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Abstract
The study was to analyze the clinical features and imaging characteristics of moyamoya disease (MMD)
and to explore the signi�cance of multi-model imaging in the diagnosis of MMD. A retrospective analysis
of the clinical features, imaging characteristics, and treatment of 78 adult MMD patients enrolled from
March 2010 to March 2013 was performed. The MMD patients in our series were between 23 and 53
years old, and the male to female ratio was 4:1. The main clinical manifestations were sensory
abnormalities, headache, and motor dysfunction, depending on the type of MMD. Intracerebral
hemorrhage (ICH) was detected in 54 patients (69.2 ), cerebral infarction in 20 (25.6 ), and ICH together
with cerebral infarction in 4 (5.1%). Using computed tomography angiography (CTA), magnetic resonance
angiography (MRA), and digital subtraction angiography (DSA), stenotic or occlusive lesions were
observed in the internal carotid artery, anterior cerebral artery, and middle cerebral artery. Aneurysms
accompanying MMD were found in 17 of the patients (21.8 ). Ultimately, 21 patients underwent multiple
burr-hole surgery and 57 underwent bypass surgery with or without temporalis muscle sticking. Fourteen
patients underwent aneurysm embolization. The clinical manifestations of MMD vary, though the most
common is ICH. DSA is the gold standard method for the diagnosis of MMD, and should be performed as
early as possible in clinically suspected cases. CTA and MRA are non-invasive techniques used for MMD
patient screening and follow-up.

1 Introduction
Moyamoya disease (MMD), also known as abnormal basilar vascular network hyperplasia, is a chronic
occlusive cerebrovascular disease characterized by stenosis or occlusion of the distal internal carotid
artery (ICA) and anterior and middle cerebral arteries accompanied by compensatory dilation of
perforating vessels at the base of the brain (17, 27). This disease, �rst de�ned by Takeuchi and Shimizu
in 1957 (23), was named MMD by Suzuki and Takaku in 1967 (31). MMD is most commonly seen in
Japan, South Korea, and other East Asian regions (7), and is known to have a broad range of clinical
symptoms. Children with MMD often suffer from recurrent cerebral ischemia, resulting in hemiplegia,
speech, sensory, and cognitive impairments, mental retardation, and seizures. In contrast, adults with
MMD often experience subarachnoid hemorrhage (SAH) or intraparenchymal hemorrhage, resulting in
headache, vomiting, meningeal irritation, and symptoms corresponding to the location of the hemorrhage
(12, 16). Hence, intracerebral hemorrhage (ICH) is more common in adults with MMD than in children with
MMD (1, 18). Although genetic, in�ammatory, and immune factors have been implicated, the exact
etiology and pathogenesis of the disease remain unclear (11). MMD is a rare disorder with unspeci�c
clinical manifestations, so it is often misdiagnosed, particularly in the early stages (26). On the other
hand, with the popularization of computed tomography angiography (CTA), magnetic resonance
angiography (MRA), and digital subtraction angiography (DSA) in recent years, the detection rate of MMD
has gradually increased (35, 37, 39). Among these techniques, DSA is the gold standard for the diagnosis
of MMD.
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2 Materials And Methods

2.1 Ethical review
This study was approved by the clinical ethics committee of the Second A�liated Hospital of Zhejiang
University School of Medicine. The patients had been anonymized and informed consent was acquired
from each patient.

2.2 General records
Seventy-eight patients with MMD who were older than 18 and were treated at the Department of
Neurosurgery, Second A�liated Hospital of Zhejiang University School of Medicine between March 2010
and March 2013 were included in this study. Of these 78 patients, 62 were male and 16 were female, and
the male to female ratio was 4:1. Mean age of symptom onset was 38.50 ± 8.46 years (range, 25–53
years).

The distribution of the patients according to age at disease onset is shown in Fig. 1. All patients were
diagnosed with MMD by DSA. Fifty-three of the patients presented with the �rst onset, while 25 presented
with the second. The peak age for MMD in our study was between 31 and 45 years, constituting a total of
49 patients (62.8%). In addition, the incidence of MMD showed a downward trend after the age of 45
years. Fifty-nine of the patients had a Glasgow coma score (GCS) of 15. Forty-two of the patients had a
history of hypertension, but exhibited well-controlled blood pressure at regular check-ups. Fifty-seven of
the patients had been cigarette smokers for 5–10 years. None of the patients had a history of alcoholism.

