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ORIGINAL RESEARCH
ADULT BRAIN

Time-of-Flight MR Angiography for Detection of Cerebral
Hyperperfusion Syndrome after Superficial Temporal Artery–

Middle Cerebral Artery Anastomosis in Moyamoya Disease
X K. Sato, X M. Yamada, X H. Kuroda, X D. Yamamoto, X Y. Asano, X Y. Inoue, X K. Fujii, and X T. Kumabe

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral hyperperfusion syndrome is a potential complication of superficial temporal artery–MCA
anastomosis for Moyamoya disease. In this study, we evaluated whether TOF-MRA could assess cerebral hyperperfusion syndrome after
superficial temporal artery–MCA anastomosis for this disease.

MATERIALS AND METHODS: This retrospective study included patients with Moyamoya disease who underwent superficial temporal
artery–MCA single anastomosis. TOF-MRA and SPECT were performed before and 1– 6 days after anastomosis. Bilateral ROIs on the source
image of TOF-MRA were manually placed directly on the parietal branch of the superficial temporal artery just after branching the frontal
branch of the superficial temporal artery and on the contralateral superficial temporal artery on the same axial image, respectively. The
change ratio of the maximum signal intensity of the superficial temporal artery on TOF-MRA was calculated by using the following formula:
(Postoperative Ipsilateral/Postoperative Contralateral)/(Preoperative Ipsilateral/Preoperative Contralateral).

RESULTS: Of 23 patients (26 sides) who underwent the operation, 5 sides showed cerebral hyperperfusion syndrome postoperatively.
There was a significant difference in the change ratio of signal intensity on TOF-MRA observed between the cerebral hyperperfusion
syndrome and non-cerebral hyperperfusion syndrome groups (cerebral hyperperfusion syndrome group: 1.88 � 0.32; non-cerebral hyper-
perfusion syndrome group: 1.03 � 0.20; P � .0009). The minimum ratio value for the cerebral hyperperfusion syndrome group was 1.63, and
the maximum ratio value for the non-cerebral hyperperfusion syndrome group was 1.30. Thus, no overlap was observed between the 2
groups for the change ratio of signal intensity on TOF-MRA.

CONCLUSIONS: Diagnosis of cerebral hyperperfusion syndrome is indicated by an increase in the change ratio of signal intensity on
TOF-MRA by more than approximately 1.5 times the preoperative levels.

ABBREVIATIONS: CHPS � cerebral hyperperfusion syndrome; MMD � Moyamoya disease; Obs � observer; SI � signal intensity; STA � superficial temporal artery

Moyamoya disease (MMD) is a chronic occlusive cerebrovas-

cular disease characterized by bilateral steno-occlusive

changes at the terminal portion of the internal carotid artery and

an abnormal vascular network at the base of the brain.1 Superfi-

cial temporal artery (STA)-MCA anastomosis is the standard sur-

gical treatment for MMD. The incidence of cerebral hyperperfu-

sion syndrome (CHPS) after STA-MCA anastomosis for MMD

was reported to range from 15.0% to 38.2%.2-5 With CHPS, tran-

sient focal neurologic deterioration is often exhibited, and if in-

tracerebral hemorrhage occurs, it may lead to permanent neuro-

logic deficits.6 Therefore, it is important to evaluate the regional

cerebral blood flow after STA-MCA anastomosis for MMD.

Positron-emission tomography and single-photon emission

CT are criterion standard tools for the evaluation of regional CBF

in patients with MMD4,7-9; however, they are time-consuming

modalities and require the injection of a radiotracer. MR imaging

is a powerful method for comprehensive assessment of the brain

without radiation exposure, and time-of-flight MR angiography

is widely available. An increase in the signal intensity (SI) of the

donor from the STA on TOF-MRA after STA-MCA anastomosis

is observed in some patients with MMD.2,3,6 Furthermore, we

have previously reported that TOF-MRA revealed an increase in

SI at the middle cerebral artery after carotid endarterectomy and
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that the SI changes corresponded to acute hemodynamic

changes.10 In the present study, we used similar methods to ret-

rospectively investigate whether CHPS diagnosis could be per-

formed on the basis of the degree of increased SI in the donor

from the parietal branch of the STA on TOF-MRA after STA-

MCA anastomosis for MMD.

MATERIALS AND METHODS
The ethics committee of our hospital approved this study, and the

requirement for informed consent was waived (B14 –229).

