vasculopathy
and its mimics. Of these, 464 were excluded due to insufficient clinical or imaging data
(n = 210), unavailability of the full text (n = 49), or because they did not add substantial
value to the narrative discussion (n = 205). Ultimately, 136 studies were included. The
study selection process is summarized in Figure 1.

Figure 1. Flow chart of article search and selection.
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3. Results
The key results are summarized in Table 1.

Table 1. Summary of key articles on etiology, epidemiology, histopathology, clinical and imaging
findings in Moyamoya vasculopathy and atypical Moyamoya-like patterns.

MMD

Author, Year, [Reference] Main Findings

Etiology

Guey et al., 2015 [10]; Kundishora et al.,
2021 [24]; Gonzalez et al., 2023 [22];
Ok et al., 2022 [25]; Chen et al.,
2016 [26]; Uchiyama et al., 2024 [3]

Idiopathic but genetic (RNF213 gene
mutation) and environmental factors
are implicated.

Age Chen et al., 2016 [26]; Hayashi et al.,
2014 [27].

Bimodal distribution: children
(3–6 years), adults (30–40 years).
Female predominance

Side of disease

Uchiyama et al., 2024 [3]; Kim et al.,
2016 [28]; Kuroda et al., 2022 [21];
Tian et al., 2022 [29]; Wang et al.,
2024 [30]; Strunk et al., 2023 [31];
Houkin et al., 1996 [32]; Mineharu et al.,
2024 [33].

Usually bilateral
Rarer unilateral MMD (U-MMD)

Genetic subtypes

Shlobin et al., 2021 [5]; Liao et al.,
2017 [6]; Guey et al., 2017 [7];
Santoro et al., 2022 [8], Mineharu et al.,
2021 [9]

RNF213 major susceptibility gene (East
Asia); rare ACTA2/GUCY1A3 variants;
influence age at onset, severity,
angiographic pattern, risk of
ischemic/hemorrhagic events, and
response to surgery

Regional epidemiology Kim et al., 2015 [34]; Kainth et al.,
2013 [35]

Higher prevalence in East Asia
(Japan/Korea)

Characteristic Imaging findings
Velo et al., 2022 [1]; Liu et al., 2019 [20];
Yamamoto et al., 2019 [16]; Storey et al.,
2017 [18]; Fujimura et al., 2019 [17]

Steno-occlusive angiopathy involving
mainly terminal ICA, proximal MCA,
and proximal ACA; posterior
circulation involvement is rare.
Moyamoya collateral networks (puff of
smoke appearance) typically form
perpendicular to the M1 segment via
lenticulostriate and thalamo-striate
vessels; transdural collaterals develop
in advanced stages of the disease.

Histopathology of stenosis

Uchiyama et al., 2024 [3]; Fox et al.,
2021 [36]; Shirozu et al., 2023 [37];
Xu et al., 2024 [38]; Fujimura et al.,
2018 [39].

Tunica intima: concentric thickening
Tunica media: thinning
Tunica adventitia: normal

Disease course Karsonovich et al., 2025 [40] Progressive, more commonly
in children

Clinical manifestations Velo et al., 2021 [1]; Kim et al., 2016 [28];
Yu et al., 2019 [41]

Childhood: Headache, seizures,
transient ischemic attacks,
ischemic strokes
Adults: Subarachnoid and
intracerebral hemorrhages

Therapy

Uchiyama et al., 2024 [3];
Gonzalez et al., 2023 [22];
Karsonovich et al., 2025 [40];
Yamada et al., 2016 [42]; Liu et al.,
2023 [43]; Kuroda et al., 2022 [21];
Acker et al., 2018 [44]; Qian et al.,
2015 [45]; Porras et al., 2018 [46];
Wang et al., 2017 [47]; Kim et al.,
2021 [48], Uchiyama et al., 2020 [49];
Nagata et al., 2006 [50]

Children: Direct (STA-MCA; OA-MCA)
and indirect (EMS, EDAS) anastomotic
revascularization
Adults: Conservative treatment if
asymptomatic and without
parenchymal hemodynamic
impairment; surgical treatment in
symptomatic and in cases of
impairment of hemodynamic
functional status.

Outcome

Karsonovich et al., 2025 [40]; Xie et al.,
2022 [51]; Kim et al., 2021 [48];
Alnaqeeb et al., 2025 [52]; Ladner et al.,
2017 [53]; Hayashi et al. 2023 [54];
Karki et al. 2024 [55]; Funaki et al.
2015 [56]; Jeon et al. 2018 [57]; Im et al.
2021 [58]; Lin et al. 2019 [59]

Surgical revascularization procedures
are associated with more favorable
long-term outcomes, especially in
pediatric patients
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Table 1. Cont.

Author, Year, [Reference] Main Findings

MMS

Etiology Uchiyama et al. 2024 [3]; Phi et al.,
2015 [2]

MMS-c. Congenital disorders in
children: Down syndrome, NF-1, and
Turner syndrome
MMS-a. Acquired conditions in adults:
atherosclerosis, autoimmune diseases,
head trauma, brain tumors, radiation
exposure, and infections

Age Acker et al. 2016 [60] 20–40 years; female predominance

Side of disease Hayashi et al. 2014 [27] More commonly unilateral

Genetic subtypes Uchiyama et al., 2024 [3]
No single causative gene; RNF213
variants may confer
increased susceptibility

Regional epidemiology Acker et al. 2016 [60] More prevalent in Western countries

Characteristic Imaging findings Velo et al., 2021 [1]; Hayashi et al.,
2014 [27]; Jimenez et al., 2016 [61].

Steno-occlusive angiopathy involving
terminal ICA, proximal MCA, and
proximal ACA; rare stenoses of M2
segment of MCA may occur.
Moyamoya collateral networks with
“puff of smoke” appearance develop
(less pronounced than MMD)

Histopathology of stenosis

Lin et al., 2012 [62]; Fox et al., 2021 [36];
Jiang et al., 2013 [63]; He et al., 2025 [23];
Sharfstein et al., 2007 [64];
Czartoski et al., 2006 [65]

MMS-c: concentric thickening of tunica
intima, thinning of tunica media and
normal tunica adventitia
MMS-a (autoimmune or vasculitic
cases): hyperplasia of tunicae intima,
media, and adventitia.
MMS-a (atherosclerotic forms, cranial
irradiation, post-traumatic,
tumor-related, or infectious forms):
thickening of tunica intima, thinning of
tunica media and thickening of
tunica adventitia

Disease course Phi et al., 2016 [66] Usually non-progressive

Clinical manifestations Bejot et al., 2017 [67] Ischemic stroke and
intracranial hemorrhage

Therapy

Ribigan et al., 2020 [4]; Onoue et al.,
2021 [68]; Tsukada et al., 2024 [69];
Tashiro et al., 2016 [70]; Jeong et al.,
2022 [71]; Inoue et al., 2016 [72];
Matsunaga et al., 2018 [73]

Conservative management:
neuroimaging surveillance and
secondary prevention strategies
directed at treating the
underlying pathology
Anastomotic revascularization in cases
of progressive neurological symptoms
and chronic hemodynamic insufficiency.

Outcome Das et al. 2021 [74]
It depends on early diagnosis and the
timely initiation of appropriate
treatment.

Atypical
moyamoya-
like patterns

Etiology
Cho et al., 2019 [75]; Akkan et al.,
2015 [76]

-Ap/T-MCA: congenital developmental
anomaly of MCA

Uchiyama et al., 2017 [13] -Acquired forms: vascular adaptation
secondary to AVM, FMD, or aneurysm

Age

Tsukada et al., 2024 [69]; Takeda et al.,
2022 [77]

-Ap/T-MCA: childhood or
young adulthood

Pasquini et al., 2015 [78];
Stanishevskiy et al., 2024 [79]

-Acquired forms: variable according to
underlying pathology

Side of disease Goto et al., 2022 [80]; Shirokane et al.,
2020 [81] Unilateral; rare bilateral cases

Genetic subtypes

Ota et al., 2021 [82]; Inoue et al.,
2022 [83]; Nakajima et al., 2024 [84]

-Ap/T-MCA: Possible association with
RNF213 variant; no definitive causal
relationship established.

Van der Niepen et al.,2021 [85];
Hofmeister at al., 2000 [86]

-Acquired forms: No
moyamoya-specific genetic
signature identified
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Table 1. Cont.

Atypical
moyamoya-
like patterns

Author, Year, [Reference] Main Findings

Regional epidemiology

Onoue et al., 2021 [68]; Nakajima et al.,
2024 [84]

-Ap/T-MCA: Rare and likely
underdiagnosed; higher prevalence in
East Asian populations.

Olin et al., 2014 [87]; Rinkel et al.,
1998 [88]

-Acquired forms: no
geographic predilection.

Prevalence
Onoue et al., 2021 [68]; Nakajima et al.,
2024 [84]

-Ap/T-MCA: rare (0.09–1.2%), more
common in East Asians.

Olin et al., 2014 [87]; Rinkel et al.,
1998 [88]

-Acquired forms: 1–5% (variable
depending on the underlying disease).

Characteristic Imaging findings

Zedde et al., 2024 [12]; Uchiyama et al.,
2017 [13]; Onoue et al., 2021 [68];
Goto et al., 2022 [80]; Ota et al.,
2021 [82]; Inoue et al., 2022 [83];
Takarada et al., 2021 [89]; Lutz et al.,
2018 [90]; Nakajima et al., 2024 [84];
Goto et al., 2019 [91]; Chetoui et al.,
2024 [92]; Seo et al., 2012 [93].

-Ap/T-MCA: aplastic or absent MCA
segment replaced by a plexiform
arterial network. Transdural collaterals
are lacking.

Uchiyama et al., 2017 [13]; Ahn et al.,
2010 [94]; Ashleigh et al., 1992 [95]

-Acquired forms: arterial stenosis or
occlusion (usually of the MCA)
secondary to vascular anomaly and
development of characteristic
collateral vessels.

Disease course
Uchiyama et al., 2017 [13] -Ap/T-MCA: non-progressive/stable

Ahn et al., 2010 [94]; Ashleigh et al.,
1992 [95]; Noh et al., 2014 [96]

-Acquired forms: variable course,
usually progressive

Clinical manifestations

Takarada et al., 2021 [89]; Viso et al.,
2021 [97]; Tashiro et al., 2016 [70];
Lang et al., 2017 [98]

-Ap/T-MCA: about 10% asymptomatic;
majority (~90%) symptomatic, often
with hemorrhagic or ischemic
stroke presentations.

Gupta et al., 2014 [99]; Hofmeister et al.,
2000 [86]; Almaghrabi et al., 2021 [100];
Bagh et al., 2018 [101]

-Acquired forms: variable clinical
presentation including seizures,
hemorrhagic or ischemic stroke, focal
deficits, or headaches; symptoms
depend on underlying AVM, FMD,
or aneurysm.

Therapy

Onoue et al., 2021 [68]; Tashiro et al.,
2016 [70]

-Ap/T-MCA: Conservative
management if asymptomatic; medical
therapy (antiplatelets, stroke
prevention) if symptomatic.

Zhang et al., 2015 [102]

-Acquired forms: Treatment tailored to
underlying pathology. AVM (surgery,
embolization, radiosurgery); FMD
(medical therapy, angioplasty);
aneurysms (clipping, coiling).

Outcome
Onoue et al., 2021 [68]; Goto et al.,
2022 [80]; Nurimanov et al., 2023 [103];
Yu et al., 2016 [104]; Kesav et al.,
2023 [105]

Ap/T-MCA: favorable prognosis
Acquired forms: It depends on the risk
of ischemic or hemorrhagic events,
influenced by the nature and
progression of the underlying
vascular anomaly

RNF213, Ring Finger Protein 213; MMS, Moyamoya Syndrome, MMD, Moyamoya Disease; U-MMD, Unilateral
Moyamoya Disease; ICA, Internal Carotid Artery; MCA, Middle Cerebral Artery; ACA, Anterior Cerebral
Artery; STA-MCA, Superficial Temporal Artery-Middle Cerebral Artery; OA-MCA, Occipital Artery–Middle
Cerebral Artery; EMS, Encephalomyosynangiosis; EDAS, Encephaloduroarteriosynangiosis; MMS-c, Moyamoya
Syndrome-congenital; MMS-a, Moyamoya Syndrome-acquired; NF-1, Neurofibromatosis type 1; Ap/T-MCA,
Aplasia/Twig-like Middle Cerebral Artery; AVM, Arteriovenous Malformation; FMD, Fibromuscular Dysplasia.

4. Discussion
4.1. Moyamoya Disease
4.1.1. Etiology and Demographics

MMD is a chronic idiopathic cerebrovascular disease characterized by progressive,
irreversible steno-occlusive angiopathy, typically affecting the terminal portion of the ICAs
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and the proximal segments of the MCAs and ACAs [1]. Involvement of the posterior
circulation is less common and usually occurs in the advanced stages of the disease [1]. To
compensate for inadequate cerebral perfusion, secondary abnormal fine vascular networks—
known as ‘moyamoya vessels’—develop. The most common type is the basal moyamoya
collateral network, which exhibits the characteristic ‘puff of smoke’ appearance on imaging
and primarily consists of extensive lenticulostriate and thalamostriate collaterals, typically
oriented perpendicularly to the M1 segment [1,16,20]. Less frequently, collateral pathways
may involve dilated anterior choroidal arteries (AchoA), posterior pericallosal arteries, and
ethmoidal moyamoya, characterized by enlargement of the ophthalmic, anterior as well
as the posterior ethmoidal arteries [1,17]. In advanced stages of the disease, transdural
collaterals may also develop, arising from branches of the external carotid artery, as well as
from the posterior circulation [1,18].

Bilateral involvement is considered a key diagnostic criterion for MMD [3]. However,
longitudinal studies have shown that some patients initially presenting with unilateral
disease may progress to bilateral involvement over a follow-up period ranging from 2
to 15 years, suggesting that unilateral MMD (U-MMD) may represent an early disease
stage [19,21,29–31]. Conversely other authors propose U-MMD as a distinct subtype rather
than a mere precursor of bilateral disease [32]. Posterior cerebral artery (PCA) involvement
has been reported in only 11.8% of U-MMD patients—significantly lower than in typical
MMD [33].