2.3 Methods

2.3.1 Noninvasive imaging examination
All patients underwent conventional head CT and CTA, and the images were reconstructed using
maximum intensity projection technology. Sixty-three patients underwent computed tomography
perfusion (CTP). Parameters such as cerebral blood �ow (CBF), cerebral blood volume (CBV), mean
transmit time (MTT), and time to peak (TTP) were recorded. All patients underwent conventional head
magnetic resonance imaging (MRI) and 42 patients underwent MRA. T1-weighted imaging (T1WI), T2-
weighted imaging (T2WI), and diffusion-weighted imaging (DWI) were performed. MRA was performed
using the three-dimensional time-of-�ight (3D-TOF) method, and the images were then reconstructed.

2.3.2 DSA
All patients underwent DSA. Following right femoral artery puncture and catheterization using the
modi�ed Seldinger technique, selective bilateral ICA and bilateral vertebral artery (VA) angiography was
performed. Frontal and lateral images in the arterial, capillary, venous, and sinus phases were acquired
and reconstructed. The injection rate of contrast medium was 4–5 ml/s.

2.4 Statistical analysis
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Categorical data are expressed as percentage, and the paired χ2 test, κ test, or Youden index test is used
to compare two diagnostic tests; continuous data are expressed as the mean ± SD and analyzed by the t-
test. A p value < 0.05 was considered statistically signi�cant. All statistical analyses were conducted
using SPSS 13.0.

3 Results
3.1 Clinical manifestations

The included MMD patients exhibited a range of clinical manifestations: 35 exhibited transient
hemiplegia or muscle weakness; 28 exhibited persistent or paroxysmal headache; 23 exhibited dizziness;
19 exhibited moderate unconsciousness (GCS score of 9-12, <30 minutes); 5 exhibited hypoesthesia; 3
exhibited limb numbness; and 1 exhibited epilepsy. Some of the patients exhibited multiple symptoms.
None of the patients exhibited signi�cant intellectual impairment. Eight patients presented with their
second onset of MMD symptoms.

3.2 Imaging manifestations

3.2.1 CT and MRI

According to CT, 29 patients were diagnosed with ICH, 15 of which exhibited bleeding into the ventricles,
while 31 were diagnosed with SAH, 10 of which exhibited bleeding into the ventricles. Fourteen patients
were diagnosed with cerebral infarction, and four were diagnosed with cerebral hemorrhage together with
cerebral infarction. According to MRI, 21 patients were diagnosed with ICH, 8 of which exhibited bleeding
into the ventricles, and 24 were diagnosed with SAH, 9 of which exhibited bleeding into the ventricles.
Twenty-nine patients were diagnosed with cerebral infarction. When the intraoperative results were
considered, simple ICH was observed in 54 patients (69.2 ), 23 of which exhibited bleeding into the
ventricles, while simple cerebral infarction and ICH together with cerebral infarction were observed in 20
(25.6 ) and 4 (5.1%), respectively. The most common site of cerebral hemorrhage was a ventricle, while
the most common sites of cerebral infarction were the frontal lobe and paraventricular area (Fig. 2).

The sensitivity of MRI in diagnosing cerebral hemorrhage was higher than that of CT (95.6% vs. 85%,
p<0.05), while the speci�city of MRI in diagnosing cerebral hemorrhage was lower than that of CT (62.1%
vs. 78.6%, p<0.05). However, the Youden index, which integrates sensitivity and speci�city, showed no
statistical difference between MRI and CT (p>0.05) in terms of diagnosing cerebral hemorrhage. On the
contrary, the sensitivity of MRI in diagnosing cerebral infarction was lower than that of CT (62.1% vs.
78.6%, p<0.05), while the speci�city of MRI in diagnosing cerebral infarction was higher than that of CT
(95.6% vs. 85%, p<0.05). Analogously, the Youden index showed no statistical difference between MRI
and CT (p>0.05) in terms of diagnosing cerebral infarction. Other detailed diagnostic indexes are listed in
Tables 1 and 2.