Subjects and Surgery
All patients were diagnosed with MMD according to the criteria

issued by the Japanese Ministry of Health, Labor, and Welfare.12

The indications for surgical revascularization were patients with

ischemic symptoms or hemodynamic compromise as detected by

SPECT. The same surgeon (K.S.) performed STA-MCA anasto-

mosis by using a parietal branch of the STA � encephalo-myo-

synangiosis and encephalo-galeo-synangiosis procedures with the

patient under general anesthesia between October 2009 and Au-

gust 2013 at the Kitasato University Hospital (Fig 1). Of the 35

patients undergoing the MMD operation (41 sides), 12 patients

(15 sides) were excluded due to a lack of MRA or SPECT data. The

remaining 23 consecutive patients (26 sides, 11 patients younger

than 16 years of age; 7 male patients, 16 female patients; age range,

6 – 67 years; mean age, 25 years) were subject to analysis. MR

imaging/TOF-MRA and iodine 123 N-isopropyl-p-iodoamphet-

amine (123I-IMP)–SPECT evaluation were performed before the

operation and within 1– 6 days after the operation in all 23

patients.

Assessment of STA Signal Intensity on MRA Images
A 1.5T scanner (Signa Excite HD or HDxt or CV/i; GE Healthcare,

Milwaukee, Wisconsin) was used to perform MRA. Axial TOF-

MRA images of the intracranial arteries, parallel to the anterior/

posterior commissure line and covering the top of the head, were

acquired by using an 8- or 12-channel head coil or a single-chan-

nel quadrature head coil (HD or HDxt [TR, 25 ms; TE, 2.7 ms; flip

angle, 18°; FOV, 22 cm; matrix, 320 � 192; section thickness, 1.6

mm; NEX, 1 acquisition; time, 5 minutes 19 seconds]; CV/i [TR,

25 ms; TE, 6.9 ms; flip angle, 18°; FOV, 22 cm; matrix, 288 � 160;

section thickness, 1.6 mm; NEX, 1 acquisition; time, 6 minutes 11

seconds]). Bilateral ROIs on the source image of TOF-MRA were

manually placed on the parietal branch of the STA just after

branching the frontal branch of the STA and on the contralateral

STA on the same axial image. The maximum SI was determined

for each ROI. Three neurosurgeons (observer [Obs] 1, K.S.; Obs

2, H.K.; and Obs 3, D.Y, with �10 years of experience) placed the

ROIs independently, and Obs 1 placed the ROI twice at an interval

of �3 months without knowledge of the clinical information or

SPECT findings.

Change Ratio of SI of the STA on MRA
The ipsilateral and contralateral SI values were used to create

postoperative and preoperative ratios.

The ipsilateral-to-contralateral ratio was determined as the

ratio of the maximum SI for the ipsilateral ROI and the contralat-

eral ROI. The change ratio of SI was calculated by dividing the

postoperative ipsilateral-to-contralateral ratio by the preopera-

tive ipsilateral-to-contralateral ratio.10

Definition of CHPS
The diagnosis of CHPS satisfied all criteria as follows: 1) the pres-

ence of focal neurologic signs; 2) confirmed patency of the bypass

by MRA and the absence of any ischemic changes by diffusion-

weighted imaging; 3) marked postoperative increase in regional

CBF on SPECT in the ipsilateral hemisphere and exceeding that in

the contralateral hemisphere; and 4) the absence of other pathol-

ogies such as compression of the brain surface by swelling of the

temporal muscle graft or ischemic attack. All patients were eval-

uated by the same clinician for the presence of CHPS.

Statistical Analysis
Differences between the 2 groups (with or without CHPS) were

evaluated by the Mann-Whitney U test for continuous variables

(age) and the Fisher exact test (sex, initial symptom at disease

onset, and operation side) for absolute categoric variables. We

assessed the measures of the reliability of the change ratio of SI of

the STA on MRA for continuous measures by using intraclass

correlation coefficients. The Mann-Whitney U test was used for

comparison in the change ratio of SI between the CHPS and non-

CHPS groups. The larger change ratio of SI was analyzed for the 3

patients with bilateral operations, and we used 1 side per patient

in the analysis. A P value �.05 was statistically significant. All

statistical analyses were conducted by using JMP 10 software (SAS

Institute, Cary, North Carolina).

RESULTS
Of 23 patients (26 sides) who underwent the operation, 5 patients

(5 sides) showed CHPS postoperatively. The baseline characteris-

tics of the patients are shown in Table 1. There were no statistically

significant differences in age, sex, initial symptom at disease onset

(TIA or infarction), and operation side between groups.