MMD primarily affects individuals of Asian descent, with particularly high prevalence
in Japanese and Korean populations [34,35]. Although historically considered rare in West-
ern countries, its incidence has increasingly been reported worldwide in recent years [35].
Reported incidence rates range from 0.34 to 0.94 per 100,000 in Japan and approximately
0.086 per 100,000 in the United States [1]. U-MMD accounts for about 10.5% of all MMD
cases in the Japanese population [26]. MMD demonstrates a bimodal age distribution, most
commonly affecting children between 3 and 6 years of age and adults between 30 and 40
years [27] and shows a clear female predominance [26].

Genetic susceptibility plays a central role in both disease occurrence and phenotypic
variability, contributing to regional differences in clinical presentation. Variants in the
RNF213 gene represent the strongest known genetic risk factor for MMD. The RNF213
p.R4810K variant is strongly associated with early onset, familial aggregation, posterior
circulation involvement, and predominantly ischemic presentation, particularly in East
Asian populations (Japan, Korea, China) [5,6]. In contrast, rare RNF213 missense variants
affecting conserved residues in the C-terminal E3 ligase domain have been identified in
European patients and are frequently associated with more severe or syndromic forms
of moyamoya angiopathy, including extracranial vascular involvement and marked in-
trafamilial phenotypic variability [7,8]. Additional genetic modifiers, such as GUCY1A3,
may further influence disease severity by affecting inflammation, vascular stability, and
endothelial function, potentially through interactions with RNF213 [9].

Beyond genetic predisposition, non-genetic factors also contribute to disease expres-
sion. Secondary insults—including autoimmune mechanisms, infection or inflammation,
and prior cranial irradiation—have been implicated in disease onset and progression [3].
Notably, autoimmune diseases appear to be more prevalent in patients with U-MMD
than in those with bilateral involvement [26], supporting the role of environmental and
immune-mediated factors in modulating disease phenotype.

4.1.2. Histopathology

Histopathological analysis reveals that affected vessels exhibit concentric thickening
of the tunica intima, characterized by fibroblast and smooth muscle cell (SMC) prolif-
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eration, irregularities of the elastic lamina, thinning of the tunica media, and intralumi-
nal thrombosis—ultimately leading to progressive arterial stenosis and eventual occlu-
sion [3,36]. Overexpression or dysregulation of certain growth factors, including vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and hepatocyte
growth factor (HGF), is thought to promote intimal hyperplasia and SMC migration [37,38].
Additionally, T-cell and macrophage infiltration within the intima of stenotic vessels, along
with IgG deposition in the damaged internal elastic lamina, which facilitates S100A4 protein
migration into the intima, further supports the role of immune-mediated mechanisms in
vascular narrowing and compensatory collateral vessel formation [38,39].

4.1.3. Clinical Features

Clinical manifestations vary with age, the severity of stenosis, and the extent of arterial
involvement, partly explained by genetic variants and regional epidemiological differences.
In children, common presentations include headache, seizures, transient ischemic attacks,
and ischemic strokes, often accompanied by progressive cognitive decline. In adults,
subarachnoid and intracerebral hemorrhages are more frequent, typically resulting from
the rupture of fragile, dilated moyamoya vessels or saccular aneurysms formed secondary
to hemodynamic stress [1,28]. Cerebral hemorrhage occurs more often in adults with
U-MMD than in those with bilateral MMD [41] (Figures 2 and 3).

Figure 2. Schematic representation of moyamoya vasculopathy and atypical moyamoya patterns.
Moyamoya disease (MMD) and moyamoya syndrome (MMS) are characterized by steno-occlusive changes
in the terminal ICAs and proximal MCAs/ACAs, with secondary basal collateral networks (“moy-
amoya vessels,” puff-of-smoke appearance). Normal arterial wall illustrating the three layers: tunica
intima (endothelial layer), tunica media (smooth muscle layer), and tunica adventitia (connective
tissue layer) (a). In MMD and MMS-c, arterial narrowing results from concentric intimal thickening
with fibroblast/SMC proliferation, elastic lamina irregularities, and thinning of the media (b). MMS-a
may arise from: autoimmune/vasculitic forms, with inflammatory hyperplasia of all arterial layers,
necrosis, and lymphocytic infiltration (c), post-cranial irradiation, post-trauma, tumor-related, or
infectious forms, with reactive intimal thickening, medial degeneration, and adventitial fibrosis (d);
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atherosclerotic forms, showing fibrocellular intimal proliferation with foam cells, medial atrophy,
and eccentric luminal narrowing (e). Atypical moyamoya-like patterns may occur in rare congenital
vascular anomalies (Ap/T-MCA) or secondary to vascular anomalies (AVM, fibromuscular dysplasia,
aneurysm) involving proximal ICA branches, where the MCA is replaced by a plexiform arterial
network supplied by ACA, PCA, and hypertrophied choroidal arteries; the terminal ICA is normal.
MMS-c, congenital moyamoya disease; MMS-a, acquired moyamoya disease; ICA, internal carotid
artery; MCA, Middle Cerebral Artery, ACA, Anterior Cerebral Artery; PCA, Posterior Cerebral
Artery; SMC, Smooth Muscle Cell; AVM, Arteriovenous Malformation.

Figure 3. Moyamoya Disease. CT (a,g), CTA-MIP reconstructions (b); DSA (c,l); MRI: SWI (d), DWI
(e), T1-FSE (h), FLAIR (i), MRA-TOF (j), MRA-CE (k), DSC-MTT maps (f). (a–f) A 46-year-old patient
with right hemiparesis. Axial CT (a) shows obliteration of the left insular subarachnoid spaces. Axial
CTA-MIP reconstruction (b) shows occlusion of the terminal left ICA and carotid bifurcation, with
absence of the M1 trunk of MCA replaced by a plexiform network. Antero-posterior ICA angiogram
(c) shows normal opacification of the right ICA and its branches and confirm left terminal ICA/M1
occlusion with leptomeningeal collaterals from the ACA (black arrow). MRI reveals hemosiderin in
the left Sylvian fissure (d) and a small ischemic lesion in temporal lobe (black arrow in (e)). Perfusion
map demonstrates delayed MCA flow with MTT asymmetry (f). (g–l) A 9-year-old child presenting
with sudden loss of consciousness and left hemiparesis. CT (g) and MRI (T1 in (h), FLAIR in (i))
demonstrate a parenchymal hematoma in the corona radiata; linear FLAIR hyperintensities in the left
parietal sulci (white arrows in (i)) represent prominent leptomeningeal collateral vessels (ivy sign).
TOF-MRA-MIP (j) and contrast-enhanced MRA (MIP/MPR reconstructions in (k)) show bilateral
supraclinoid ICA and M1 occlusion with moyamoya vessels from lenticulostriate arteries. Oblique
ICA angiogram (l) confirms bilateral ICA terminus occlusion (black arrow) and M1 replacement
by a plexiform collateral network. CT, Computed Tomography; CTA, Computed Tomography An-
giography; MIP, Maximum Intensity Projection; MPR, Multi-Planar Reconstruction; DSA, Digital
Subtraction Angiogram; MRI, Magnetic Resonance Imaging; SWI, Susceptibility Weighted Imaging;
DWI, Diffusion Weighted Imaging; T1-FSE, T1-Weighted Fast Spin Echo; FLAIR, Fluid Attenuated
Inversion Recovery; MRA-TOF, Magnetic Resonance Angiography—Time of Flight; MRA-CE, Mag-
netic Resonance Angiography—Contrast Enhanced; DSC, Dynamic Susceptibility Contrast; MTT,
Mean Transit Time; ICA, Internal Carotid Artery; MCA, Middle Cerebral Artery.

4.2. Moyamoya Syndrome
4.2.1. Etiology and Demographics

MMS refers to moyamoya disease-like vascular changes occurring in association with
underlying congenital or acquired conditions [2]. Congenital disorders, such as Down
syndrome, neurofibromatosis type 1 (NF-1), and Turner syndrome, are more common

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 10 of 26

in children, while acquired conditions—like atherosclerosis, autoimmune diseases, head
trauma, brain tumors, radiation exposure, and infections—are more frequent in adults [3].

MMS typically involves steno-occlusive changes in the terminal ICA and proximal
segments of the MCA and ACA, although isolated involvement of the M2 segment of the
MCA has been reported in rare cases [61]. Unilateral involvement occurs more frequently
than bilateral disease and is generally associated with less pronounced development of
moyamoya collateral vessels [1].

Unlike idiopathic MMD, moyamoya syndrome is not associated with a single defining
genetic alteration. However, genetic susceptibility may still play a contributory role in
disease development and phenotypic variability. In this regard, variants in the RNF213
gene—while not considered causative—have been reported as potential susceptibility fac-
tors in MMS, potentially facilitating the development of moyamoya-like vascular changes
in the presence of secondary insults [3].

Epidemiologically, MMS is more prevalent in Western populations and predominantly
affects females, with reported female-to-male ratios ranging from 1.57:1 to 4.25:1 [60].
MMS most commonly presents in adults between 20 and 40 years of age and is more fre-
quently characterized by unilateral involvement and a strong association with underlying
conditions such as atherosclerosis, prior cranial irradiation, and genetic syndromes [60].

4.2.2. Histopathology

Histopathologically, congenital MMS shares the occlusion mechanism of MMD [62],
while acquired forms show variable mechanisms depending on the underlying cause.
Specifically, in autoimmune or vasculitic cases, inflammation induces hyperplasia of the
intima, media, and adventitia, along with endothelial inflammation, fibrinoid necrosis,
and lymphocytic infiltration, ultimately leading to vessel narrowing and collateral forma-
tion [36]. In atherosclerotic forms, vascular occlusion results from intimal fibrocellular
thickening due to SMC proliferation and the accumulation of lipid-laden foam cells, accom-
panied by medial degeneration from muscular atrophy and adventitial thickening caused
by chronic inflammation [63]. In cases secondary to cranial irradiation, progressive vascular
narrowing results from fibrous intimal thickening with endothelial damage, medial thin-
ning due to degeneration of smooth muscle cells and fibroblasts, and adventitial thickening
caused by reactive fibrosis and microvascular injury [23]. In post-traumatic, tumor-related,
or infectious forms, vascular stenosis and occlusion result from reactive intimal thickening
driven by endothelial hyperplasia, fibroblast activation, and macrophage infiltration, as
well as medial degeneration caused by muscle loss or ischemic and inflammatory injury
and adventitial thickening due to immune activation, fibrotic hyperplasia, and infiltration
of lymphocytes and macrophages [64,65].

4.2.3. Clinical Features

The course of MMS is variable; some cases may remain stable for years, whereas others
may progress depending on the underlying cause [66]. Ischemic stroke is the most common
clinical manifestation of MMS, while hemorrhagic presentations, including subarachnoid
hemorrhage, are less frequent and have been reported in approximately 7% of cases [67].

4.3. MMD and MMS- Key Differences and Shared Features

Bilateral involvement is a key diagnostic criteria for MMD, although some patients
initially present with unilateral disease that may progress to bilateral involvement over
time [3]. Conversely patients with MMS more often present with unilateral steno-occlusive
lesions and exhibit less pronounced development of moyamoya collateral vessels [1].
Progression from unilateral to bilateral involvement can also occur in MMS, but the timing
and extent are generally less predictable than in MMD [2].
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Variants in the RNF213 gene on chromosome 17 are strongly associated with MMD
susceptibility and influence disease phenotype, including early onset and posterior circu-
lation involvement [3,10,22,24,25]. While RNF213 variants may also be detected in some
MMS cases, they appear to act primarily as susceptibility alleles rather than causative mu-
tations, contributing to phenotypic variability and sometimes complicating the differential
diagnosis [3].

Epidemiologically, MMD predominates in East Asian populations, particularly Japan
and Korea [34], whereas MMS is more commonly reported in Western populations and is
often associated with underlying congenital or acquired conditions [60]. These differences
in geographic distribution, sex ratio, age at onset, and laterality provide additional clues to
help distinguish MMD from MMS in clinical practice.

4.4. Atypical Moyamoya Patterns

Atypical moyamoya-like patterns can arise from congenital developmental vascular
anomalies, such as Ap/T-MCA, or be acquired through vascular remodeling caused by
AVMs, FMD, or aneurysms localized at the ICA terminus and its proximal branches (MCA
and/or ACA) [13].

4.4.1. Congenital Pattern: Ap/T-MCA

Ap/T-MCA is a vascular anomaly characterized by unilateral absence or hypoplasia of
the proximal M1 segment of the MCA, and less commonly of the distal M1 segment or the
ACA, without involvement of the ICA terminus or the posterior circulation [12,68,80,82,83,89].
The absent MCA segment is replaced by a plexiform arterial network arising from the ACA,
posterior cerebral artery (PCA), and hypertrophied choroidal arteries [13,84,90]. This network
demonstrates variable configurations, ranging from complete replacement of the MCA to
termination at, or proximal to the MCA bifurcation [91,92]. Lenticulostriate collaterals are
generally absent; when present, the plexiform network is typically oriented horizontally,
parallel to the M1 axis [68]. Transdural collaterals from external carotid branches are usually
lacking, consistent with relatively preserved cerebral perfusion in the affected hemisphere [93].

The etiology of Ap/T-MCA is generally considered congenital, attributed to the em-
bryological persistence of a plexiform network of small vessels [75,76]; however, some
investigators propose that Ap/T-MCA may instead represent an acquired abnormality
secondary to chronic MCA occlusion, a hypothesis supported by its frequent diagnosis in
adulthood and the normal development of the cerebral hemispheres [106]. Although tradi-
tionally considered pathogenetically distinct from MMD, genetic evidence has suggested
a potential pathogenetic overlap between Ap/T-MCA and moyamoya disease (MMD).
Variants of the RNF213 gene, the major susceptibility gene for MMD, have been identified
in a subset of patients with Ap/T-MCA, supporting the hypothesis that both conditions
may represent phenotypic expressions within a broader spectrum of RNF213-related vascu-
lopathies rather than entirely distinct entities [82–84]. However, a definitive association
between RNF213 variants and Ap/T-MCA has not yet been established and the genetic
contribution remains incompletely understood [84]. Unilateral Ap/T-MCA is the most
common presentation, although bilateral cases have also been described [81]. Disease
progression is generally absent [13]. The true prevalence of Ap/T-MCA is likely underesti-
mated, as many cases are misclassified under the broader category of moyamoya syndrome
(MMS) [80]. Reported prevalence rates range from 0.088% to 1.17%, with a markedly higher
frequency observed in East Asian populations, further supporting a potential role for
genetic susceptibility [68,84]. Ap/T MCA is often detected incidentally on cross-sectional
imaging performed for unrelated indications. Most cases are discovered in adulthood,
while pediatric cases remain rare [69,77]. The main clinical manifestation is stroke and
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approximately 70% of patients with Ap/T-MCA present with hemorrhagic stroke while
20% with ischemic stroke; only a minority remain asymptomatic [70,89,97,98].

