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Background and objective: The natural course and risk factors of moyamoya disease

(MMD) associated with unruptured intracranial aneurysms involving stenosed parental

arteries are scarcely studied. This study aimed to elucidate the natural course of MMD

and its associated risk factors in patients with MMD with unruptured aneurysms.

Methods: Between September 2006 and October 2021, patients with MMD with

intracranial aneurysms at our center were examined. The natural course, clinical

features, radiological features, and follow-up outcomes after revascularization

were analyzed.

Results: This study included 42 patients with MMD with intracranial aneurysms

(42 aneurysms). The age distribution of MMD cases ranged from 6 to 69 years,

with four children (9.5%) and 38 adults (90.5%). A total of 17 male and 25 female

subjects were included (male-to-female ratio: 1:1.47). The first symptomwas cerebral

ischemia in 28 cases, and cerebral hemorrhage occurred in 14 cases. There were 35

trunk aneurysms and seven peripheral aneurysms. There were 34 small aneurysms

(<5mm) and eight medium aneurysms (5–15mm). During the average clinical

follow-up period of 37.90 ± 32.53 months, there was no rupture or bleeding from

aneurysms. Twenty-seven of these patients underwent a cerebral angiography review,

in which it was found that one aneurysm had enlarged, 16 had remained unchanged,

and 10 had shrunk or disappeared. A correlation exists between the reduction or

disappearance of aneurysms and the progression of the Suzuki stages of MMD (P =

0.015). Nineteen patients underwent EDAS on the aneurysm side, and nine aneurysms

disappeared, while eight patients did not undergo EDAS on the aneurysm side and one

aneurysm disappeared.

Conclusion: The risk of rupture and hemorrhage of unruptured intracranial

aneurysms is low when the parent artery already has stenotic lesions, thus, direct

intervention may not be necessary for such aneurysms. The progression of the

Suzuki stage of moyamoya disease may play a role in the shrinkage or disappearance

of the aneurysms, thereby decreasing the risk of rupture and hemorrhage.

Encephaloduroarteriosynangiosis (EDAS) surgery may also help promote atrophy or

even the disappearance of the aneurysm, thus reducing the risk of further rupture

and bleeding.
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1. Introduction

Moyamoya disease (MMD), commonly known as the abnormal

vascular network disease of the skull base, is characterized by the

gradual stenosis of bilateral internal carotid artery terminals and/or

the stems of the middle cerebral artery and anterior cerebral artery,

progressive narrowing of the arterial lumen, and the consequent

compensatory expansion of perforating arteries at the base of the

skull (1). Thus, intracranial aneurysms are a common occurrence

among patients withmoyamoya disease. The incidence of intracranial

aneurysms in the general population ranges from 1 to 3%, while

the probability of aneurysms is 3.4%−15% among patients with

MMD (2, 3). This increased risk may be related to the hemodynamic

and vascular pathological changes seen in MMD. MMD combined

with an aneurysm is one of the important causes of intracranial

hemorrhage (4).

Moyamoya disease combined with an unruptured intracranial

aneurysm presents surgeons with an exceptional challenge in the

management of aneurysms (5–8). As to aneurysms that have already

ruptured, aggressive interventions are necessary. As open surgery

carries the risk of destroying compensatory vascular collaterals,

resulting in complications, endovascular treatment (EVT) has

become the mainstream treatment modality for MMD-associated

aneurysms. However, its utility in unruptured aneurysms remains

controversial. Previous studies have reported that aneurysms,

supplied by a parent artery that is embedded in an MMD lesion,

could atrophy and disappear with the progressive narrowing of

the parent artery (9); however, little information is available on

the clinical characteristics and long-term prognosis of patients

with these concurrent conditions. Accordingly, this study aimed to

survey and observe the natural course of intracranial aneurysms

in patients with MMD, analyze the factors that may affect

changes in these aneurysms, and assess their risk of rupture

and bleeding.

2. Materials and methods

2.1. Patient data

This study was approved by the Fifth Medical Center of the PLA

General Hospital Research Ethics Committee (no. KY-2022-9-69-1).

The clinical data of 42 patients with MMD and untreated intracranial

aneurysms were collected at our center from September 2006 to

October 2021. Clinical features such as the age of onset, gender,

modified Rankin Scale (mRS), hypertension, diabetes mellitus,

hyperlipemia, hyperhomocysteinemia, and anemia were collected.