The change ratio of SI regarding TOF-MRA was significantly

larger in the CHPS group than in the non-CHPS group (CHPS

FIG 1. The schema shows the procedure for encephalo-myo-synan-
giosis (arrowhead) and encephalo-galeo-synangiosis (double arrow-
heads). The dashed line indicates the estimated axial section of time-
of-flight MR angiography on the parietal branch (arrow) of the
superficial temporal artery immediately after branching the frontal
branch (double arrows) of the STA.
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group: 1.88 � 0.32; range, 1.63–2.44; non-CHPS group: 1.03 �

0.20; range, 0.71–1.30; P � .0009) (Fig 2). The minimum ratio

value for the CHPS group was 1.63, and the maximum ratio value

for the non-CHPS group was 1.32. Thus, no overlap was observed

between the 2 groups for the change ratio of SI on TOF-MRA

(Table 2).

A summary of the 5 patients with postoperative CHPS is

shown in Table 2. All patients immediately recovered after surgery

without developing new neurologic deficits. Furthermore, pa-

tients did not exhibit additional ischemic lesions on postoperative

MR images, including T1-, T2-, and diffusion-weighted images.

Postoperative bypass patency was confirmed in all cases.

The reliability of the calculation of the change ratio of SI was

assessed by using intraclass correlation coefficients. Strong intraob-

server agreement was demonstrated for Obs 1 (intraclass correlation

coefficient, r � 0.9830). When the first estimates obtained by Obs 1

were compared with the estimates obtained by Obs 2 and Obs 3,

interobserver agreement was also excellent (versus Obs 2: intraclass

correlation coefficient, r � 0.9572; versus Obs 3: intraclass correla-

tion coefficient, r � 0.9641). On the basis of these findings, the first

estimates obtained by Obs 1 were used for analysis.

Representative Cases

Case 1. A 53-year-old woman who had a visual disturbance

caused by a right occipital infarction and sensory disturbance in

the left hemisphere was diagnosed with MMD (Fig 3). She un-

derwent a bypass operation consisting of right STA-MCA � en-

cephalo-myo-synangiosis and encephalo-galeo-synangiosis. Sub-

arachnoid hemorrhage occurred 4 days

after the operation, and CHPS was diag-

nosed. Her change ratio of SI was 2.44.

Subsequently, CHPS disappeared, and
the patient was discharged from the hos-
pital without any new neurologic deficit.

Case 2. A 13-year-old boy had experi-
enced TIAs and was diagnosed with
MMD (Fig 4). He underwent a bypass

operation consisting of left STA-MCA � encephalo-myo-synan-
giosis and encephalo-galeo-synangiosis. No postoperative CHPS
was observed (change ratio of SI � 0.93), and the patient was

discharged without a neurologic deficit.

DISCUSSION
In the present study, we evaluated TOF-MRA findings and post-

operative CHPS after STA-MCA anastomosis for MMD. The

change ratio of SI in the donor vessel was significantly larger in the

CHPS group than in the non-CHPS group, and a cutoff of 1.5

completely discriminated patients with CHPS from those without

CHPS. We suggest that MRA can be used to screen patients with

CHPS after STA-MCA anastomosis.

CHPS after STA-MCA Anastomosis for Moyamoya
Disease
CHPS following cerebral revascularization is well-recognized,

particularly in the context of carotid endarterectomy. In pre-

vious reports on carotid endarterectomy, postoperative CHPS

was most commonly defined as an increase of �100% over

baseline (preoperative values).12 However, there is no reported

definition of CHPS after STA-MCA anastomosis for MMD, to

our knowledge.

Increasing evidence suggests that CHPS may occur after a re-

vascularization operation in 15.0%–38.2% of patients with

MMD, more frequently than after a revascularization operation

for atherosclerotic disease, despite the same STA-MCA bypass

operation.2-5 In addition, CHPS occurs more frequently in adult

MMD than in pediatric MMD3-5,13 and leads to transient neuro-

logic deterioration, seizures, or delayed intracerebral hemor-

rhage.6 Therefore, careful management of CHPS is mandatory

after anastomosis for MMD.14

Hemodynamic Study in Moyamoya Disease
Although SPECT, positron-emission tomography, xenon-

enhanced CT, dynamic perfusion CT, and MR imaging with dy-

namic susceptibility contrast and arterial spin-labeling have been

reported useful for evaluating cerebral hemodynamics in

MMD,4,8,9 they involve radiation exposure or have limitations in

availability. In contrast, TOF-MRA does not require the admin-

istration of radioisotopes and contrast agents, can be undertaken

quickly, and is widely available.