4.4.2. Acquired Patterns: Vascular Remodeling Secondary to Vascular Anomalies

AVMs, FMD, and cerebral aneurysms, when located near proximal ICA branches
(MCA/ACA), can mimic MMV by causing secondary arterial stenosis or occlusion and
triggering the development of characteristic collateral vessels [13,94,95]. These conditions
present with a variable age of onset [78,79] and a heterogeneous clinical course, although
vascular occlusion is often progressive due to ongoing hemodynamic stress and gradual
arterial remodeling [94–96]. AVMs occur in approximately 1 in 10,000 people, FMD affects
less than 1% of the population, and cerebral aneurysms are present in about 2–5%, with no
clear geographic predilection [87,88]. The genetic background of these conditions differs
substantially from that of primary moyamoya disease. While a combination of genetic
and environmental factors is thought to predispose individuals to FMD and cerebral
aneurysms [85], their association with moyamoya-like changes is considered secondary
and hemodynamically driven rather than genetically mediated [86]. In contrast no clear
gene–environment interaction has been established for AVMs, which are typically sporadic
and often congenital in origin [86].

Clinically, these conditions may lead to strokes or TIAs due to impaired cerebral blood
flow [99]. AVMs and cerebral aneurysms can also cause hemorrhage upon rupture—AVMs
due to the fragility of abnormal vessels, and aneurysms due to weakened arterial walls [86].
Seizures may occur, particularly with AVMs, due to cortical irritation or gliosis [86]. In
some cases, aneurysms may compress cranial nerves [100]. FMD, on the other hand, often
presents with headaches and pulsatile tinnitus and facial pain [101] (Figures 2 and 4).

Figure 4. Moyamoya Syndrome and atypical moyamoya-like patterns. CT (f), CTA-MIP recon-
structions (g); DSA-MIP (p,q); MRI: FLAIR (a,h,i), T2-FSE (e,m), DWI (j), SWI (l), T1-FSE- CE (b),
TOF-MRA (k,n,o), MRA-CE (c), DSC-CBV map (d). (a–e) A 45-year-old woman with autoimmune
encephalitis presenting with seizures. Brain MRI shows a tumefactive lesion in the left temporal pole
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(a) with patchy post-contrast enhancement (b) and increased rCBV on perfusion (d), mimicking a
tumor. MRA demonstrates multifocal stenosis of the left MCA due to cerebral vasculitis, replaced by
a plexiform arterial network (c). Six-month follow-up shows gliosis in the temporal pole (e). (f–k)
A 52-year-old man with language disturbance and aphasia. CT demonstrates cortico-subcortical
hypodensity in the left insula consistent with ischemia (white arrow in (f)). CTA-MIP reveals absence
of the left M1 segment replaced by a plexiform network, findings compatible with Ap/T-MCA (g).
FLAIR (h,i) and DWI (j) confirm ischemic changes in the insular, temporal, and parahippocampal
regions, and TOF-MRA with 3D reconstruction confirms aplasia of MCA consistent with an Ap/T-
MCA anomaly (k). (l–q) A 39-year-old man presenting with daily posterior headaches radiating to
the retroauricular region, unresponsive to nonsteroidal anti-inflammatory drugs. SWI brain MRI
shows hemosiderin staining (black arrow in (l)) in the left Sylvian fissure; no evidence of parenchymal
damage on T2-FSE (m). TOF-MRA with MIP/MPR (n,o) and 3D rotational DSA (MIP/MPR from left
ICA injection in (p,q)) reveal irregularity of the left M2 segment and a fine arterial plexus (“puff of
smoke”, white arrow in (n)) along the short insular gyri, draining into an arterialized vein connecting
to the vein of Labbé (black arrows in (n,o,p,q)), consistent with a left insular AVM. CT, Computed
Tomography; CTA, Computed Tomography Angiography; MIP, Maximum Intensity Projection;
MPR, Multi-Planar Reconstruction; DSA, Digital Subtraction Angiogram; MRI, Magnetic Resonance
Imaging; SWI, Susceptibility Weighted Imaging; DWI, Diffusion Weighted Imaging; T2-FSE, T2-
Weighted Fast Spin Echo; T1-FSE- CE, T1-Weighted Fast Spin Echo-Contrast Enhanced; FLAIR,
Fluid Attenuated Inversion Recovery; TOF-MRA, Magnetic Resonance Angiography—Time of Flight;
MRA-CE, Magnetic Resonance Angiography—Contrast Enhanced; DSC, Dynamic Susceptibility
Contrast; CBV, Cerebral Blood Volume; MCA, Middle Cerebral Artery.

4.5. Imaging-Guided Differential Diagnosis

Imaging is essential for differentiating typical MMD, MMS, and mimics by assessing
vessel stenosis, collateral networks, and parenchymal and hemodynamic changes.

In symptomatic patients CT and CTA are often first-line to evaluate suspected ischemic
or hemorrhagic stroke, identify stenotic or occluded vessels, characterize basal moyamoya
collaterals, and detect aneurysms or AVMs [1,80]. Despite their utility, CT has limitations as
it is less sensitive to early ischemic changes in the hyperacute phase and may underestimate
the degree of stenosis in small-caliber vessels. Moreover, exposure to ionizing radiation
remains a significant drawback, especially in pediatric patients [107]. MRI and MRA are
preferred in children and non-urgent cases, or as complementary second-line modalities
following CT/CTA [1]. Diffusion-weighted imaging (DWI) better delineates infarct extent
and age-specific ischemic patterns (gyral, borderzone, honeycomb, territorial, multiple-dot,
deep lacunar) [1]. T2-weighted gradient-echo and susceptibility-weighted imaging (SWI)
are effective for detecting microbleeds and intracranial hemorrhage, providing complemen-
tary insight to ischemic stroke assessment and informing prognosis and treatment [108].
Key MRI signs of MMV including leptomeningeal collaterals (“ivy” sign) and prominent
deep medullary veins (“brush” sign), are useful indicators of impaired cerebral perfu-
sion [109,110]. The “ivy” sign appears as linear or curvilinear FLAIR hyperintensity or
post-contrast T1 enhancement, indicating slow retrograde flow through pial arteries [109].
The “brush” sign, visible on SWI as hypointense medullary veins, reflects an oxygen
supply–demand mismatch in hypoperfused tissue [110]. Post-contrast 3D black-blood MRI
sequences are useful for diagnosing the underlying cause of vasculopathy by assessing
vessel wall morphology and enhancement patterns [111]. MMD typically presents with
concentric, non-enhancing steno-occlusive changes associated with vessel wall shrinkage,
whereas concentric wall enhancement suggests MMS secondary to vasculitis, and eccen-
tric enhancement is more indicative of MMS related to atherosclerosis [112,113]. MRA
imaging—whether 3D time-of-flight or contrast-enhanced techniques—is valuable for iden-
tifying the site of stenosis or occlusion and for visualizing collateral networks, which often
appear as the classic “puff of smoke” pattern around steno-occlusive lesions. In MMD,
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these basal collaterals are usually dense and symmetric, reflecting the typical bilateral
involvement, whereas MMS tends to show less robust and more asymmetric collateraliza-
tion, often corresponding to its predominantly unilateral presentation [1,3,16,20]. Acquired
moyamoya-like patterns, such as those associated with AVMs, FMD, or aneurysms, usually
demonstrate focal or segmental involvement—particularly within the proximal or distal M1
segment—with irregular, localized collateral networks shaped by the underlying vascular
lesion rather than by a diffuse arteriopathy [13,94,95].

Advanced perfusion imaging techniques, including CT perfusion (CTP), dynamic sus-
ceptibility contrast-enhanced (DSC) MRI, and arterial spin labeling (ASL), enable quantitative
assessment of cerebral blood flow, cerebral blood volume, and transit time, facilitating the
detection of hemodynamic impairment in the affected hemisphere(s) [51,114–116]. In U-MMD
perfusion abnormalities typically manifest as localized frontotemporal hypoperfusion, whereas
compensatory occipital hyperperfusion may be observed in more advanced stages [117].

Advanced perfusion imaging techniques may also provide a surrogate assessment of
cerebrovascular reserve (CVR), as they are effective in characterizing flow delays and hemody-
namic dysfunction in moyamoya disease [118]. In particular, DSC-MRI parameters—especially
Mean Transit Time—have been shown to correlate with CVR impairment, while ASL allows
non-invasive evaluation of cerebral blood flow and arterial transit delays, both before and
after revascularization [119,120]. Additionally, functional MRI approaches based on blood-
oxygenation-level-dependent (BOLD) signal changes during hypercapnic, breath-hold, or
resting-state paradigms allow CVR mapping without ionizing radiation and show good
correlation with reference nuclear medicine techniques such as acetazolamide-challenged
SPECT or PET, while also being sensitive to post-revascularization changes [121–124].

DSA remains the gold standard for grading steno-occlusive disease and differentiating
idiopathic MMD from MMS or atypical moyamoya [15,51,80]; however, its inability to
assess parenchymal function and CVR highlights the added value of multimodal imaging
strategies (Table 2).

Table 2. Key differential imaging features of moyamoya disease, moyamoya syndrome, and acquired
moyamoya-like patterns.

MMD MMS Acquired Patterns

Distribution of steno-occlusion
Terminal ICA; proximal
MCA/ACA; PCA in
advanced stages

Terminal ICA; proximal
MCA/ACA/PCA; distribution
influenced by underlying disease

Segmental M1 involvement
(proximal or distal); localized to
the site of primary lesion

Laterality Typically bilateral Typically unilateral Unilateral, lesion-dependent

Collateral pattern Dense, symmetric basal collaterals
(“puff-of-smoke”)

Less robust, often asymmetric
basal collaterals (“puff-of-smoke”)

Collaterals focal/irregular; related
to AVM feeders, FMD loops, or
aneurysm-related flow changes

Progression Predictable bilateral progression Less predictable
bilateral progression Generally absent

Vessel wall imaging Concentric, non-
enhancing stenosis

Concentric or eccentric enhancing
wall thickening

Variable: Eccentric enhancement
(aneurysm/dissection); segmental
irregularities (FMD); flow-related
changes (AVM)

Parenchymal findings Chronic ischemia; watershed
infarcts; FLAIR “ivy sign”

Variable ischemic changes
depending on etiology;
asymmetric ivy sign

Findings specific to the
primary pathology:
AVM-nidus/hemorrhage-related;
FMD-dissection related infarcts;
aneurysm- SAH-related

Perfusion profile Bilateral impaired
cerebrovascular reserve Unilateral/asymmetric reduction Focal hypoperfusion or

hyperperfusion near AVM

MMD = Moyamoya disease; MMS = Moyamoya syndrome; AVM = arteriovenous malformation; FMD = fibro-
muscular dysplasia; ICA = internal carotid artery; MCA = middle cerebral artery; ACA = anterior cerebral artery;
PCA = posterior cerebral artery; M1 = first segment of the middle cerebral artery; SAH = subarachnoid hemorrhage;
FLAIR = Fluid-Attenuated Inversion Recovery.
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4.6. Severity Score Systems in Moyamoya Disease

Some grading scales are used to support decision-making and grading ischemic risk
and they are mainly based on age, hemorrhagic risk and neuroradiological findings.

The Suzuki staging system, based solely on angiography, evaluates the degree of
stenosis or occlusion in the terminal ICAs and their major branches, particularly the ACA
and MCA, together with the development of collateral vessels [15]. While it has been
widely adopted to describe the natural course of disease progression, its limitation lies in
the absence of functional or clinical correlation, which restricts its utility for predicting
neurological outcomes or surgical risk. The Suzuki grading system for moyamoya disease
is divided into six angiographic stages (Table 3).

Table 3. Angiographic Suzuki grading system of moyamoya disease.

Stages Findings
Stage I Narrowing of the terminal portion of the ICA.

Stage II Initiation of abnormal collateral (“moyamoya”) vessel formation at the
base of the brain with dilation of the intracerebral main arteries

Stage III Intensification of moyamoya vessels with further ICA and
intracerebral main arteries stenosis.

Stage IV
Reduction in moyamoya vessels; advanced ICA, ACA, MCA
steno-occlusion with development of external-to-internal carotid
system collaterals (e.g., via the external carotid artery).

Stage V Further diminution of moyamoya vessels; extracranial collaterals
become more dominant from the external carotid artery.

Stage VI Disappearance of moyamoya vessels; with cerebral circulation
maintained only by the external carotid artery or the vertebral artery

ICA, Internal Carotid Artery; MCA, Middle Cerebral Artery; ACA, Anterior Cerebral Artery.

Steno-occlusive changes in the anterior circulation are typical findings; however, in
advanced Suzuki stages, steno-occlusion of the PCA may also develop. PCA involve-
ment is more frequently observed in pediatric-onset MMD and is often associated with
a more aggressive disease course, as it reduces leptomeningeal collaterals to the anterior
circulation, thereby contributing to ischemic symptoms [40]. To better characterize these
changes, Migikura et al. proposed an angiographic staging system specifically for PCA
involvement [125] which includes four stages (Table 4).

Table 4. Angiographic Posterior Cerebral Artery Staging of Moya-Moya Disease.

Stages
Stage I No occlusive changes in the PCA

Stage II Stenosis in the PCA with or without slightly developed PCA
moyamoya vessels

Stage III Severe stenosis or virtually complete occlusion of the PCA with
well-developed PCA Moyamoya vessels

Stage IV Occlusion of the PCA with decreased PCA Moyamoya vessels
PCA, Posterior Cerebral Artery.