3.2.2 CTA
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According to CTA, all patients showed multiple vascular lesions, and bilateral involvement was noted in
63. Overall, 41 patients were diagnosed with ICA lesions, 33 with ACA lesions, and 36 with MCA lesions,
all of which manifested as �ne, circuitous, stenotic, or occluded vessels. Moyamoya vessels at the base
of the brain were found in 43 patients, accompanied by compensatory dilatation of the ipsilateral,
contralateral, or bilateral VA, posterior communicating artery (PcoA), or posterior cerebral artery (PCA).
Seventeen patients exhibited aneurysms, fourteen of whom exhibited single aneurysms involving the
PCA, anterior communicating artery (AcoA), or middle cerebral artery (MCA). The remaining three patients
exhibited mutiple small aneurysms manifesting as bilateral spindle aneurysms of the VA and posterior
inferior cerebellar artery or multiple small aneurysms of the M1 segment and perforating branch of the
right MCA (Fig. 3).

3.2.3 DSA

Stenosis or occlusion of the blood vessels and compensatory blood vessels were demonstrated using
DSA. Moyamoya vessels at the base of the brain were identi�ed in 53 patients. Furthermore, 50 patients
had ICA lesions, 37 had ACA lesions, and 38 had MCA lesions. The compensatory blood supply pattern
was also analyzed under dynamic observation: the unilateral or bilateral VA in 51 patients (65.4%), the
basilar perforating artery in 16 patients (20.5%), and the extracranial carotid artery and occipital artery in
7 patients (9.0%). Similarly, single aneurysms were found in 14 patients, while multiple small aneurysms
were found in 3 patients. Considering DSA as the gold standard imaging technique, the detailed
diagnostic indexes of CTA in diagnosing abnormal vessels in MMD are listed in Table 3. The performance
of CTA in diagnosing aneurysms was identical to that of DSA (Fig. 4).

3.2.4 CTP

CTP showed that the main trunk of the involved artery was not clearly visible, the distal branches of the
artery were unevenly developed, and moyamoya vessels were present at the base of the brain. The CBF
and CBV of the patients with cerebral infarction were signi�cantly lower than those of the patients with
cerebral hemorrhage (p<0.05). The MTT and TTP of the patients with cerebral infarction were
signi�cantly higher than those of the patients with cerebral hemorrhage (p<0.05, Table 4).

3.3 Treatment

The included patients underwent intracranial pressure control, anti-cerebral vasospasm treatment,
hemostasis, and other symptomatic treatment when necessary. Overall, 21 patients underwent multiple
burr-hole surgery and 57 underwent bypass surgery with or without temporalis muscle sticking. Of the 17
patients with aneurysms, 14 underwent interventional embolization, while 3 did not undergo aneurysm
surgery because they had multiple small aneurysms (Fig. 5).

4 Discussion
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MMD is a chronic cerebrovascular disease presenting with ischemic and/or hemorrhagic manifestations.
The pathogenesis of this disease remains unclear, so the currently available treatments have an
unfavorable curative effect (29). Pathological changes in the vascular wall have been implicated in MMD
pathogenesis, namely �brocystic proliferation of the vascular intima, signi�cant smooth muscle cell
proliferation, and extracellular matrix deposition without phospholipid deposition in the intima and inner
elastic layer. These changes are different to those which occur in atherosclerosis (20, 32). In addition,
Ezura et al. suggested that the disease was related to immune complex-mediated injury (6). Hoshimaru et
al. studied studied super�cial temporal artery sections and dura mater samples from MMD patients and
found increased basic �broblast growth factor (bFGF) expression in endothelial cells, smooth muscle
cells, and the dura mater (10). Similarly, Takahashi et al. demonstrated signi�cantly increased bFGF
levels in the cerebrospinal �uid of MMD patients (33). Consequently, bFGF was suggested to promote the
proliferation of vascular endothelial cells and smooth muscle cells, resulting in stenosis and occlusion of
the ICA and abnormal proliferation of blood vessels in the base of the brain.