Patients were selected based on the following inclusion criteria:

(1) the presence of MMD diagnosed via the 2021 diagnostic criteria

of MMD (10) in Japan; (2) the presence of MMD combined with

an intracranial aneurysm; (3) intracranial aneurysm that has not

ruptured; and (4) it is found that the parent artery of the aneurysm

is narrowed (Figure 1).

The following patients were excluded: (1) patients with MMD

and intracranial aneurysm after having completed aneurysm surgery

and (2) patients with other cerebrovascular lesions (such as vascular

malformations and arteriovenous fistulas).

2.2. Intracranial aneurysms and
subclassifications

Diagnoses of intracranial aneurysms were made using

conventional cerebral digital subtraction angiography (DSA).

DSA images were reviewed and interpreted independently by at

least two neurologists, and the results were confirmed by another

neurosurgeon at our institution. The results of the angiograms,

including aneurysm size, morphology (saccular, fusiform, or

dissecting), and location were recorded. Patients with aneurysms

were divided into two groups: (1) trunk aneurysms and (2) peripheral

aneurysms (11). Aneurysm sizes, recorded as the maximum two-

dimensional angiographic dimensions, were assigned to four

categories: (1) 5mm, (2) 5–15mm, (3) 15–25mm, or (4) >25

mm (4).

2.3. Surgical treatment

Thirty-one patients receive 56 encephaloduroarteriosynangiosis

(EDAS) procedures performed by the same neurosurgeon in our

department. Twenty-two patients underwent bilateral EDAS of the

superficial temporal artery.

2.4. Clinical follow-up

Clinical follow-up was conducted through outpatient, inpatient

follow-up, and telephone calls to know whether the patient had

a hemorrhagic stroke (12). Aneurysm changes were observed

according to the DSA follow-up, including enlargement, stability,

shrinkage, or disappearance. Neurological outcome was evaluated

using the modified Rankin scale (mRS).

2.5. Statistical analysis

All statistical analyses were performed with the statistical

software packages R (www.R-project.org, The R Foundation)

and Free Statistics software version 1.7 (13). Qualitative factors

were analyzed using a standard chi-square test or Fisher’s exact

test, and quantitative factors were analyzed using an unpaired

Student’s t-test or Mann–Whitney U-test. Variables associated with

aneurysm formation included age of onset, sex, hypertension,

diabetes mellitus, hyperlipemia, hyperhomocysteinemia, and anemia.

Variables associated with aneurysm risk included aneurysm size,

morphology, and location. All values were expressed as the mean

standard deviation. Statistical significance was set at P < 0.05.

3. Results

3.1. Demographics and clinical presentation

A total of 42 cases in this study accounted for 41.6% (42/101)

of patients with MMD and complicated aneurysms during the

study period. A total of 17 men and 25 women were included

(male-to-female ratio: 1:1.47). The patients’ ages ranged from 6

to 69 years, including 38 adults and four children. There were
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FIGURE 1

Moyamoya disease combined with a bifurcation aneurysm of the right middle cerebral artery. (A1) Shows the computed tomography angiography (CTA)

image of the bilateral internal carotid artery in 2014; (A2) shows the locally enlarged CTA of the right internal carotid artery; the aneurysm is indicated by

the white arrow. (A3) Presents the right internal carotid artery angiography (red arrow) image. (A4) Presents the right internal carotid artery angiography

image; the distal end of the internal carotid artery is not occluded, and the parent artery and aneurysm have disappeared.

14 cases of cerebral hemorrhage (33.3%), including eight cases of

intraventricular hemorrhage, one case of subarachnoid hemorrhage,

and five cases of cerebral parenchymal hemorrhage. There were

28 cases of cerebral ischemia (66.6%), including two cases of

cerebral infarction, 16 cases of transient ischemic attack, two cases

of headaches, seven cases of vertigo, and one case of epilepsy.