Recently, Czabanka et al. proposed the Berlin grading system for adult MMD, which
integrates morphological and functional MRI/CT data with the Suzuki angiographic stag-
ing. This multimodal approach improves clinical severity stratification and enhances the
prediction of postoperative neurological morbidity, supporting its adoption in clinical
practice [126]. In this system, three independent variables are scored: (1) vessel anatomy,
based on DSA findings of stenosis/occlusion and collateral pathways; (2) parenchymal le-
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sions, reflecting ischemic, hemorrhagic, or atrophic changes on MRI; and (3) hemodynamic
impairment, assessed by CVR using perfusion imaging combined with a vasodilatory
challenge such as acetazolamide administration. The total score ranges from 0 to 6 and
classifies disease severity into three grades: Grade I (0–2, mild), Grade II (3–4, moderate),
and Grade III (5–6, severe). The detailed scoring system is summarized in Table 5.

Table 5. Summary of Berlin Grading System.

Variables Characteristics Points

Vessel Anatomy (DSA)

Stenotic or occlusive lesions with typical moyamoya vessels,
but without intracranial or extra-intracranial
collateral pathways.

1

Stenosis/occlusion with moyamoya vessels and additional
intracranial collaterals, such as leptomeningeal and/or
pericallosal anastomoses.

2

Stenotic or occlusive lesions accompanied by the presence of
extra-intracranial collaterals. 3

Parenchymal Lesions (MRI)
No signs of ischemia, hemorrhage, or atrophy 0
Evidence of cerebral infarction, intracerebral hemorrhage, or
cerebral atrophy. 1

Hemodynamic Impairment (PWI, CTP)

Normal perfusion with preserved CVR. 0
Impaired CVR without critical perfusion deficit. 1
Severely reduced CVR, indicating critical
hemodynamic compromise. 2

DSA, Digital Subtraction Angiography; MRI, Magnetic Resonance Imaging; PWI, Perfusion-Weighted Imaging;
CTP, CT Perfusion; CVR, Cerebrovascular Reserve.

Although originally developed for adults, the Berlin grading system has also been
applied to pediatric MMD. Nonetheless, neither the Suzuki stage nor the Berlin grading
system accounts for clinical severity or individual MMD risk factors.

A novel hemispheric surgical score was developed by an interdisciplinary team to
guide surgical decision-making in pediatric MMD, specifically to determine surgical indi-
cation and to prioritize which hemisphere should be operated on first. The score is based
on clinical symptoms, MRI findings, and DSA, each contributing 0 to 4 points, resulting
in a total score ranging from 0 to 12. For patients with a score of 0, medical management
and annual follow-up using the ‘moyamoya Protocol’ MRI were recommended. Surgical
revascularization was indicated for patients scoring between 1 and 10, with the hemisphere
showing the higher preoperative score selected for initial treatment. In contrast, revascular-
ization was not advised for patients with the highest scores (11–12), for whom palliative
treatment was deemed appropriate [127] (Table 6).

Table 6. Novel hemispheric surgical score.

Variables for Each Hemisphere Severity Points

Clinical Events

Asymptomatic 0
One TIA with reversible neurological deficit. Seizure 1
More than 1 TIA 2
One ischemic Arterial Stroke 3
More than one Ischemic Arterial Stroke or severe neurological
deterioration (spastic/dystonic quadriparesis, severe
symptomatic developmental delay)

4
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Table 6. Cont.

Variables for Each Hemisphere Severity Points

MRI Findings

Normal or small white matter lesions with normal MTT/CBF 0
Small white matter lesions with normal CBF but prolonged MTT 1
Low CBF and/or infarcts in watershed areas 2
Territorial infarcts 3
Cortical atrophy outside the infarct area 4

DSA Findings

Stenosis with leptomeningeal collaterals and/or from the ECA,
without contralateral involvement 0

Stenosis with leptomeningeal collaterals and/or from the ECA,
with contralateral involvement 1

Stenosis without collaterals (leptomeningeal and/or from the
ECA), without contralateral involvement 2

Stenosis without collaterals (leptomeningeal and/or from the
ECA), with contralateral involvement 3

Involvement of the Posterior Circulation 4
Magnetic Resonance Imaging (MRI); Digital Subtraction Angiography (DSA); TIA, Transient Ischemic Attack;
MTT, Mean Transit Time; CBF, Cerebral Blood Flow; ECA, External Carotid Artery. Total Score per Hemisphere:
0 = Medical treatment and annual follow-up (both clinical and with non-invasive neuroimaging, 1–10 = Indirect
revascularization. If there is bihemispheric involvement: start with the hemisphere with the highest score.
11–12 = Palliative treatment.

4.7. Treatment

Therapeutic management of Moyamoya vasculopathy is complex, with strategies
generally distinguished for idiopathic MMD, secondary MMS and atypical moyamoya-like
patterns. Although widely acknowledged in the literature, formal guidelines remain limited
and largely observational. The following sections summarize the treatment approaches for
each group, emphasizing the key therapeutic differences among them.

4.7.1. MMD Treatment

There is ongoing controversy regarding the treatment of MMD. Since its exact cause re-
mains unknown, various medical therapies—including anticoagulants, antiplatelet agents,
and corticosteroids—have been employed, but none have shown clear benefit in preventing
disease progression or recurrent cerebrovascular events [21,42,43]. Furthermore, aggressive
acute-phase treatments for ischemic stroke such as intravenous infusion of recombinant
tissue plasminogen activator (rtPA) or endovascular procedures are not recommended in
MMD due to the high risk of hemorrhagic complications and poor outcomes [102,128]. This
is largely attributable to the fact that ischemic events in MMD are predominantly driven by
chronic hemodynamic impairment rather than thromboembolic mechanisms [14]. Given
the limited effectiveness of medical therapy, cerebral revascularization—using a variety of
surgical techniques—has long been considered the treatment of choice for patients with
ischemic or hemorrhagic symptoms and documented hemodynamic compromise [3,49].
In cases of bihemispheric involvement, surgery is typically performed first on the hemi-
sphere with the greatest impairment of hemodynamic functional status [127] whereas the
management of the contralateral asymptomatic side remains controversial. Some authors
advocate for prophylactic surgery on the asymptomatic hemisphere, particularly in pedi-
atric patients [117], while others recommend close monitoring and delayed intervention
until symptoms or hemodynamic deterioration occur [50].

Although this issue remains controversial, the overarching goal of revascularization is
to restore cerebral blood flow, stabilize cerebrovascular hemodynamics, reduce pathological
collateral stress, and ultimately prevent future ischemic or hemorrhagic events, thereby
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improving long-term neurological outcomes and quality of life. Both direct and indirect
revascularization techniques, or a combination of the two, may be employed depending on
the patient’s condition and surgical expertise [1,22]. Direct anastomotic revascularization
includes procedures such as superficial temporal artery (STA)—MCA anastomosis, occipital
artery (OA)–MCA anastomosis, and the use of interposition venous grafts. Major indi-
rect revascularization techniques include encephalomyosynangiosis (EMS), which derives
its vascular supply from the deep temporal artery, and encephaloduroarteriosynangiosis
(EDAS), which utilizes the superficial temporal artery. Variants of these methods—such as
encephalomyoarteriosynangiosis (EMAS), encephaloduroarteriomyosynangiosis (EDAMS),
and encephalogaleosynangiosis (EGS)—combine different donor arteries and tissues to pro-
mote collateral vessel formation [22,44,45]. In cases where posterior circulation is affected,
the occipital artery can also be used as a donor vessel in indirect bypass procedures [40].
Indirect revascularization is technically easier to perform, but improvements in cerebral
blood flow occur gradually over time [40]. In contrast, direct revascularization provides
immediate restoration of blood flow but is more technically demanding and requires a
highly skilled surgeon [46,47], increasing the risk of surgical complications such as hyper-
perfusion syndrome, hemorrhagic stroke, bypass occlusion, anastomotic aneurysm, and
scalp necrosis or infection [129,130]. Moreover, direct STA–MCA bypass may be particu-
larly challenging in pediatric patients due to small-caliber vessels and progressive MCA
stenosis or occlusion [131].

Multiple surgical series have consistently demonstrated a significant reduction in
recurrent ischemic events following revascularization, firmly establishing surgery as an
effective treatment strategy for ischemic MMD [132–135]. Surgical intervention appears
to confer greater benefit in children than in adults, as the pediatric form of the disease
is typically more aggressive and rapidly progressive [40]. Consequently, conservative
management with regular clinical and radiological follow-up may be appropriate for
asymptomatic adults without evidence of hemodynamic compromise [48].

The role of revascularization in hemorrhagic MMD has historically been more con-
troversial, owing to concerns that surgical intervention might increase the risk of rebleed-
ing [48]. Nevertheless, several observational studies and surgical series have demonstrated
a reduction in recurrent hemorrhage rates following revascularization, particularly after
direct bypass procedures, suggesting a protective effect mediated by improved cerebral
hemodynamics and a reduction in fragile collateral networks [133,136,137]. More recently,
increasing attention has been directed toward the influence of genetic background on dis-
ease phenotype and surgical outcomes. In particular, RNF213-associated MMD influences
not only age at onset, disease severity, and angiographic features, but also postoperative
collateral vessel development and the efficacy of revascularization [138]. Genetic profiling
of RNF213 has shown that heterozygosity for the p.Arg4810Lys (p.R4810K) variant was
significantly associated with better development of indirect collateral circulation, particu-
larly the deep temporal artery (DTA), whereas homozygosity or the presence of other rare
RNF213 variants may correlate with less favorable collateral growth [138].

These findings underscore the emerging role of genetic stratification as a tool to predict
surgical outcomes and guide the future personalization of revascularization strategies in
Moyamoya vasculopathy.

4.7.2. Treatment of MMS and Atypical Moyamoya-like Patterns

In contrast to MMD, MMS and acquired moyamoya-like patterns are usually managed
conservatively at first, because their clinical course depends largely on the underlying
disease rather than on a primary moyamoya arteriopathy.
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Conservative management is generally recommended for patients with a stable disease
course, consisting of regular neuroimaging surveillance and secondary prevention strate-
gies [4,68,70,71]. This approach aims to mitigate the risk of subsequent ischemic events,
including strokes and transient ischemic attacks (TIAs), while also allowing for monitoring
of disease progression. Cerebral revascularization is typically reserved for patients with
progressive neurological symptoms despite optimized medical therapy, as chronic hemo-
dynamic insufficiency may lead to irreversible neurological deficits, developmental delays,
or psychomotor disturbances [69,72,73].

However, emerging case-based evidence suggests that in selected patients with atypi-
cal moyamoya-like patterns—particularly those with T-MCA anomalies and hemorrhagic
presentation—direct STA–MCA bypass may be beneficial in preventing further ischemic
or hemorrhagic events and in stabilizing fragile abnormal vascular networks that may
contribute to vessel rupture [69,89].

Moreover endovascular intervention remains the first-line approach for treating the
primary vascular pathology such as AVM, aneurysm, or fibromuscular dysplasia [91,102].

4.8. Outcome Post Treatment

The overall prognosis of MMD is variable and largely depends on clinical presentation,
severity of vascular occlusion, hemodynamic status, and timely treatment [40,48,52,53].
Patients managed conservatively face a higher risk of recurrent strokes, TIAs, and disease
progression [54]. In contrast, patients undergoing revascularization generally achieve
more favorable long-term outcomes, often with partial or complete resolution of ischemic
symptoms [55]. Several factors predict poorer postoperative outcomes, including female
sex, perioperative hypotension, diabetes, hemodynamic compromise, ischemic MRI lesions,
preoperative infarction, fragile collateral networks, and PCA involvement [20,48,56–59].
Pediatric patients generally respond better to surgical intervention than adults [51] whereas
adult patients are at greater risk for postoperative neurological complications [139]. In
MMS, prognosis reflects the underlying condition, because treatment often prioritizes
etiologic management over bypass surgery [74].

For atypical or overlapping moyamoya-like patterns, prognosis is more heterogeneous
and depends on age of onset, stenosis severity, hemodynamic impairment, and the nature
of the underlying vascular anomaly. Congenital Ap/T-MCA is usually stable and has a
favorable prognosis, although regular monitoring remains necessary [68,80]. Conversely, in
acquired moyamoya-like patterns—such as those secondary to AVMs, FMD, or aneurysms—
outcomes depends on the risk of ischemia or hemorrhage and on the success of treating the
underlying lesion [103–105].

5. Conclusions
The traditional classification of Moyamoya, which separates idiopathic MMD from

secondary MMS, is increasingly insufficient to capture the clinical and radiological vari-
ability observed in daily practice, supporting the shift toward a unified framework under
the term Moyamoya vasculopathy (MMV). An updated classification that integrates these
entities—together with genetic subtyping, regional epidemiological differences, and ad-
vanced imaging techniques—is crucial for selecting patients for conservative versus surgical
treatment aimed at preventing both ischemic and hemorrhagic events, and for guiding the
appropriate timing and intensity of follow-up.

6. Future Directions
The increasing recognition that genetic, molecular, and epidemiological mechanisms

may overlap across “idiopathic” and “secondary” forms of Moyamoya highlights the
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potential value of integrated and personalized diagnostic approaches. Such frameworks
may enhance diagnostic accuracy, refine ischemic risk stratification, and inform treatment
selection—ranging from conservative management in lower-risk patients to surgical or
endovascular interventions in those at higher risk. In parallel, advances in genetic and
molecular research are opening future avenues for targeted, non-surgical therapies aimed at
modulating angiogenesis, inflammation, or vascular remodeling, although these strategies
remain experimental. The establishment of large, multicenter prospective registries incor-
porating integrated clinical, genetic, and imaging data will be essential to refine prognostic
stratification and compare long-term outcomes across diverse patient populations.

Author Contributions: Conceptualization, methodology, writing, R.C.; original draft preparation,
C.A.M.; data curation, C.B.; conceptualization, writing, L.M. and F.P. All authors have read and
agreed to the published version of the manuscript.

Funding: No funding was received for this study.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Velo, M.; Grasso, G.; Fujimura, M.; Torregrossa, F.; Longo, M.; Granata, F.; Pitrone, A.; Vinci, S.L.; Ferraù, L.; La Spina, P.