In our series, CT showed lower sensitivity and higher speci�city than MRI for diagnosing cerebral
hemorrhage. Therefore, MRI has a higher ability to detect cases than CT, and patients will rarely be
missed, while CT has a higher ability to exclude non-cases than MRI, and almost no non-patients will be
misjudged as patients. In other words, MRI demonstrated a lower ‘missed-diagnosis’ rate and higher
‘misdiagnosis’ rate than CT. On the contrary, in patients with cerebral infarction, CT demonstrated a lower
‘missed-diagnosis’ rate and higher ‘misdiagnosis’ rate than MRI. However, the Youden index, which
re�ects the overall ability of diagnostic tests to identify patients and non-patients, showed no statistical
differences between CT and MRI, regardless of the type of MMD. In addition, MMD-related cerebral
hemorrhage often exhibited bleeding into the ventricles; aneurysms and arteriovenous malformations are
almost always associated with SAH; whereas hypertension often caused ICH. Indeed, we observed that
most hemorrhages were in or around the ventricles such that 29.5% of the patients in our series exhibited
intraventricular hemorrhage. Similarly, the frontal lobe and paraventricular area were the most common
sites of MMD-induced cerebral infarction, and multiple areas of cerebral infarction were frequently
observed.

All patients in our series were diagnosed by DSA. DSA can clearly show the degree of stenosis or
occlusion of the vessels and abnormal neovascularization at the base of the brain, and can also
accurately evaluate the pattern and hemodynamics of the compensatory blood supply. We also observed
a pattern between the symptoms and imaging �ndings of MMD. The patients with hemorrhagic
symptoms were generally older than those with ischemic symptoms, and showed abundant
neovascularization in the base of the brain and ample anastomosis of intracranial and extracranial
vessels. Some of the compensatory vessels were tortuous, dilated, and even cystoid. In contrast, the
patients with ischemic symptoms were generally younger, and exhibited relatively sparse
neovascularization in the base of the brain and poorer collateral circulation. These patients also exhibited
a signi�cantly prolonged cerebral circulation time. Variations in clinical symptoms and imaging �ndings
have been suggested to closely correlate with MMD stage. In the early stage, cerebral infarction may
occur if neovascularization is not established in time to increase the blood �ow to the ischemic area. The
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most common symptoms at this stage are motor and sensory impairments. Once neovascularization is
established, the patient experiences a period of blood �ow compensation. However, due to the thinness
and poor elasticity of the walls of the proliferated vessels, these vessels gradually dilate, distort, and even
form aneurysms in response to the continuous pressure exerted by blood, resulting in eventual rupture
and bleeding. The most common symptoms at this stage are headache, motor dysfunction, epilepsy, and
even unconsciousness.

Recently, CTA and MRA have gained attention with respect to MMD diagnosis. CTA is a convenient, time-
saving, and non-invasive technique with good sensitivity and speci�city. Importantly, CTA can be
performed quickly, which is particularly valuable in pediatric and emergent MMD cases (30). Additionally,
CTA can be used to guide surgical treatment, as it allows the relationship between the abnormal blood
vessels or aneurysms and the skull to be visualized. Speci�cally, 4D CTA showed strong consistency and
correlation with DSA with respect to vascular stenosis score, but remains insu�cient for evaluating the
collateral circulation (34). MRA is nonradiative, and the sensitivity and speci�city of 3.0T MRA in
diagnosing MMD were reported to be 69.2% and 93.3%, respectively (5). However, compared to DSA, MRA
has a tendency to over-diagnose, and often overestimates the degree of vascular stenosis. On the other
hand, during the early stages of vascularization or in cases of mild vascular network abnormalities, MRA
may fail to diagnose MMD. In addition, the ability of MRA to display collateral circulation and secondary
micro-aneurysms is poor. 3.0T TOF MRA, a non-contrast technique, has been proven to be at least equal
to CTA for the assessment of internal-external carotid bypass and superior to CTA in the evaluation of the
intracranial segment (2). Nevertheless, neither MRA nor CTA were effective at identifying small
perforating vessels or early moyamoya vessels. Therefore, different imaging techniques are suited to
different situations in line with their advantages and disadvantages (19).

CTP is a sensitive functional imaging technique which can be used to study the cerebral microcirculation,
facilitating the evaluation of cerebral perfusion changes in MMD patients before and after surgery (25).
Although CBF has been reported to be more strongly correlated with the patency of the bypass artery (3),
both CBF and TTP have been demonstrated to be quite sensitive to the presence of altered brain
perfusion early after indirect revascularization (4). In line with a previous study (36), using CTP, we
showed that adult patients with ischemic MMD exhibited reduced cerebral perfusion compared to
patients with hemorrhagic MMD.