A total of 35 trunk aneurysms occurred in this group, which

was comprised of 20 internal carotid aneurysms, one anterior

cerebral artery, three anterior communicating artery aneurysms, two

middle cerebral artery aneurysms, four posterior cerebral artery

aneurysms, and five basilar artery aneurysms. There were also seven

peripheral aneurysms, including five anterior choroidal aneurysms,

one posterior choroidal aneurysm, and one in the moyamoya

arteries. In this group, small aneurysms accounted for 34 cases and

medium aneurysms accounted for eight cases. Compared with trunk

aneurysms, peripheral aneurysms had a higher percentage of cerebral

hemorrhage as an initial MMD symptom and a lower percentage of

hypertension (Table 1).

3.2. Follow-up

Thirty of the 42 patients were followed up. Among the 30

patients monitored during the average follow-up period of 37.90 ±

32.53 months, the mRS scores of 23 patients decreased, the mRS

scores of five patients remained unchanged, and the mRS scores

of two patients increased. Both patients with increased mRS scores

suffered from basal ganglia cerebral hemorrhage and non-aneurysm

rupture hemorrhage. Of the 22 aneurysms localized in the anterior

circulation, eight were located distal to the posterior communicating

artery and five aneurysms decreased or disappeared (Table 2).

In this study, 27 cases were re-examined by angiography, and

the mean follow-up time for repeat angiography was 20.50 ± 18.28

months. Among the 27 cases of aneurysms, one case of aneurysm

enlarged, 16 cases of aneurysms remained unchanged, and 10 cases of

aneurysms became smaller or disappeared. Among the 10 cases with

downgraded aneurysms, six of themwere trunk aneurysms, four were

peripheral aneurysms, eight were located in the anterior circulatory

system, and two were located in the posterior circulatory system.

Among the follow-up patients, five aneurysms disappeared in the six

patients with the developed Suzuki stage (Figure 2).

A total of 19 patients underwent EDAS on the aneurysmal side,

among which, nine patients had their aneurysms disappear. In the

other eight patients who did not undergo EDAS surgery on the side

of the aneurysm, spontaneous aneurysmal disappearance was noted

in one patient (Figure 3). Statistical analysis showed that those who

underwent EDAS surgery on the aneurysmal side had a higher ratio

of aneurysm size or disappearance than those who did not undergo

aneurysmal side EDAS surgery. However, this result did not reach

statistical significance.

4. Discussion

4.1. The incidence of MMD combined with
intracranial aneurysms

According to epidemiological reports, the overall incidence

of intracranial aneurysms is 1%−3%, the ratio of male to

female subjects is ∼1:1.3, and the average age of onset is 50–

69 years (14). Intracranial aneurysms are very rare in children

and adolescents younger than 18 years of age (15), accounting

for only 0.5%−4.6% of all intracranial aneurysms. It has also

been reported that ∼3.4%−14.8% of patients with MMD can

have intracranial aneurysms (3). The reported incidence of MMD

is relatively different, which may be due to the particularly

persistent changes in these cases. Some aneurysms in MMD

cases will disappear with the progression of the moyamoya

disease itself.

4.2. Characteristics of MMD combined with
intracranial aneurysms

Intracranial aneurysms are abnormal distensions on the walls

of the intracranial arteries, which mostly occur in the bifurcation

of the intracranial arteries proximal to the Circle of Willis

but are quite rare in small peripheral arteries (16). In MMD,

pathological changes in the blood vessels are characteristics of
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TABLE 1 Clinical features of 42 patients with MMD with intracranial aneurysms.

Variables Total (n = 42) Peripheral aneurysm (n = 7) Trunk aneurysm (n = 35) P-value Statistic test

Age (years) 38.6± 14.1 39.4± 7.4 38.4± 15.2 0.866 0.029

Female, sex, n (%) 25 (59.5) 7 (100) 18 (51.4) 0.03 Fisher

Initial clinical manifestations, n (%) 0.519 Fisher

TIA 12 (28.6) 2 (28.6) 10 (28.6)

Infarction 6 (14.3) 0 (0) 6 (17.1)

Hemorrhage 14 (33.3) 4 (57.1) 10 (28.6)

Others 10 (23.8) 1 (14.3) 9 (25.7)

Hypertension, n (%) 13 (31.0) 1 (14.3) 12 (34.3) 0.405 Fisher

Diabetes, n (%) 2 (4.8) 0 (0) 2 (5.7) 1 Fisher

Hyperlipemia, n (%) 4 (9.5) 0 (0) 4 (11.4) 1 Fisher

Hyperhomocysteinemia, n (%) 1 (2.4) 0 (0) 1 (2.9) 1 Fisher

Anemia, n (%) 5 (11.9) 3 (42.9) 2 (5.7) 0.026 Fisher

mRS at admission, n (%) 1 Fisher

1 28 (66.7) 5 (71.4) 23 (65.7)