Moyamoya Vasculopathy: Cause, Clinical Manifestations, Neuroradiologic Features, and Surgical Management. World Neurosurg.
2022, 159, 409–425. [CrossRef]

2. Phi, J.H.; Wang, K.-C.; Lee, J.Y.; Kim, S.-K. Moyamoya Syndrome: A Window of Moyamoya Disease. J. Korean Neurosurg. Soc.
2015, 57, 408–414. [CrossRef]

3. Uchiyama, S.; Fujimura, M. Adult Moyamoya Disease and Moyamoya Syndrome: What Is New? Cerebrovasc. Dis. Extra 2024,
14, 86–94. [CrossRef]

4. Ribigan, A.C.; Badea, R.S.; Ciocan, A.; Stefan, D.; Casaru, B.; Ioan, P.; Antochi, F.; Băjenaru, O. Moyamoya-like vasculopathy
associated to MYH9-related thrombocytopenia manifested by multiple cerebral ischemic lesions: A case report. BMC Neurol.
2020, 20, 352. [CrossRef] [PubMed]

5. Shlobin, N.A.; Hoffman, S.C.; Clark, J.R.; Du, R.Y.; Lam, S. Clinical Usefulness of Genetic Testing For Patients with Moyamoya
Disease: A Systematic Review. World Neurosurg. 2021, 152, 198–205.e1. [CrossRef]

6. Liao, X.; Deng, J.; Dai, W.; Zhang, T.; Yan, J. Rare variants of RNF213 and moyamoya/non-moyamoya intracranial artery
stenosis/occlusion disease risk: A meta-analysis and systematic review. Environ. Health Prev. Med. 2017, 22, 75. [CrossRef]

7. Guey, S.; Kraemer, M.; Hervé, D.; Ludwig, T.; Kossorotoff, M.; Bergametti, F.; Schwitalla, J.C.; Choi, S.; Broseus, L.;
Callebaut, I.; et al. Rare RNF213 variants in the C-terminal region encompassing the RING-finger domain are associated
with moyamoya angiopathy in Caucasians. Eur. J. Hum. Genet. EJHG 2017, 25, 995–1003. [CrossRef] [PubMed]

8. Santoro, C.; Mirone, G.; Zanobio, M.; Ranucci, G.; D’Amico, A.; Cicala, D.; Iascone, M.; Bernardo, P.; Piccolo, V.; Ronchi, A.; et al.
Mystery(n) Phenotypic Presentation in Europeans: Report of Three Further Novel Missense RNF213 Variants Leading to Severe
Syndromic Forms of Moyamoya Angiopathy and Literature Review. Int. J. Mol. Sci. 2022, 23, 8952. [CrossRef]

9. Mineharu, Y.; Miyamoto, S. RNF213 and GUCY1A3 in Moyamoya Disease: Key Regulators of Metabolism, Inflammation, and
Vascular Stability. Front. Neurol. 2021, 12, 687088. [CrossRef]

10. Guey, S.; Tournier-Lasserve, E.; Hervé, D.; Kossorotoff, M. Moyamoya disease and syndromes: From genetics to clinical
management. Appl. Clin. Genet. 2015, 8, 49–68. [CrossRef] [PubMed]

11. Ota, T. A revised concept of moyamoya vasculopathy: Developmental origins and genetic insights. Front. Neurol. 2025,
16, 1653558. [CrossRef] [PubMed]

12. Zedde, M.; Moratti, C.; Pavone, C.; Napoli, M.; Valzania, F.; Nguyen, T.N.; Abdalkader, M.; Pascarella, R. Twig-like Middle
Cerebral Artery: Case Series in a European Population. World Neurosurg. 2024, 183, e11–e21. [CrossRef]

13. Uchiyama, N. Anomalies of the Middle Cerebral Artery. Neurol. Med. Chir. 2017, 57, 261–266. [CrossRef]
14. Piao, R.; Oku, N.; Kitagawa, K.; Imaizumi, M.; Matsushita, K.; Yoshikawa, T.; Takasawa, M.; Osaki, Y.; Kimura, Y.;

Kajimoto, K.; et al. Cerebral hemodynamics and metabolism in adult moyamoya disease: Comparison of angiographic collateral
circulation. Ann. Nucl. Med. 2004, 18, 115–121. [CrossRef]

15. Suzuki, J.; Takaku, A. Cerebrovascular “moyamoya” disease. Disease showing abnormal net-like vessels in base of brain. Arch.
Neurol. 1969, 20, 288–299. [CrossRef]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.1016/j.wneu.2021.11.026
https://doi.org/10.3340/jkns.2015.57.6.408
https://doi.org/10.1159/000540254
https://doi.org/10.1186/s12883-020-01927-6
https://www.ncbi.nlm.nih.gov/pubmed/32950057
https://doi.org/10.1016/j.wneu.2021.05.130
https://doi.org/10.1186/s12199-017-0680-1
https://doi.org/10.1038/ejhg.2017.92
https://www.ncbi.nlm.nih.gov/pubmed/28635953
https://doi.org/10.3390/ijms23168952
https://doi.org/10.3389/fneur.2021.687088
https://doi.org/10.2147/tacg.s42772
https://www.ncbi.nlm.nih.gov/pubmed/25733922
https://doi.org/10.3389/fneur.2025.1653558
https://www.ncbi.nlm.nih.gov/pubmed/41001206
https://doi.org/10.1016/j.wneu.2023.09.121
https://doi.org/10.2176/nmc.ra.2017-0043
https://doi.org/10.1007/BF02985101
https://doi.org/10.1001/archneur.1969.00480090076012
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 21 of 26

16. Yamamoto, S.; Hori, S.; Kashiwazaki, D.; Akioka, N.; Kuwayama, N.; Kuroda, S. Longitudinal anterior-to-posterior shift of
collateral channels in patients with moyamoya disease: An implication for its hemorrhagic onset. J. Neurosurg. 2019, 130, 884–890.
[CrossRef]

17. Fujimura, M.; Funaki, T.; Houkin, K.; Takahashi, J.C.; Kuroda, S.; Tomata, Y.; Tominaga, T.; Miyamoto, S. Intrinsic development of
choroidal and thalamic collaterals in hemorrhagic-onset moyamoya disease: Case-control study of the Japan Adult Moyamoya
Trial. J. Neurosurg. 2019, 130, 1453–1459. [CrossRef]

18. Storey, A.; Michael Scott, R.; Robertson, R.; Smith, E. Preoperative transdural collateral vessels in moyamoya as radiographic
biomarkers of disease. J. Neurosurg. Pediatr. 2017, 19, 289–295. [CrossRef] [PubMed]

19. Kim, Y.-J.; Lee, J.K.; Ahn, S.-H.; Kim, B.J.; Kang, D.-W.; Kim, J.S.; Kwon, S.U. Nonatheroscleotic Isolated Middle Cerebral Artery
Disease May Be Early Manifestation of Moyamoya Disease. Stroke 2016, 47, 2229–2235. [CrossRef]

20. Liu, Z.-W.; Han, C.; Zhao, F.; Qiao, P.-G.; Wang, H.; Bao, X.-Y.; Zhang, Z.-S.; Yang, W.-Z.; Li, D.-S.; Duan, L. Collateral Circulation
in Moyamoya Disease: A New Grading System. Stroke 2019, 50, 2708–2715. [CrossRef] [PubMed]

21. Kuroda, S.; Fujimura, M.; Takahashi, J.; Kataoka, H.; Ogasawara, K.; Iwama, T.; Tominaga, T.; Miyamoto, S.; Welfare, J. Diagnostic
Criteria for Moyamoya Disease—2021 Revised Version. Neurol. Med. Chir. 2022, 62, 307–312. [CrossRef]

22. Gonzalez, N.R.; Amin-Hanjani, S.; Bang, O.Y.; Coffey, C.; Du, R.; Fierstra, J.; Fraser, J.F.; Kuroda, S.; Tietjen, G.E.; Yaghi, S.; et al.
Adult Moyamoya Disease and Syndrome: Current Perspectives and Future Directions: A Scientific Statement From the American
Heart Association/American Stroke Association. Stroke 2023, 54, e465–e479. [CrossRef]

23. He, S.; Zhou, Z.; Cheng, M.Y.; Hao, X.; Chiang, T.; Wang, Y.; Zhang, J.; Wang, X.; Ye, X.; Wang, R.; et al. Advances in moyamoya
disease: Pathogenesis, diagnosis, and therapeutic interventions. Med. Comm. 2025, 6, e70054. [CrossRef]

24. Kundishora, A.J.; Peters, S.T.; Pinard, A.; Duran, D.; Panchagnula, S.; Barak, T.; Miyagishima, D.F.; Dong, W.; Smith, H.;
Ocken, J.; et al. DIAPH1 Variants in Non-East Asian Patients With Sporadic Moyamoya Disease. JAMA Neurol. 2021, 78, 993–1003.
[CrossRef]

25. Ok, T.; Jung, Y.H.; Kim, J.; Park, S.K.; Park, G.; Lee, S.; Lee, K.-Y. RNF213 R4810K Variant in Suspected Unilateral Moyamoya
Disease Predicts Contralateral Progression. J. Am. Heart Assoc. 2022, 11, e025676. [CrossRef]

26. Chen, J.-B.; Liu, Y.; Zhou, L.-X.; Sun, H.; He, M.; You, C. Increased prevalence of autoimmune disease in patients with unilateral
compared with bilateral moyamoya disease. J. Neurosurg. 2016, 124, 1215–1220. [CrossRef] [PubMed]

27. Hayashi, K.; Horie, N.; Izumo, T.; Nagata, I. A nationwide survey on unilateral moyamoya disease in Japan. Clin. Neurol.
Neurosurg. 2014, 124, 1–5. [CrossRef] [PubMed]

28. Kim, J.S. Moyamoya Disease: Epidemiology, Clinical Features, and Diagnosis. J. Stroke 2016, 18, 2–11. [CrossRef] [PubMed]
29. Tian, X.; Hu, M.; Zhang, J. The contralateral progression in a cohort of Chinese adult patients with unilateral moyamoya disease

after revascularization: A single-center long-term retrospective study. Acta Neurochir. 2022, 164, 1837–1844. [CrossRef]
30. Wang, X.-P.; Zou, Z.-X.; Bao, X.-Y.; Wang, Q.-N.; Ren, B.; Yu, D.; Zhang, Q.; Liu, J.-Q.; Hao, F.-B.; Gao, G.; et al. Clinical and

genetic factors associated with contralateral progression in unilateral moyamoya disease: Longitudinal and Cross-Sectional Study.
Heliyon 2024, 10, e26108. [CrossRef]

31. Strunk, D.; Diehl, R.R.; Veltkamp, R.; Meuth, S.G.; Kraemer, M. Progression of initially unilateral Moyamoya angiopathy in
Caucasian Europeans. J. Neurol. 2023, 270, 4415–4422. [CrossRef] [PubMed]

32. Houkin, K.; Abe, H.; Yoshimoto, T.; Takahashi, A. Is “unilateral” moyamoya disease different from moyamoya disease?
J. Neurosurg. 1996, 85, 772–776. [CrossRef]

33. Mineharu, Y.; Takagi, Y.; Koizumi, A.; Morimoto, T.; Funaki, T.; Hishikawa, T.; Araki, Y.; Hasegawa, H.; Takahashi, J.C.;
Kuroda, S.; et al. Posterior cerebral artery involvement in unilateral moyamoya disease is exclusively ipsilateral and influenced
by RNF213 mutation gene dose: The SUPRA Japan study: PCA involvement in unilateral moyamoya. J. Stroke Cerebrovasc. Dis.
2024, 33, 107513. [CrossRef] [PubMed]

34. Kim, T.; Lee, H.; Bang, J.S.; Kwon, O.-K.; Hwang, G.; Oh, C.W. Epidemiology of Moyamoya Disease in Korea: Based on National
Health Insurance Service Data. J. Korean Neurosurg. Soc. 2015, 57, 390–395. [CrossRef]

35. Kainth, D.; Chaudhry, S.A.; Kainth, H.; Suri, F.K.; Qureshi, A.I. Epidemiological and clinical features of moyamoya disease in the
USA. Neuroepidemiology 2013, 40, 282–287. [CrossRef]

36. Fox, B.M.; Dorschel, K.B.; Lawton, M.T.; Wanebo, J.E. Pathophysiology of Vascular Stenosis and Remodeling in Moyamoya
Disease. Front. Neurol. 2021, 12, 661578. [CrossRef] [PubMed]

37. Shirozu, N.; Ohgidani, M.; Hata, N.; Tanaka, S.; Inamine, S.; Sagata, N.; Kimura, T.; Inoue, I.; Arimura, K.; Nakamizo, A.; et al.
Angiogenic and inflammatory responses in human induced microglia-like (iMG) cells from patients with Moyamoya disease. Sci.
Rep. 2023, 13, 14842. [CrossRef]

38. Xu, Y.; Chen, B.; Guo, Z.; Chen, C.; Wang, C.; Zhou, H.; Zhang, C.; Feng, Y. Identification of diagnostic markers for moyamoya
disease by combining bulk RNA-sequencing analysis and machine learning. Sci. Rep. 2024, 14, 5931. [CrossRef]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.3171/2017.9.JNS172231
https://doi.org/10.3171/2017.11.JNS171990
https://doi.org/10.3171/2016.9.PEDS16161
https://www.ncbi.nlm.nih.gov/pubmed/27935469
https://doi.org/10.1161/STROKEAHA.116.012751
https://doi.org/10.1161/STROKEAHA.119.024487
https://www.ncbi.nlm.nih.gov/pubmed/31409266
https://doi.org/10.2176/jns-nmc.2022-0072
https://doi.org/10.1161/STR.0000000000000443
https://doi.org/10.1002/mco2.70054
https://doi.org/10.1001/jamaneurol.2021.1681
https://doi.org/10.1161/JAHA.122.025676
https://doi.org/10.3171/2015.4.JNS142936
https://www.ncbi.nlm.nih.gov/pubmed/26406790
https://doi.org/10.1016/j.clineuro.2014.06.010
https://www.ncbi.nlm.nih.gov/pubmed/24976021
https://doi.org/10.5853/jos.2015.01627
https://www.ncbi.nlm.nih.gov/pubmed/26846755
https://doi.org/10.1007/s00701-022-05153-6
https://doi.org/10.1016/j.heliyon.2024.e26108
https://doi.org/10.1007/s00415-023-11793-0
https://www.ncbi.nlm.nih.gov/pubmed/37261501
https://doi.org/10.3171/jns.1996.85.5.0772
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107513
https://www.ncbi.nlm.nih.gov/pubmed/38141320
https://doi.org/10.3340/jkns.2015.57.6.390
https://doi.org/10.1159/000345957
https://doi.org/10.3389/fneur.2021.661578
https://www.ncbi.nlm.nih.gov/pubmed/34539540
https://doi.org/10.1038/s41598-023-41456-z
https://doi.org/10.1038/s41598-024-56367-w
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 22 of 26