Currently, the incidence of intracranial aneurysms in MMD patients is known to range from 3.4 to 14.8%,
which is signi�cantly higher than that in the general population (1–3%) (38). The complex pathogenesis
of aneurysms development in MMD may involve multiple factors including hemodynamic disorders and
pathological vessel architecture, both of which are known to increase the risk of aneurysm formation
(38). Intracranial aneurysms primarily occur in hemorrhagic MMD, and are associated with a high rate of
rupture. The rupture of these aneurysms occurs due to the presence of weak and pathological moyamoya
vessels (15). Occlusion of the ICA system may result in hemodynamic changes within the circle of Willis
by increasing the blood �ow in the basilar artery (BA) and PCA. This leads to the development of
turbulence in the posterior circulation, which increases the risk of aneurysm formation and subsequent
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rupture. Several authors have suggested that spontaneous occlusion of the MCA may also lead to the
focal moyamoya phenomenon and aneurysmal hemorrhages such as cerebral parenchymal hemorrhage,
ventricular hemorrhage, and SAH (28). In decreasing order of frequency, the most common locations of
aneurysms in MMD patients are the distal anterior choroidal artery (AchA), distal posterior choroidal
artery (PchA), AcoA, and BA (22). MMD involving aneurysms can be divided into two types according to
the location of the aneurysms: MMD with aneurysms involving the circle of Willis and MMD with
peripheral aneurysms involving the moyamoya vessels, which are often located around the ventricles and
close to the distal end of the perforating artery, AchA, and PchA (8).

Bypass is the main surgical method used to treat MMD, and involves surgical reconstruction of the
collateral circulation to increase cortical perfusion. In 1967, Yasargil performed the �rst successful STA-
MCA anastomosis to treat cerebral ischemia in Switzerland. Since then, STA-MCA bypass has been
widely used in the treatment of MMD (9). Indeed, collateral vessels, including an intracerebral vascular
anastomosis system, corticopial-meningeal vascular anastomosis system, circle of Willis communication
system, dural vascular network, and extracranial vascular network, can spontaneously form in MMD
patients. However, due to the presence of the meninges, cerebrospinal �uid, and skull, effective collateral
circulation cannot be established. The dural and extracranial vascular networks, which comprise many
collateral vessels, are unable to be anastomosed to the surface of the brain. However, this can be solved
by indirect bypass procedures including encephalo-duro-arterio-synangiosis (EDAS), encephalo-myo-
synangiosis (EMS), encephalo-duro-arterio-myo-synangiosis (EDAMS). Multiple burr-hole surgery, which
are simple, effective, and particularly suitable for anterior circulation ischemia. It has also been suggested
that direct and indirect bypass should be combined (21).

In patients with ischemic MMD, direct, indirect, or combined bypass can alleviate ischemic symptoms
such as transient ischemic attack (TIA) and reversible neurological de�cit (RIND), improve the intellectual
capacity of pediatric patients, and effectively prevent the occurrence of future cerebral ischemia (24, 40,
41). Direct bypass was previously suggested to prevent rebleeding as it can reduce the number and
expansion of abnormal branches and the blood �ow in the AchA and PcoA (13). This prevents the
formation of micro-aneurysms due to abnormal hemodynamics, which are thought to be precursors of
hemorrhage or rebleeding (14). In children, indirect bypass is a more effective treatment as the
anastomotic vessels are narrow, vulnerable to restenosis, and cannot tolerate direct bypass. The integrity
of the STA should be preserved for as long as possible, so that anastomosis can still be performed if
necessary. Direct or combined bypass may be more bene�cial in adult MMD patients.