2 12 (28.6) 2 (28.6) 10 (28.6)

3 1 (2.4) 0 (0) 1 (2.9)

4 1 (2.4) 0 (0) 1 (2.9)

Suzuki stage on aneurysm side, n (%) 0.683 Fisher

0 3 (7.1) 0 (0) 3 (8.6)

1 5 (11.9) 0 (0) 5 (14.3)

2 4 (9.5) 0 (0) 4 (11.4)

3 10 (23.8) 3 (42.9) 7 (20)

4 13 (31.0) 2 (28.6) 11 (31.4)

5 4 (9.5) 1 (14.3) 3 (8.6)

6 3 (7.1) 1 (14.3) 2 (5.7)

Size of aneurysm, n (%) 0.601 Fisher

Small (<5mm) 34 (81.0) 5 (71.4) 29 (82.9)

Medium (5–15mm) 8 (19.0) 2 (28.6) 6 (17.1)

MMD, moyamoya disease; TIA, transient ischemic attacks; mRS, modified Rankin Scale.

intimal fibrocellular hyperplasia, circuitous internal elastic laminae,

fractures, and medial atrophy and thinning. With the progression

of the disease, damage to the fragile moyamoya vascular elastic

layer becomes more pronounced, leading to increased atrophy and

a thinner medial wall, microvascularization, and the formation of

vascular pathological changes. These pathological changes can be

due to local stenosis or occlusion of the vessels of the Circle of

Willis (such as the anterior cerebral artery, anterior traffic artery,

middle cerebral artery, and internal carotid artery end) causing

blood flow shunts. In addition, in MMD, the pathological changes

in the Circle of Willis also alter other normal blood vessels

(such as the anterior communicating artery, posterior cerebral

artery, and basilar artery) and compensatory mechanisms increase

blood flow, resulting in increased vessel pressure load, which is

more likely to form intracranial aneurysms (17, 18). Therefore,

this may also be an important reason why aneurysms commonly

occur at the proximal portion of the posterior communicating

artery, the posterior cerebral artery, the distal tip of the basilar

artery, and the anterior and posterior choroidal artery. As these

aneurysms have increased arterial blood flow, they are more

likely to rupture and bleed. In this study, there were 35 trunk

aneurysms and seven peripheral aneurysms, and the proportion

of trunk aneurysms was significantly higher than the peripheral

type. Among them, 62.5% of the aneurysms located in the distal

part of the anterior circulation and posterior communicating

artery decreased in size or disappeared. During the follow-up

period, there were two cases of rebleeding events, all in the basal

ganglia, and all were not due to ruptured aneurysms, which may

be related to the abnormal capillary network of the skull base.

Accordingly, the characteristics of moyamoya disease predispose

the affected artery to gradually occlude, causing arterial blood flow

reduction and leading to a progressive decline in aneurysmal blood
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TABLE 2 Characteristics of 27 MMD patients with intracranial aneurysms on follow-up.

Variables Total (n = 27) Aneurysm
shrunk or

disappeared
(n = 10)

Aneurysm
unchanged
(n = 17)

P Statistical test

Age (years) 37.6± 12.4 39.3± 10.9 36.5± 13.4 0.585 0.306

Female, sex, n (%) 16 (59.3) 8 (80) 8 (47.1) 0.124 Fisher

Initial clinical manifestations, n (%) 0.613 Fisher

TIA 9 (33.3) 5 (50) 4 (23.5)

Infarction 4 (14.8) 1 (10) 3 (17.6)

Haemorrhage 8 (29.6) 2 (20) 6 (35.3)

Others 6 (22.2) 2 (20) 4 (23.5)

Hypertension, n (%) 9 (33.3) 4 (40) 5 (29.4) 0.683 Fisher

Diabetes, n (%) 1 ( 3.7) 0 (0) 1 (5.9) 1 Fisher

Hyperlipemia, n (%) 3 (11.1) 1 (10) 2 (11.8) 1 Fisher

Hyperhomocysteinemia, n (%) 1 ( 3.7) 0 (0) 1 (5.9) 1 Fisher

Size of aneurysm, n (%) 0.128 Fisher

Small (<5mm) 23 (85.2) 7 (70) 16 (94.1)