39. Fujimura, M.; Fujimura, T.; Kakizaki, A.; Sato-Maeda, M.; Niizuma, K.; Tomata, Y.; Aiba, S.; Tominaga, T. Increased serum
production of soluble CD163 and CXCL5 in patients with moyamoya disease: Involvement of intrinsic immune reaction in its
pathogenesis. Brain Res. 2018, 1679, 39–44. [CrossRef]

40. Karsonovich, T.; Lui, F. Moyamoya Disease. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.
41. Yu, Z.; Zheng, J.; Guo, R.; Li, H.; You, C.; Ma, L. Patterns of Acute Intracranial Hemorrhage in Adult Patients with Bilateral and

Unilateral Moyamoya Disease. Curr. Neurovasc. Res. 2019, 16, 202–207. [CrossRef]
42. Yamada, S.; Oki, K.; Itoh, Y.; Kuroda, S.; Houkin, K.; Tominaga, T.; Miyamoto, S.; Hashimoto, N.; Suzuki, N. Effects of Surgery

and Antiplatelet Therapy in Ten-Year Follow-Up from the Registry Study of Research Committee on Moyamoya Disease in Japan.
J. Stroke Cerebrovasc. Dis. 2016, 25, 340–349. [CrossRef] [PubMed]

43. Liu, T.; Qin, M.; Xiong, X.; Li, T.; Feng, L.; Lai, X.; Gao, Y. Benefits and risks of antiplatelet therapy for moyamoya disease: A
systematic review and meta-analysis. Front. Neurol. 2023, 14, 1132339. [CrossRef]

44. Acker, G.; Fekonja, L.; Vajkoczy, P. Surgical Management of Moyamoya Disease. Stroke 2018, 49, 476–482. [CrossRef] [PubMed]
45. Qian, C.; Yu, X.; Li, J.; Chen, J.; Wang, L.; Chen, G. The Efficacy of Surgical Treatment for the Secondary Prevention of Stroke in

Symptomatic Moyamoya Disease: A Meta-Analysis. Medicine 2015, 94, e2218. [CrossRef]
46. Porras, J.L.; Yang, W.; Xu, R.; Garzon-Muvdi, T.; Caplan, J.M.; Colby, G.P.; Coon, A.L.; Ahn, E.S.; Tamargo, R.J.; Huang, J.

Effectiveness of Ipsilateral Stroke Prevention Between Conservative Management and Indirect Revascularization for Moyamoya
Disease in a North American Cohort. World Neurosurg. 2018, 110, e928–e936. [CrossRef]

47. Wang, G.; Zhang, X.; Feng, M.; Liu, X.; Guo, F. Efficacy of Surgical Treatment on the Recurrent Stroke Prevention for Adult
Patients With Hemorrhagic Moyamoya Disease. J. Craniofac. Surg. 2017, 28, 2113–2116. [CrossRef]

48. Kim, M.; Park, W.; Chung, Y.; Lee, S.U.; Park, J.C.; Kwon, D.H.; Ahn, J.S.; Lee, S. Development and validation of a risk scoring
model for postoperative adult moyamoya disease. J. Neurosurg. 2021, 134, 1505–1514. [CrossRef]

49. Uchiyama, S.; Yamazaki, M.; Ishikawa, T.; Yamaguchi, K.; Kawamata, T. Diagnosis and Management of Moyamoya Disease. Case
Rep. Neurol. 2020, 12, 137–142. [CrossRef]

50. Nagata, S.; Matsushima, T.; Morioka, T.; Matsukado, K.; Mihara, F.; Sasaki, T.; Fukui, M. Unilaterally symptomatic moyamoya
disease in children: Long-term follow-up of 20 patients. Neurosurgery 2006, 59, 830–836; discussion 836-837. [CrossRef]

51. Xie, Y. Editorial for Pre-Surgical Magnetic Resonance Imaging Indicators of Revascularization Response in Adults With Moyamoya
Vasculopathy. J. Magn. Reson. Imaging JMRI 2022, 56, 995–996. [CrossRef]

52. Alnaqeeb, S.; Kheder, D.; Abotaiban, N.A. Clarity Amidst the Smoke: Moyamoya Disease, a Diagnosis Not to Be Missed. Cureus
2025, 17, e78810. [CrossRef] [PubMed]

53. Ladner, T.R.; Donahue, M.J.; Arteaga, D.F.; Faraco, C.C.; Roach, B.A.; Davis, L.T.; Jordan, L.C.; Froehler, M.T.; Strother, M.K. Prior
Infarcts, Reactivity, and Angiography in Moyamoya Disease (PIRAMD): A scoring system for moyamoya severity based on
multimodal hemodynamic imaging. J. Neurosurg. 2017, 126, 495–503. [CrossRef]

54. Hayashi, T.; Hara, S.; Inaji, M.; Arai, Y.; Kiyokawa, J.; Tanaka, Y.; Nariai, T.; Maehara, T. Long-term prognosis of 452 moyamoya
disease patients with and without revascularization under perfusion-based indications. J. Stroke Cerebrovasc. Dis. Off. J. Natl.
Stroke Assoc. 2023, 32, 107389. [CrossRef]

55. Karki, D.; Pant, P.; Paudel, S.; Kumar Sah, S.; Regmi, S.; Bhandari, S. Paediatric Moyamoya disease: Acute presentation with fever
and confusion in an 8-year-old: A case report. Ann. Med. Surg. 2012, 2024, 1748–1752. [CrossRef]

56. Funaki, T.; Takahashi, J.C.; Takagi, Y.; Kikuchi, T.; Yoshida, K.; Mitsuhara, T.; Kataoka, H.; Okada, T.; Fushimi, Y.;
Miyamoto, S. Unstable moyamoya disease: Clinical features and impact on perioperative ischemic complications. J. Neurosurg.
2015, 122, 400–407. [CrossRef] [PubMed]

57. Jeon, J.P.; Kim, J.E.; Cho, W.-S.; Bang, J.S.; Son, Y.-J.; Oh, C.W. Meta-analysis of the surgical outcomes of symptomatic moyamoya
disease in adults. J. Neurosurg. 2018, 128, 793–799. [CrossRef]

58. Im, S.-H.; Jang, D.-K.; Kim, H.; Park, S.-K.; Han, K.-D. Long-term mortality in patients with moyamoya angiopathy according to
stroke presentation type in South Korea. Acta Neurochir. 2021, 163, 3473–3481. [CrossRef]

59. Lin, Y.-H.; Kuo, M.-F.; Lu, C.-J.; Lee, C.-W.; Yang, S.-H.; Huang, Y.-C.; Liu, H.-M.; Chen, Y.-F. Standardized MR Perfusion Scoring
System for Evaluation of Sequential Perfusion Changes and Surgical Outcome of Moyamoya Disease. AJNR Am. J. Neuroradiol.
2019, 40, 260–266. [CrossRef]

60. Acker, G.; Goerdes, S.; Schmiedek, P.; Czabanka, M.; Vajkoczy, P. Characterization of Clinical and Radiological Features of
Quasi-Moyamoya Disease among European Caucasians Including Surgical Treatment and Outcome. Cerebrovasc. Dis. 2016,
42, 464–475. [CrossRef]

61. Jiménez Caballero, P.E. Adult-onset Moyamoya disease in a patient with neurofibromatosis type 1. Neurol. Barc. Spain 2016,
31, 139–141. [CrossRef]

62. Lin, R.; Xie, Z.; Zhang, J.; Xu, H.; Su, H.; Tan, X.; Tian, D.; Su, M. Clinical and immunopathological features of Moyamoya disease.
PLoS ONE 2012, 7, e36386. [CrossRef] [PubMed]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.1016/j.brainres.2017.11.013
https://doi.org/10.2174/1567202616666190621093652
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.10.003
https://www.ncbi.nlm.nih.gov/pubmed/26654669
https://doi.org/10.3389/fneur.2023.1132339
https://doi.org/10.1161/STROKEAHA.117.018563
https://www.ncbi.nlm.nih.gov/pubmed/29343587
https://doi.org/10.1097/MD.0000000000002218
https://doi.org/10.1016/j.wneu.2017.11.113
https://doi.org/10.1097/SCS.0000000000004004
https://doi.org/10.3171/2020.2.JNS193221
https://doi.org/10.1159/000505967
https://doi.org/10.1227/01.NEU.0000227527.69766.43
https://doi.org/10.1002/jmri.28153
https://doi.org/10.7759/cureus.78810
https://www.ncbi.nlm.nih.gov/pubmed/40078267
https://doi.org/10.3171/2015.11.JNS15562
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107389
https://doi.org/10.1097/MS9.0000000000001766
https://doi.org/10.3171/2014.10.JNS14231
https://www.ncbi.nlm.nih.gov/pubmed/25423271
https://doi.org/10.3171/2016.11.JNS161688
https://doi.org/10.1007/s00701-021-04959-0
https://doi.org/10.3174/ajnr.A5945
https://doi.org/10.1159/000448812
https://doi.org/10.1016/j.nrleng.2014.03.008
https://doi.org/10.1371/journal.pone.0036386
https://www.ncbi.nlm.nih.gov/pubmed/22558457
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 23 of 26

63. Jiang, T.; Perry, A.; Dacey, R.G.; Zipfel, G.J.; Derdeyn, C.P. Intracranial atherosclerotic disease associated with moyamoya collateral
formation: Histopathological findings. J. Neurosurg. 2013, 118, 1030–1034. [CrossRef] [PubMed]

64. Sharfstein, S.R.; Ahmed, S.; Islam, M.Q.; Najjar, M.I.; Ratushny, V. Case of moyamoya disease in a patient with advanced acquired
immunodeficiency syndrome. J. Stroke Cerebrovasc. Dis. 2007, 16, 268–272. [CrossRef]

65. Czartoski, T.; Becker, K. () Central nervous system vasculitis following pneumococcal meningitis. Neurocrit. Care 2006, 5, 250.
[CrossRef]

66. Phi, J.H.; Choi, J.W.; Seong, M.-W.; Kim, T.; Moon, Y.J.; Lee, J.; Koh, E.J.; Ryu, S.K.; Kang, T.H.; Bang, J.S.; et al. Association
between moyamoya syndrome and the RNF213 c.14576G>A variant in patients with neurofibromatosis Type 1. J. Neurosurg.
Pediatr. 2016, 17, 717–722. [CrossRef]

67. Béjot, Y.; Barnay, J.-L.; Chavent, A.; Daubail, B.; Jacquin, A.; Kazemi, A.; Ricolfi, F.; Giroud, M. Subarachnoid Hemorrhage
Revealing Moyamoya Syndrome in a Patient With May-Hegglin Anomaly. Neurologist 2017, 22, 204–205. [CrossRef]

68. Onoue, K.; Nguyen, T.N.; Mian, A.; Dasenbrock, H.; Bedi, H.; Abdalkader, M. Twig-like middle cerebral arteries: Clinical and
radiological findings. Clin. Imaging 2021, 73, 31–37. [CrossRef]

69. Tsukada, A.; Hirata, K.; Tsuda, K.; Fujita, K.; Yanaka, K.; Ishikawa, E. Early Resolution of Abnormal Vascular Networks After
Superficial Temporal Artery to Middle Cerebral Artery (STA-MCA) Bypass Surgery for Twig-Like Middle Cerebral Artery with
Intracerebral Hemorrhage: A Case Report. Cureus 2024, 16, e72740. [CrossRef]

70. Tashiro, R.; Inoue, T.; Shibahara, I.; Ezura, M.; Uenohara, H.; Fujimura, M.; Tominaga, T. Nonaneurysmal Subarachnoid
Hemorrhage Due to Unfused or Twiglike Middle Cerebral Artery Rupture: Two Case Reports. J. Stroke Cerebrovasc. Dis. 2016,
25, e77–e78. [CrossRef]

71. Jeong, W.; Seong, G.M.; Oh, J.-H.; Choi, J.C.; Kim, J.-G. A case report of critical ischemic stroke in moyamoya-like vasculopathy
accompanied by systemic lupus erythematosus. Encephalitis 2022, 2, 24–27. [CrossRef] [PubMed]

72. Inoue, A.; Kohno, K.; Fukumoto, S.; Ichikawa, H.; Onoue, S.; Miyazaki, H.; Ozaki, S.; Iwata, S. A Case of ECA-MCA Double
Anastomoses for Hemorrhagic Type of Twig-Like MCA. No Shinkei Geka. Neurol. Surg. 2016, 44, 463–471. [CrossRef]

73. Matsunaga, Y.; Izumo, T.; Morofuji, Y.; Horie, N.; Hayashi, K.; Matsuo, T. Revascularization for Aplastic or Twiglike Middle
Cerebral Artery: A Case Report. J. Stroke Cerebrovasc. Dis. 2018, 27, e78–e79. [CrossRef]

74. Das, S.; Dubey, S.; Pandit, A.; Ray, B.K. Moyamoya angiopathy unmasking systemic lupus erythematosus. BMJ Case Rep. 2021,
14, e239307. [CrossRef]

75. Cho, K.-C.; Kim, J.-J.; Jang, C.-K.; Hong, C.-K.; Joo, J.-Y.; Kim, Y.B. Rete middle cerebral artery anomalies: A unifying name, case
series, and literature review. J. Neurosurg. 2019, 131, 453–461. [CrossRef] [PubMed]

76. Akkan, K.; Ucar, M.; Kilic, K.; Celtikci, E.; Ilgit, E.; Onal, B. Unfused or twig-like middle cerebral artery. Eur. J. Radiol. 2015,
84, 2013–2018. [CrossRef] [PubMed]