Limitations

This was a single-center study, which may have affected the reliability of the results. Therefore, larger-
scale, multi-center studies are warranted. Additionally, this study mainly focused on the multi-model
imaging and treatment of MMD. However, we did not evaluate the long-term therapeutic effects or follow-
up results. This was beyond the scope of this study, and further research is therefore required.
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Conclusions
MMD has various clinical and imaging manifestations. Sudden headache due to cerebral hemorrhage is
the most common symptom of adult MMD. CT and MRI are valuable in the detection of intracranial
hemorrhage and ischemic lesions. CTA and MRA can effectively detect intracranial vascular lesions,
while DSA is critical for the screening, diagnosis, and follow-up of MMD. Bypass is the main method
currently used to treat MMD.
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Tables
Table 1. Comparisons of CT and MRI in diagnosing intracerebral hemorrhage of MMD
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Cerebral hemorrhage Sensitivity (%) Speci�city (%) LR+ LR- DOR Youden index

CT 85.0 78.6 3.97 0.19 20.89 0.64

MRI 95.6 62.1 2.52 0.07 36.00 0.58

p value 0.039 0.039 - - - 0.68

CT, computed tomography; MRI, magnetic resonance imaging; DOR, diagnostic odds ratio; LR+, positive
likelyhood ratio; LR-, negative likelyhood ratio.

Table 2. Comparisons of CT and MRI in diagnosing cerebral infarction of MMD

Cerebral infarction Sensitivity (%) Speci�city (%) LR+ LR- DOR Youden index

CT 78.6 85.0 5.24 0.25 20.96 0.64

MRI 62.1 95.6 14.11 0.40 35.28 0.58

p value 0.039 0.039 - - - 0.68

CT, computed tomography; MRI, magnetic resonance imaging; DOR, diagnostic odds ratio; LR+, positive
likelyhood ratio; LR-, negative likelyhood ratio.

Table 3. The accuracy of CTA in diagnosing lesion vessels of MMD

Vessels Sensitivity
(%)

Speci�city
(%)

LR+ LR- DOR Youden
index

κ
value

p
value

ICA 90.2 64.9 2.57 0.15 17.13 0.55 0.558 <0.001

ACA 78.8 75.6 3.23 0.28 11.54 0.54 0.535 <0.001

MCA 88.9 85.7 6.22 0.13 47.85 0.75 0.743 <0.001

Moyamoya
vessels

86.0 54.3 1.88 0.25 7.52 0.40 0.414 <0.001

CTA, computed tomography angiography; DSA, digital subtraction angiography; LR+, positive likelyhood
ratio; LR-, negative likelyhood ratio; DOR, diagnostic odds ratio; ICA, internal carotid artery; ACA, anterior
cerebral artery; MCA, middle cerebral artery.

Table 4. Comparisons of CTP between hemorrhagic and ischemic MMD
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  CBV(ml/100g) CBF(ml/100g·min) MTT(s) TTP(s)

Cerebral hemorrhage 2.21±0.37 33.78±4.22 5.89±0.12 12.27±2.19

Cerebral infarction 1.09±0.31 16.23±2.87 8.96±0.77 16.29±4.12

p value 0.012 0.016 0.026 0.043

CTP, computed tomography perfusion; CBV, cerebral blood volume; CBF, cerebral blood �ow; MTT, mean
transmit time; TTP, time to peak.

Figures

Figure 1

The age distribution of MMD patients.
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Figure 2

Common imaging signs of MMD. (A) Intraventricular hemorrhage (CT); (B) subarachnoid hemorrhage
(CT); (C) subarachnoid hemorrhage breaking into ventricles (CT); (D, E) intraventricular hemorrhage with
left frontal lobe infarction (CT and MRI T1WI); (F) frontal lobe infarction (MRI T1WI).
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Figure 3

CTA and MRA manifestations of MMD. (A, B) Network of abnormally dilated collateral vessels at the base
of the brain (puff of smoke sign) (CTA); (D) bilateral ICA occlusion and smoky vessels at the base of the
brain (MRA).

Figure 4

DSA manifestations of MMD. (A, B) ICA occlusion and smoky vessels at the base of the brain (frontal and
lateral views, DSA); (C, D) MMD with PCA aneurysm (lateral view of DSA and 3D reconstruction).
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Figure 5

Treatment of MMD. (A, B) Multiple burr-hole operation (intraoperative photographic image and
postoperative CT); (C, D) the connection of intracranial and extracranial vessels after bypass (CTA); (E, F)
embolization of ACA aneurysm in MMD (frontal and lateral views, DSA).