Medium (5–15mm) 4 (14.8) 3 (30) 1 (5.9)

EDAS on the aneurysm side, n (%) 19 (70.4) 9 (90) 10 (58.8) 0.190 Fisher

Location of aneurysm, n (%) 0.078 Fisher

The distal end of the anterior circulation 8 (29.6) 5 (50) 3 (17.6)

The proximal end of the anterior circulation 13 (48.1) 2 (20) 11 (64.7)

PCA 6 (22.2) 3 (30) 3 (17.6)

Trunk aneurysm, n (%) 21 (77.8) 7 (70) 14 (82.4) 0.638 Fisher

Progression of Suzuki grade, n (%) 6 (22.2) 5 (50) 1 (5.9) 0.015 Fisher

MMD, moyamoya disease; TIA, transient ischemic attacks; PCA, vertebrobasilar artery or posterior cerebral artery.

flow; thus, the bleeding risk for the corresponding aneurysm is

significantly reduced.

4.3. Long-term follow-up and treatment of
MMD combined with intracranial aneurysms

Intracranial aneurysm rupture causing subarachnoid

hemorrhage accounts for ∼2%−7% of all strokes, but it accounts

for 27% of stroke deaths (16). For the unruptured aneurysm,

surgical treatment should be actively performed to avoid rupture

and bleeding; however, there is still great controversy about

whether the unruptured aneurysm needs surgical treatment

(2, 6). The main treatment methods for these are craniotomy

clipping and endovascular embolization. However, when the

parent artery where the aneurysm is located has undergone

vascular stenosis and is completely occluded, and the craniotomy

clipping and endovascular embolization treatment cannot be

completed, EDAS surgery on the aneurysm side may influence

the disappearance of the aneurysm and reduce the chance of

aneurysmal rebleeding.

For trunk aneurysms, if the aneurysm is located in the carotid

artery distal to another artery, such as the anterior cerebral artery,

and if the carrier artery is close to the heart with a vascular

lumen featuring uniform stenosis on imaging, the distal parts of

the aneurysm may be gradually occluded along with the carrier

artery and consequently disappear. Endovascular embolization has

been reported to achieve better efficacy in peripheral arterial

aneurysms (2, 7). In the treatment of peripheral arterial-type

aneurysms that have already ruptured and are actively bleeding,

with a relatively thick parent artery, vascular embolization treatment

may achieve good results. However, in some patients, wherein

the aneurysm-bearing artery is thinner, intravascular embolization

may be inadequate as it may participate in the blood supply

of a large area or important brain functional areas. Severe

neurological dysfunction may occur after the embolization of

these kinds of aneurysms, and thus, some aneurysms are not

suitable for embolization and should be treated directly (19,

20). For these types of aneurysms, we performed a long-term

follow-up study. In this study, the proportion of aneurysms in

the anterior circulation was significantly higher than that in the

posterior circulation (35:7), and the aneurysms were round or

regular in shape, with 81% having a maximum diameter below

5mm, and 56% in Suzuki stage 3 and 4. During a follow-

up period of 20.50 ± 18.28 months, 3.7% of aneurysms were

at risk of rupture, 59.3% of aneurysms remained stable, and

37% of them either decreased or disappeared. On follow-up,
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FIGURE 2

Preoperative and postoperative cerebral angiography of moyamoya disease treated with encephaloduroarteriosynangiosis (EDAS). (B1) The bilateral

preoperative internal carotid angiography (positive) image, with an anterior communicating artery aneurysm indicated by the white arrow. (B2, B3)

Images of the preoperative angiography. (B4) The bilateral internal carotid angiography image, Suzuki stage II–V; note that the aneurysm has disappeared.

(B5) An image of the right external carotid angiography (lateral) and vascular reconstruction. (B6) The postoperative left external carotid angiography

(lateral) image.

three out of six peripheral aneurysms were smaller by 50% or

had disappeared.