77. Takeda, H.; Yanaka, K.; Onuma, K.; Nakamura, K.; Ishii, K.; Ishikawa, E. Aplastic or twiglike middle cerebral artery with
contralateral middle cerebral artery stenosis showing transient ischemic attack: Illustrative case. J. Neurosurg. Case Lessons 2022,
3, CASE22121. [CrossRef]

78. Pasquini, M.; Trystram, D.; Nokam, G.; Gobin-Metteil, M.-P.; Oppenheim, C.; Touzé, E. Fibromuscular dysplasia of cervicocephalic
arteries: Prevalence of multisite involvement and prognosis. Rev. Neurol. 2015, 171, 616–623. [CrossRef] [PubMed]

79. Stanishevskiy, A.; Babichev, K.; Svistov, D.; Savello, A.; Abramyan, A.; Zelenskiy, B. Coexistence of moyamoya syndrome with
arteriovenous malformation. Systematic review and illustrative case report. J. Clin. Neurosci. 2024, 121, 34–41. [CrossRef]

80. Goto, Y.; Nanto, M.; Oka, H.; Murakami, N.; Nakagawa, T.; Kimura, S.; Iwamoto, Y.; Inoue, Y.; Matsumoto, K.; Miyamoto, J.; et al.
Radiological and clinical features of twig-like middle cerebral artery in comparison with moyamoya angiopathy: A multicenter
retrospective study. J. Neurosurg. 2022, 137, 1718–1726. [CrossRef]

81. Shirokane, K.; Tamaki, T.; Kim, K.; Morita, A. Subarachnoid Hemorrhage Attributable to Bilateral Aplastic or Twiglike Middle
Cerebral Artery. World Neurosurg. 2020, 134, 560–563. [CrossRef]

82. Ota, T.; Komiyama, M. Twig-like middle cerebral artery: Embryological persistence or secondary consequences? Interv. Neuroradiol.
2021, 27, 584–587. [CrossRef]

83. Inoue, H.; Oomura, M.; Nishikawa, Y.; Mase, M.; Matsukawa, N. Aplastic or twig-like middle cerebral artery and cardiogenic
cerebral embolism mimicking moyamoya disease with RNF213 polymorphism: A case report. Interv. Neuroradiol. 2022,
28, 634–638. [CrossRef]

84. Nakajima, H.; Miyake, R.; Iwaki, K.; Hongo, T.; Takasaki, M.; Fujimoto, Y. Twig-like middle cerebral artery as a variety of
isolated middle cerebral artery disease with new vessel formation: Illustrative case. J. Neurosurg. Case Lessons 2024, 7, CASE23621.
[CrossRef] [PubMed]

85. Van der Niepen, P.; Robberechts, T.; Devos, H.; van Tussenbroek, F.; Januszewicz, A.; Persu, A. Fibromuscular dysplasia: Its
various phenotypes in everyday practice in 2021. Kardiol. Pol. 2021, 79, 733–744. [CrossRef]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.3171/2013.1.JNS12565
https://www.ncbi.nlm.nih.gov/pubmed/23394336
https://doi.org/10.1016/j.jstrokecerebrovasdis.2007.07.001
https://doi.org/10.1385/NCC:5:3:250
https://doi.org/10.3171/2015.10.PEDS15537
https://doi.org/10.1097/NRL.0000000000000150
https://doi.org/10.1016/j.clinimag.2020.11.049
https://doi.org/10.7759/cureus.72740
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.03.029
https://doi.org/10.47936/encephalitis.2021.00150
https://www.ncbi.nlm.nih.gov/pubmed/37469610
https://doi.org/10.11477/mf.1436203312
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.12.004
https://doi.org/10.1136/bcr-2020-239307
https://doi.org/10.3171/2018.2.JNS1832
https://www.ncbi.nlm.nih.gov/pubmed/30074465
https://doi.org/10.1016/j.ejrad.2015.06.012
https://www.ncbi.nlm.nih.gov/pubmed/26123843
https://doi.org/10.3171/CASE22121
https://doi.org/10.1016/j.neurol.2015.02.011
https://www.ncbi.nlm.nih.gov/pubmed/25857462
https://doi.org/10.1016/j.jocn.2024.02.004
https://doi.org/10.3171/2022.2.JNS212338
https://doi.org/10.1016/j.wneu.2019.10.054
https://doi.org/10.1177/15910199211024077
https://doi.org/10.1177/15910199211062016
https://doi.org/10.3171/CASE23621
https://www.ncbi.nlm.nih.gov/pubmed/38224584
https://doi.org/10.33963/KP.a2021.0040
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 24 of 26

86. Hofmeister, C.; Stapf, C.; Hartmann, A.; Sciacca, R.R.; Mansmann, U.; terBrugge, K.; Lasjaunias, P.; Mohr, J.P.; Mast, H.; Meisel, J.
Demographic, morphological, and clinical characteristics of 1289 patients with brain arteriovenous malformation. Stroke 2000,
31, 1307–1310. [CrossRef] [PubMed]

87. Olin, J.W.; Gornik, H.L.; Bacharach, J.M.; Biller, J.; Fine, L.J.; Gray, B.H.; Gray, W.A.; Gupta, R.; Hamburg, N.M.; Katzen, B.T.; et al.
Fibromuscular dysplasia: State of the science and critical unanswered questions: A scientific statement from the American Heart
Association. Circulation 2014, 129, 1048–1078. [CrossRef]

88. Rinkel, G.J.; Djibuti, M.; Algra, A.; van Gijn, J. Prevalence and risk of rupture of intracranial aneurysms: A systematic review.
Stroke 1998, 29, 251–256. [CrossRef]

89. Takarada, A.; Yanaka, K.; Onuma, K.; Nakamura, K.; Takahashi, N.; Ishikawa, E. Aplastic or twig-like middle cerebral artery
harboring unruptured cerebral aneurysms treated by clipping and bypass surgery: Illustrative case. J. Neurosurg. Case Lessons
2021, 2, CASE21360. [CrossRef] [PubMed]

90. Lutz, T.; Mönnings, P.; Ayzenberg, I.; Lukas, C. Twig-like Middle Cerebral Artery: A Seldom Vessel Anomaly of Important
Relevance. Clin. Neuroradiol. 2018, 28, 441–443. [CrossRef]

91. Goto, Y.; Oka, H.; Hiraizumi, S.; Okamoto, T.; Nishii, S.; Yamamoto, H.; Yamanaka, T.; Nanto, M.; Shiomi, N.; Hino, A.; et al.
Aplastic or Twig-Like Middle Cerebral Artery Presenting with Intracerebral Hemorrhage During Pregnancy: Report of
Two Cases. World Neurosurg. X 2019, 2, 100018. [CrossRef]

92. Chetoui, A.; Elkhamlichi, A.; Jiddane, M.; Fikri, M. Twig-like MCA: A rare cause of intracranial bleeding. Radiol. Case Rep. 2024,
19, 4935–4939. [CrossRef]

93. Seo, B.-S.; Lee, Y.-S.; Lee, H.-G.; Lee, J.-H.; Ryu, K.-Y.; Kang, D.-G. Clinical and radiological features of patients with aplastic or
twiglike middle cerebral arteries. Neurosurgery 2012, 70, 1472–1480. [CrossRef] [PubMed]

94. Ahn, S.H.; Choo, I.S.; Kim, J.H.; Kim, H.W. Arteriovenous malformation with an occlusive feeding artery coexisting with unilateral
moyamoya disease. J. Clin. Neurol. 2010, 6, 216–220. [CrossRef]

95. Ashleigh, R.J.; Weller, J.M.; Leggate, J.R. Fibromuscular hyperplasia of the internal carotid artery. A further cause of the
“moyamoya” collateral circulation. Br. J. Neurosurg. 1992, 6, 269–273. [CrossRef]

96. Noh, J.-H.; Yeon, J.Y.; Park, J.-H.; Shin, H.J. Cerebral arteriovenous malformation associated with moyamoya disease. J. Korean
Neurosurg. Soc. 2014, 56, 356–360. [CrossRef]

97. Viso, R.; Lylyk, I.; Albiña, P.; Lundquist, J.; Scrivano, E.; Lylyk, P. Hemorrhagic events associated with unfused or twig-like
configuration of the Middle cerebral artery: A rare vascular anomaly with clinical relevance. Interv. Neuroradiol. 2021, 27, 285–290.
[CrossRef] [PubMed]

98. Lang, M.; Moore, N.Z.; Witek, A.M.; Kshettry, V.R.; Bain, M.D. Microsurgical Repair of Ruptured Aneurysms Associated
with Moyamoya-Pattern Collateral Vessels of the Middle Cerebral Artery: A Report of Two Cases. World Neurosurg. 2017,
105, 1042.e5–1042.e10. [CrossRef] [PubMed]

99. Gupta, D.; Derksen, C.; Saqqur, M.; Khan, K.; Jeerakathil, T.; Shuaib, A. Cerebral blood flow dynamics of orthostatic transient
ischemic attacks in a patient with carotid dissection and fibromuscular dysplasia. J. Neuroimaging 2014, 24, 195–198. [CrossRef]

100. Almaghrabi, N.; Fatani, Y.; Saab, A. Cavernous internal carotid artery aneurysm presenting with ipsilateral oculomotor nerve
palsy: A case report. Radiol. Case Rep. 2021, 16, 1339–1342. [CrossRef]

101. Bagh, I.; Olin, J.W.; Froehlich, J.B.; Kline-Rogers, E.; Gray, B.; Kim, E.S.H.; Sharma, A.; Weinberg, I.; Wells, B.J.; Gu, X.; et al.
Association of Multifocal Fibromuscular Dysplasia in Elderly Patients With a More Benign Clinical Phenotype: Data From the US
Registry for Fibromuscular Dysplasia. JAMA Cardiol. 2018, 3, 756–760. [CrossRef]

102. Zhang, L.; Xu, K.; Zhang, Y.; Wang, X.; Yu, J. Treatment strategies for aneurysms associated with moyamoya disease. Int. J. Med.
Sci. 2015, 12, 234–242. [CrossRef] [PubMed]

103. Nurimanov, C.; Mammadinova, I.; Makhambetov, Y.; Akshulakov, S. An Uncommon Case of Moyamoya Syndrome Is Accompa-
nied by an Arteriovenous Malformation with the Involvement of Dural Arteries. Int. J. Mol. Sci. 2023, 24, 5911. [CrossRef]

104. Yu, J.; Yuan, Y.; Zhang, D.; Xu, K. Moyamoya disease associated with arteriovenous malformation and anterior communicating
artery aneurysm: A case report and literature review. Exp. Ther. Med. 2016, 12, 267–271. [CrossRef]

105. Kesav, P.; Manesh Raj, D.; John, S. Cerebrovascular Fibromuscular Dysplasia—A Practical Review. Vasc. Health Risk Manag. 2023,
19, 543–556. [CrossRef]

106. Soejima, K.; Hiu, T.; Shiozaki, E.; Ogawa, Y.; Ito, T.; Honda, K.; Morofuji, Y.; Kawahara, I.; Ono, T.; Haraguchi, W.; et al.
Asymptomatic Aplastic or Twig-Like Middle Cerebral Artery Associated with Unruptured Cerebral Aneurysms at the Origin
(A1) of a Collateral Artery and the Anterior Communicating Artery: A Case Report with Multiple Intracranial Atherosclerotic
Stenoses. Brain Nerve Shinkei Kenkyu No Shinpo 2021, 73, 379–388. [CrossRef]

107. Lin, A.; Rawal, S.; Agid, R.; Mandell, D.M. Cerebrovascular Imaging: Which Test is Best? Neurosurgery 2018, 83, 5–18. [CrossRef]
108. Tanaka, M.; Sakaguchi, M.; Miwa, K.; Kitagawa, K. Cerebral microbleeds in patients with moyamoya-like vessels secondary to

atherosclerosis. Intern. Med. Tokyo JPN 2012, 51, 167–172. [CrossRef] [PubMed]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.1161/01.STR.31.6.1307
https://www.ncbi.nlm.nih.gov/pubmed/10835449
https://doi.org/10.1161/01.cir.0000442577.96802.8c
https://doi.org/10.1161/01.STR.29.1.251
https://doi.org/10.3171/CASE21360
https://www.ncbi.nlm.nih.gov/pubmed/35854945
https://doi.org/10.1007/s00062-017-0613-9
https://doi.org/10.1016/j.wnsx.2019.100018
https://doi.org/10.1016/j.radcr.2024.07.097
https://doi.org/10.1227/NEU.0b013e318246a510
https://www.ncbi.nlm.nih.gov/pubmed/22186843
https://doi.org/10.3988/jcn.2010.6.4.216
https://doi.org/10.3109/02688699209002938
https://doi.org/10.3340/jkns.2014.56.4.356
https://doi.org/10.1177/1591019920970430
https://www.ncbi.nlm.nih.gov/pubmed/33121291
https://doi.org/10.1016/j.wneu.2017.06.166
https://www.ncbi.nlm.nih.gov/pubmed/28698088
https://doi.org/10.1111/j.1552-6569.2012.00715.x
https://doi.org/10.1016/j.radcr.2021.03.008
https://doi.org/10.1001/jamacardio.2018.1638
https://doi.org/10.7150/ijms.10837
https://www.ncbi.nlm.nih.gov/pubmed/25678840
https://doi.org/10.3390/ijms24065911
https://doi.org/10.3892/etm.2016.3289
https://doi.org/10.2147/VHRM.S388257
https://doi.org/10.11477/mf.1416201771
https://doi.org/10.1093/neuros/nyx325
https://doi.org/10.2169/internalmedicine.51.6429
https://www.ncbi.nlm.nih.gov/pubmed/22246484
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 25 of 26

109. Nam, K.-W.; Cho, W.-S.; Kwon, H.-M.; Kim, J.E.; Lee, Y.-S.; Park, S.-W.; Rhim, J.H.; Son, Y.-J. Ivy Sign Predicts Ischemic Stroke
Recurrence in Adult Moyamoya Patients without Revascularization Surgery. Cerebrovasc. Dis. 2019, 47, 223–230. [CrossRef]
[PubMed]