4.4. E�cacy of EDAS in MMD combined with
intracranial aneurysms

Numerous studies have shown that revascularization can reduce

the rate of stroke recurrence and frequency of transient ischemic

attacks in patients with MMD, improve their activities of daily

living, and activate higher level brain functions (4, 21). Extracranial

revascularization of MMD mainly includes direct or indirect

extracranial revascularization, or a combination of the two and other

techniques. Among these, indirect revascularization is represented

by EDAS. In the cases of MMD with untreated aneurysms that

we collected, post-EDAS review angiography showed that the

aneurysms have disappeared. This may be because after effective

revascularization, the pathological hemodynamic trajectory was

changed, the abnormal expansion of blood flow pressure was reduced,

along with the degree of arterial dilation, and the arterial blood

flow velocity and lumen thrombosis were also concurrently reduced,

resulting in the disappearance of the aneurysm. It is also possible

that the progression of MMD was temporarily accelerated after

intracranial blood flow reconstruction, increasing the speed of

vascular occlusion and reducing the formation of compensatory

vessels, so that the aneurysm disappeared with the parent artery,

especially aneurysms in the anterior circulation (22, 23). In this

cohort, a total of 19 patients underwent EDAS surgery, including nine

patients whose aneurysm disappeared, eight patients without EDAS

surgery, and one case without statistical significance, wherein their

aneurysms decreased or disappeared after EDAS surgery, confirming

that revascularization surgery may have some positive effect on

aneurysm reduction or disappearance. In previous studies, EDAS

surgery was found to be effective in improving ischemic symptoms

(24, 25). Therefore, EDAS surgery can be considered to not only

improve cerebral perfusion in patients with MMD but may also

promote the disappearance of some aneurysms and reduce the risk

of aneurysm rupture and bleeding.

There are several limitations to this study: first, this study was

a single-center retrospective study, and selection bias may exist.

Second, this study is only based on clinical characteristics, and the
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FIGURE 3

Preoperative and postoperative cerebral angiography of moyamoya disease[[Inline Image]] treated with encephaloduroarteriosynangiosis (EDAS). (C1)

The preoperative right internal carotid angiography (positive) image. (C2) The preoperative right internal carotid angiography (lateral) image. (C3) The

preoperative right external carotid angiography (lateral) image. (C4) The right postoperative internal carotid angiography (positive) image. (C5) The

postoperative right internal carotid angiography (lateral) image. (C6) The postoperative right external carotid angiography (lateral) image.

natural course of unruptured aneurysms has only been explored

from the perspective of imaging; but its pathology and molecular

mechanisms have not yet been investigated. Third, the sample size

of this study is too small to conduct a subgroup analysis. In further

research, we will try to contact more centers to carry out research

together, further expand the sample size, and explore the mechanism

behind these phenomena.

Data availability statement

The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed

to the corresponding author.

Ethics statement

The studies involving human participants were reviewed

and approved by the Research Ethics Committee of the Fifth

Medical Center of the PLA General Hospital (No. KY-2022-9-69-

1). Written informed consent from the patients/participants or

patients/participants’ legal guardian/next of kin was not required to

participate in this study in accordance with the national legislation

and the institutional requirements.

Author contributions

R-MY, CH, and F-BH designed this study. F-BH drafted the

manuscript, which was critically revised by all authors and approved

by all authors. R-MY and F-BH organized and analyzed the data.

All authors conduct the study and the data collection, assisted with

interpreting findings, and contributed to the data analysis.

Funding

This study was supported by grants fromChina’s National Natural

Science Foundation (Grant No. 82172021).

Acknowledgments

We would like to extend our sincere gratitude to all participants

in our study, as well as all members of the research team. We would

Frontiers inNeurology 07 frontiersin.org

https://doi.org/10.3389/fneur.2023.1115909
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yang et al. 10.3389/fneur.2023.1115909

like to thank Editage (www.editage.cn) for English language editing

and Jie Liu of PLAGH for statistical guidance.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

1. Scott RM, Smith ER. Moyamoya disease and moyamoya syndrome. N Engl J Med.
(2009) 360:1226–37. doi: 10.1056/NEJMra0804622

2. Zhang L, XuK, Zhang Y,Wang X, Yu J. Treatment strategies for aneurysms associated
with moyamoya disease. Int J Med Sci. (2015) 12:234–42. doi: 10.7150/ijms.10837

3. Kim JH, Kwon TH, Kim JH, Chong K, Yoon W. Intracranial
aneurysms in adult moyamoya disease. World Neurosurg. (2018) 109:e175–
82. doi: 10.1016/j.wneu.2017.09.127

4. Yang H, Zhang L, Wang M, Wang J, Chen L, Lu H, et al. Clinical features of and risk
factors for intracranial aneurysms associated with moyamoya disease. Int J Stroke. (2021)
16:542–50. doi: 10.1177/1747493020967224

5. Takahashi JC, Miyamoto S. Moyamoya disease: recent progress and outlook. Neurol
Med Chir. (2010) 50:824–32. doi: 10.2176/nmc.50.824

6. Liu P, Lv XL, Liu AH, Chen C, Ge HJ, Jin HW, et al. Intracranial aneurysms associated
with moyamoya disease in children: clinical features and long-term surgical outcome.
World Neurosurg. (2016) 94:513–20. doi: 10.1016/j.wneu.2016.05.039

7. Furtado SV, Medress ZA, Teo M, Steinberg GK. Pathogenesis of aneurysms on
major vessels in moyamoya disease and management outcome. J Clin Neurosci. (2019)
61:219–24. doi: 10.1016/j.jocn.2018.09.023

8. Yamada H, Saga I, Kojima A, Horiguchi T. Short-term spontaneous resolution of
ruptured peripheral aneurysm in moyamoya disease. World Neurosurg. (2019) 126:247–
51. doi: 10.1016/j.wneu.2019.02.193

9. Hou K, Li G, Luan T, Xu K, Yu J. The prospects and pitfalls in the endovascular
treatment of moyamoya disease-associated intracranial aneurysms.Neurosurg Rev. (2021)
44:261–71. doi: 10.1007/s10143-020-01261-y

10. Kuroda S, Fujimura M, Takahashi J, Kataoka H, Ogasawara K, Iwama T, et al.
Diagnostic criteria for moyamoya disease — 2021 revised version. Neurol Med Chir.
(2022) 62:307–12. doi: 10.2176/jns-nmc.2022-0072

11. Kim S, Jang CK, Park EK, Shim KW, Kim DS, Chung J, et al. Clinical features
and outcomes of intracranial aneurysm associated with moyamoya disease. J Clin Neurol.
(2020) 16:624–32. doi: 10.3988/jcn.2020.16.4.624

12. Matsushima T, Inoue T, Suzuki SO, Fujii K, Fukui M, Hasuo K, et al. Surgical
treatment of moyamoya disease in pediatric patients—comparison between the results
of indir ect and direct revascularization procedures. Neurosurgery. (1992) 31:401–
5. doi: 10.1097/00006123-199209000-00003

13. Yang Q, Zheng J, Chen W, Chen X, Wen D, Chen W, et al. Association
between preadmission metformin use and outcomes in intensive care unit
patients with sepsis and type 2 diabetes: a cohort study. Front Med. (2021)
8:640785. doi: 10.3389/fmed.2021.640785

14. Korja M, Kivisaari R, Rezai Jahromi B, Lehto H. Natural
history of ruptured but untreated intracranial aneurysms.
Stroke. (2017) 48:1081–4. doi: 10.1161/STROKEAHA.116.01
5933

15. Xia N, Chen J, Zhan C, Jia X, Xiang Y, Chen Y, et al. Prediction of clinical
outcome at discharge after rupture of anterior communicating artery aneurysm u sing
the random forest technique. Front Neurol. (2020) 11:538052. doi: 10.3389/fneur.2020.53
8052

16. Ni W, Jiang H, Xu B, Lei Y, Yang H, Su J, et al. Treatment of
aneurysms in patients with moyamoya disease: a 10-year single-center
experience. J Neurosurg. (2018) 128:1813–22. doi: 10.3171/2017.3.JNS16
2290

17. Kuroda S, Houkin K. Moyamoya disease: current concepts and future
perspectives. Lancet Neurol. (2008) 7:1056–66. doi: 10.1016/S1474-4422(08)70
240-0

18. Ihara M, Yamamoto Y, Hattori Y, Liu W, Kobayashi H, Ishiyama H, et al.
Moyamoya disease: diagnosis and interventions. Lancet Neurol. (2022) 21:747–
58. doi: 10.1016/S1474-4422(22)00165-X