110. Horie, N.; Morikawa, M.; Nozaki, A.; Hayashi, K.; Suyama, K.; Nagata, I. “Brush Sign” on susceptibility-weighted MR imaging
indicates the severity of moyamoya disease. AJNR Am. J. Neuroradiol. 2011, 32, 1697–1702. [CrossRef]

111. Ryoo, S.; Cha, J.; Kim, S.J.; Choi, J.W.; Ki, C.-S.; Kim, K.H.; Jeon, P.; Kim, J.-S.; Hong, S.-C.; Bang, O.Y. High-resolution magnetic
resonance wall imaging findings of Moyamoya disease. Stroke 2014, 45, 2457–2460. [CrossRef]

112. Larson, A.S.; Klaas, J.P.; Johnson, M.P.; Benson, J.C.; Shlapak, D.; Lanzino, G.; Savastano, L.E.; Lehman, V.T. Vessel wall imaging
features of Moyamoya disease in a North American population: Patterns of negative remodelling, contrast enhancement, wall
thickening, and stenosis. BMC Med. Imaging 2022, 22, 198. [CrossRef] [PubMed]

113. Han, C.; Li, M.-L.; Xu, Y.-Y.; Ye, T.; Xie, C.-F.; Gao, S.; Duan, L.; Xu, W.-H. Adult moyamoya-atherosclerosis syndrome: Clinical
and vessel wall imaging features. J. Neurol. Sci. 2016, 369, 181–184. [CrossRef]

114. Qiao, P.-G.; Han, C.; Zuo, Z.-W.; Wang, Y.-T.; Pfeuffer, J.; Duan, L.; Qian, T.; Li, G.-J. Clinical assessment of cerebral hemodynamics
in Moyamoya disease via multiple inversion time arterial spin labeling and dynamic susceptibility contrast-magnetic resonance
imaging: A comparative study. J. Neuroradiol. 2017, 44, 273–280. [CrossRef]

115. Haller, S.; Zaharchuk, G.; Thomas, D.L.; Lovblad, K.-O.; Barkhof, F.; Golay, X. Arterial Spin Labeling Perfusion of the Brain:
Emerging Clinical Applications. Radiology 2016, 281, 337–356. [CrossRef] [PubMed]

116. Laiwalla, A.N.; Kurth, F.; Leu, K.; Liou, R.; Pamplona, J.; Ooi, Y.C.; Salamon, N.; Ellingson, B.M.; Gonzalez, N.R. Evaluation of En-
cephaloduroarteriosynangiosis Efficacy Using Probabilistic Independent Component Analysis Applied to Dynamic Susceptibility
Contrast Perfusion MRI. AJNR Am. J. Neuroradiol. 2017, 38, 507–514. [CrossRef]

117. Hao, X.; Tan, C.; Liu, Z.; Tie, Y.; Wang, Y.; He, S.; Duan, R.; Wang, R. Research progress in unilateral moyamoya disease. Front.
Hum. Neurosci. 2025, 19, 1503639. [CrossRef] [PubMed]

118. Yadav, N.; Pendharkar, H.; Gupta, A.K.; Prasad, C.; Shukla, D.; Kandavel, T.; Bansal, S. Comparison of arterial spin labeling
perfusion with dynamic susceptibility contrast perfusion in Moyamoya disease. J. Neurosci. Rural Pract. 2023, 14, 286–292.
[CrossRef]

119. Kawano, T.; Ohmori, Y.; Kaku, Y.; Muta, D.; Uekawa, K.; Nakagawa, T.; Amadatsu, T.; Kasamo, D.; Shiraishi, S.; Kitajima,
M.; et al. Prolonged Mean Transit Time Detected by Dynamic Susceptibility Contrast Magnetic Resonance Imaging Predicts
Cerebrovascular Reserve Impairment in Patients with Moyamoya Disease. Cerebrovasc. Dis. 2016, 42, 131–138. [CrossRef]

120. Zhao, M.Y.; Fan, A.P.; Chen, D.Y.-T.; Ishii, Y.; Khalighi, M.M.; Moseley, M.; Steinberg, G.K.; Zaharchuk, G. Using arterial spin
labeling to measure cerebrovascular reactivity in Moyamoya disease: Insights from simultaneous PET/MRI. J. Cereb. Blood Flow
Metab. 2022, 42, 1493–1506. [CrossRef]

121. Heyn, C.; Poublanc, J.; Crawley, A.; Mandell, D.; Han, J.S.; Tymianski, M.; terBrugge, K.; Fisher, J.A.; Mikulis, D.J. Quantification
of cerebrovascular reactivity by blood oxygen level-dependent MR imaging and correlation with conventional angiography in
patients with Moyamoya disease. AJNR Am. J. Neuroradiol. 2010, 31, 862–867. [CrossRef]

122. Liu, P.; Liu, G.; Pinho, M.C.; Lin, Z.; Thomas, B.P.; Rundle, M.; Park, D.C.; Huang, J.; Welch, B.G.; Lu, H. Cerebrovascular Reactivity
Mapping Using Resting-State BOLD Functional MRI in Healthy Adults and Patients with Moyamoya Disease. Radiology 2021,
299, 419–425. [CrossRef]

123. Pellaton, A.; Bijlenga, P.; Bouchez, L.; Cuvinciuc, V.; Barnaure, I.; Garibotto, V.; Lövblad, K.-O.; Haller, S. CO2BOLD assessment
of moyamoya syndrome: Validation with single photon emission computed tomography and positron emission tomography
imaging. World J. Radiol. 2016, 8, 887–894. [CrossRef] [PubMed]

124. Goyal, H.; Chakraborty, D.; Kumar, S.A.; Pandey, S. Assessment of cerebrovascular reserve using acetazolamide brain perfusion
SPECT in Moyamoya disease. Asia Ocean. J. Nucl. Med. Biol. 2026, 14, 90–97. [CrossRef]

125. Mugikura, S.; Takahashi, S.; Higano, S.; Shirane, R.; Kurihara, N.; Furuta, S.; Ezura, M.; Takahashi, A. The relationship between
cerebral infarction and angiographic characteristics in childhood moyamoya disease. AJNR Am. J. Neuroradiol. 1999, 20, 336–343.
[PubMed]

126. Czabanka, M.; Peña-Tapia, P.; Schubert, G.A.; Heppner, F.L.; Martus, P.; Horn, P.; Schmiedek, P.; Vajkoczy, P. Proposal for a new
grading of Moyamoya disease in adult patients. Cerebrovasc. Dis. 2011, 32, 41–50. [CrossRef]

127. Cicutti, S.E.; Gromadzyn, G.P.; Buompadre, M.C.; Rugilo, C.; Requejo, F.; Gonzalez Dutra, M.L.; Gonzalez Ramos, J.D.;
Jaimovich, S.G. Experience of an interdisciplinary management for pediatric Moyamoya disease: Application of a novel
Hemispheric Surgical Score. Childs Nerv. Syst. 2024, 40, 4189–4201. [CrossRef]

128. Toyoda, K.; Koga, M.; Iguchi, Y.; Itabashi, R.; Inoue, M.; Okada, Y.; Ogasawara, K.; Tsujino, A.; Hasegawa, Y.; Hatano, T.; et al.
Guidelines for Intravenous Thrombolysis (Recombinant Tissue-type Plasminogen Activator), the Third Edition, March 2019: A
Guideline from the Japan Stroke Society. Neurol. Med. Chir. 2019, 59, 449–491. [CrossRef] [PubMed]

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.1159/000500610
https://www.ncbi.nlm.nih.gov/pubmed/31212276
https://doi.org/10.3174/ajnr.A2568
https://doi.org/10.1161/STROKEAHA.114.004761
https://doi.org/10.1186/s12880-022-00930-2
https://www.ncbi.nlm.nih.gov/pubmed/36397005
https://doi.org/10.1016/j.jns.2016.08.020
https://doi.org/10.1016/j.neurad.2016.12.006
https://doi.org/10.1148/radiol.2016150789
https://www.ncbi.nlm.nih.gov/pubmed/27755938
https://doi.org/10.3174/ajnr.A5041
https://doi.org/10.3389/fnhum.2025.1503639
https://www.ncbi.nlm.nih.gov/pubmed/39931047
https://doi.org/10.25259/JNRP_58_2022
https://doi.org/10.1159/000445696
https://doi.org/10.1177/0271678X221083471
https://doi.org/10.3174/ajnr.A1922
https://doi.org/10.1148/radiol.2021203568
https://doi.org/10.4329/wjr.v8.i11.887
https://www.ncbi.nlm.nih.gov/pubmed/27928470
https://doi.org/10.22038/aojnmb.2025.89265.1647
https://www.ncbi.nlm.nih.gov/pubmed/10094366
https://doi.org/10.1159/000326077
https://doi.org/10.1007/s00381-024-06602-6
https://doi.org/10.2176/nmc.st.2019-0177
https://www.ncbi.nlm.nih.gov/pubmed/31801934
https://doi.org/10.3390/neurosci7010027


NeuroSci 2026, 7, 27 26 of 26

129. Tashiro, R.; Fujimura, M.; Kameyama, M.; Mugikura, S.; Endo, H.; Takeuchi, Y.; Tomata, Y.; Niizuma, K.; Tominaga, T. Incidence
and Risk Factors of the Watershed Shift Phenomenon after Superficial Temporal Artery-Middle Cerebral Artery Anastomosis for
Adult Moyamoya Disease. Cerebrovasc. Dis. 2019, 47, 178–187. [CrossRef]

130. Yu, J.; Shi, L.; Guo, Y.; Xu, B.; Xu, K. Progress on Complications of Direct Bypass for Moyamoya Disease. Int. J. Med. Sci. 2016,
13, 578–587. [CrossRef]

131. Starke, R.M.; Komotar, R.J.; Hickman, Z.L.; Paz, Y.E.; Pugliese, A.G.; Otten, M.L.; Garrett, M.C.; Elkind, M.S.V.; Marshall, R.S.;
Festa, J.R.; et al. Clinical features, surgical treatment, and long-term outcome in adult patients with moyamoya disease. Clinical
article. J. Neurosurg. 2009, 111, 936–942. [CrossRef]

132. Kim, T.; Oh, C.W.; Bang, J.S.; Kim, J.E.; Cho, W.-S. Moyamoya Disease: Treatment and Outcomes. J. Stroke 2016, 18, 21–30.
[CrossRef] [PubMed]

133. Zhang, X.-H.; He, J.-H.; Zhang, X.-S.; Zhang, J.; Wang, C.-J.; Dong, Y.-P.; Tao, W. Comparison of revascularization and conservative
treatment for hemorrhagic moyamoya disease in East Asian Countries: A single-center case series and a systematic review with
meta-analysis. Front. Neurol. 2023, 14, 1169440. [CrossRef]

134. Kawaguchi, S.; Okuno, S.; Sakaki, T. Effect of direct arterial bypass on the prevention of future stroke in patients with the
hemorrhagic variety of moyamoya disease. J. Neurosurg. 2000, 93, 397–401. [CrossRef]

135. Kawaguchi, S.; Sakaki, T.; Uranishi, R.; Ida, Y. Usefulness of Direct Bypass to Prevent Future Stroke in the Hemorrhagic Type
Moyamoya Disease. Surg. Cereb. Stroke 2002, 30, 120–124. [CrossRef]

136. Kang, K.; Lu, J.; Ju, Y.; Ji, R.; Wang, D.; Shen, Y.; Yu, L.; Gao, B.; Zhang, D.; Zhao, X. Clinical and Radiological Outcomes After
Revascularization of Hemorrhagic Moyamoya Disease. Front. Neurol. 2020, 11, 382. [CrossRef]

137. Jiang, H.; Ni, W.; Xu, B.; Lei, Y.; Tian, Y.; Xu, F.; Gu, Y.; Mao, Y. Outcome in adult patients with hemorrhagic moyamoya disease
after combined extracranial-intracranial bypass. J. Neurosurg. 2014, 121, 1048–1055. [CrossRef]

138. Torazawa, S.; Miyawaki, S.; Imai, H.; Hongo, H.; Ono, H.; Ogawa, S.; Sakai, Y.; Kiyofuji, S.; Koizumi, S.; Komura, D.; et al.
Association of Genetic Variants with Postoperative Donor Artery Development in Moyamoya Disease: RNF213 and Other
Moyamoya Angiopathy-Related Gene Analysis. Transl. Stroke Res. 2025, 16, 679–689. [CrossRef] [PubMed]

139. Kuroda, S. Cerebrovascular disease: New data on surgical therapy for pediatric moyamoya disease. Nat. Rev. Neurol. 2010,
6, 242–243. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/neurosci7010027

https://doi.org/10.1159/000500802
https://doi.org/10.7150/ijms.15390
https://doi.org/10.3171/2009.3.JNS08837
https://doi.org/10.5853/jos.2015.01739
https://www.ncbi.nlm.nih.gov/pubmed/26846757
https://doi.org/10.3389/fneur.2023.1169440
https://doi.org/10.3171/jns.2000.93.3.0397
https://doi.org/10.2335/scs.30.120
https://doi.org/10.3389/fneur.2020.00382
https://doi.org/10.3171/2014.7.JNS132434
https://doi.org/10.1007/s12975-024-01248-7
https://www.ncbi.nlm.nih.gov/pubmed/38592555
https://doi.org/10.1038/nrneurol.2010.38
https://www.ncbi.nlm.nih.gov/pubmed/20445559
https://doi.org/10.3390/neurosci7010027

	Introduction 
	Material and Methods 
	Search Strategies 
	Overview of Study Selection 

	Results 
	Discussion 
	Moyamoya Disease 
	Etiology and Demographics 
	Histopathology 
	Clinical Features 

	Moyamoya Syndrome 
	Etiology and Demographics 
	Histopathology 
	Clinical Features 

	MMD and MMS- Key Differences and Shared Features 
	Atypical Moyamoya Patterns 
	Congenital Pattern: Ap/T-MCA 
	Acquired Patterns: Vascular Remodeling Secondary to Vascular Anomalies 

	Imaging-Guided Differential Diagnosis 
	Severity Score Systems in Moyamoya Disease 
	Treatment 
	MMD Treatment 
	Treatment of MMS and Atypical Moyamoya-like Patterns 

	Outcome Post Treatment 

	Conclusions 
	Future Directions 
	References