19. Ni W, Xu F, Xu B, Liao Y, Gu Y, Song D, et al. Disappearance of aneurysms
associated with moyamoya disease after STA-MCA anastomosis with encephalod uro
myosynangiosis. J Clin Neurosci. (2012) 19:485–7. doi: 10.1016/j.jocn.2011.05.036

20. He K, ZhuW, Chen L, Mao Y. Management of distal choroidal artery aneurysms in
patients with moyamoya disease: report of three cases and review of the literature.World
J Surg Oncol. (2013) 11:187. doi: 10.1186/1477-7819-11-187

21. Larson AS, Rinaldo L, Brinjikji W, Lanzino G. Location-based treatment of
intracranial aneurysms in moyamoya disease: a systematic review and descr iptive
analysis. Neurosurg Rev. (2020). doi: 10.1007/s10143-020-01307-1

22. HoWM, Görke AS, Dazinger F, Pfausler B, Gizewski ER, Petr O, et al. Transcallosal,
transchoroidal clipping of a hypothalamic collateral vessel aneurysm in moyamoya disea
se. Acta Neurochir. (2020) 162:1861–5. doi: 10.1007/s00701-020-04335-4

23. Sumi T, Kawamoto S, Fukaya S, Ueki K, Kim P. Middle cerebral artery
aneurysm associated with moyamoya disease. World Neurosurg. (2020) 140:233–
6. doi: 10.1016/j.wneu.2020.05.111

24. Shear A, Nishihiro S, Hishikawa T, HiramatsuM, Sugiu K, Yasuhara T, et al. Cerebral
circulation improves with indirect bypass surgery combined with gene therapy. Brain
Circ. (2019) 5:119–23. doi: 10.4103/bc.bc_33_19

25. Li S, Zhao W, Han C, Rajah GB, Ren C, Xu J, et al. Safety and efficacy of
remote ischemic conditioning in pediatric moyamoya disease patients treated with
revascularization therapy. Brain Circ. (2017) 3:213–8. doi: 10.4103/bc.bc_30_17

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2023.1115909
http://www.editage.cn
https://doi.org/10.1056/NEJMra0804622
https://doi.org/10.7150/ijms.10837
https://doi.org/10.1016/j.wneu.2017.09.127
https://doi.org/10.1177/1747493020967224
https://doi.org/10.2176/nmc.50.824
https://doi.org/10.1016/j.wneu.2016.05.039
https://doi.org/10.1016/j.jocn.2018.09.023
https://doi.org/10.1016/j.wneu.2019.02.193
https://doi.org/10.1007/s10143-020-01261-y
https://doi.org/10.2176/jns-nmc.2022-0072
https://doi.org/10.3988/jcn.2020.16.4.624
https://doi.org/10.1097/00006123-199209000-00003
https://doi.org/10.3389/fmed.2021.640785
https://doi.org/10.1161/STROKEAHA.116.015933
https://doi.org/10.3389/fneur.2020.538052
https://doi.org/10.3171/2017.3.JNS162290
https://doi.org/10.1016/S1474-4422(08)70240-0
https://doi.org/10.1016/S1474-4422(22)00165-X
https://doi.org/10.1016/j.jocn.2011.05.036
https://doi.org/10.1186/1477-7819-11-187
https://doi.org/10.1007/s10143-020-01307-1
https://doi.org/10.1007/s00701-020-04335-4
https://doi.org/10.1016/j.wneu.2020.05.111
https://doi.org/10.4103/bc.bc_33_19
https://doi.org/10.4103/bc.bc_30_17
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Natural course and risk factors of moyamoya disease with unruptured intracranial aneurysm
	1. Introduction
	2. Materials and methods
	2.1. Patient data
	2.2. Intracranial aneurysms and subclassifications
	2.3. Surgical treatment
	2.4. Clinical follow-up
	2.5. Statistical analysis

	3. Results
	3.1. Demographics and clinical presentation
	3.2. Follow-up

	4. Discussion
	4.1. The incidence of MMD combined with intracranial aneurysms
	4.2. Characteristics of MMD combined with intracranial aneurysms 
	4.3. Long-term follow-up and treatment of MMD combined with intracranial aneurysms
	4.4. Efficacy of EDAS in MMD combined with intracranial aneurysms

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