Underlying Mechanisms of Change of Signal Intensity on
TOF-MRA
TOF-MRA is a widely used noninvasive technique for evaluating

intracranial arteries. The SI loss attributable to the saturation ef-

fect is flow-velocity-dependent and more pronounced at lower

FIG 2. The change ratio of signal intensity on time-of-flight MR an-
giography observed for the cerebral hyperperfusion syndrome group
and the non-CHPS group. The horizontal lines represent the median,
first quartile, and third quartile. CHPS� indicates patients with cere-
bral hyperperfusion syndrome; CHPS�, patients without cerebral hy-
perperfusion syndrome.

Table 1: Clinical baseline characteristics of the patients
CHPS+ (n = 5) CHPS− (n = 18) P Value

Median age (25%, 75%) (yr) 32.0 (16.5, 60.0) 15.5 (11.8, 39.2) .28a

Sex (male/female) 1:4 6:12 1.0b

Presentation at onset (TIA/infarction) 3/2 15/3 .29b

Operation side (right/left) 3/2 9/9 1.0b

Note:—CHPS� indicates patients with cerebral hyperperfusion syndrome; CHPS�, patients without cerebral hyperperfu-
sion syndrome.
a Mann-Whitney U test.
b Fisher exact test.
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flow velocities,15 particularly on single-slab 3D TOF-MRA.16 On

the basis of the contrast mechanism of TOF-MRA, which reflects

flow-related enhancement, a change in SI on TOF-MRA can

partly reflect the hemodynamics of flowing blood. The degree of

enhancement in flowing blood on MRA images, referred to as SI

within the vessel lumen, increases nonlinearly with increasing ab-

solute flow velocity.17,18 MIP images are frequently used for TOF-

MRA. However, because the target blood vessels in the present

study were thin and were depicted as having a low SI, they were

difficult to assess on MIP images. Thus, source images were used

for assessment. Furthermore, we consider that the use of maxi-

mum SI improves reproducibility.

Kohama et al19 reported a case with intense high signal of the

donor STA and dilated branches of the MCA around the site of

anastomosis on 3T MRA, but not 1.5T MRA. However, the results

of the present study were acquired by using 1.5T, proving that

these findings were not 3T-specific. Moreover, strong intra- and

interobserver agreement was obtained by using our method.

Study Limitations
We used 3 types of 1.5T MR imaging scanners in this series.

Although further studies are required to assess possible scan-

ner-related differences by comparing the increase in the

change ratio on both ipsilateral and contralateral sides, our

method can help reduce the effects of scanner-related differ-

ences and physiologic fluctuations such as blood pressure and

partial pressure of carbon dioxide in arterial blood.20,21 Be-

cause our study included both adults and children, 123I-IMP-

SPECT was used in both a quantitative and qualitative manner.

However, because the TOF-MRA method does not require ad-

ministration of radiotracers or the securing of an intravenous

line, this method may be effectively applied to pediatric cases

with ease. Uchino et al5 reported that the onset of CHPS varied

from 0 to 9 days after the operation (mean, 3.5 � 3.5 days). In

the present study, TOF-MRA and 123I-IMP-SPECT were not

always performed on the same day within 1– 6 days after sur-

gery. Because this was a single-institution study with a small

sample size, future comprehensive studies with more cases are

required.

CONCLUSIONS
Our results suggest that an increase of the change ratio of SI on

TOF-MRA of more than approximately 1.5 times the preopera-

tive levels is useful for screening CHPS.

Table 2: Summary of 5 patients with CHPS
Age
(yr) Sex

Initial Presentation
at Disease Onset CHPS Symptom

Duration from Operation
to CHPS (days)

Duration from Operation
to TOF-MRA (days)

Change Ratio of SI
on TOF-MRA

26 Female TIA Numbness of upper limb 2 1 1.63
32 Female Infarction Partial seizure 3 4 1.68
67 Female TIA Palsy of upper limb 1 5 1.79
7 Male TIA Numbness of upper limb

and dysarthria
5 3 1.84

53 Female Infarction Subarachnoid hemorrhage 4 4 2.44

FIG 3. Preoperative (A) and postoperative (B) time-of-flight MR an-
giography in a case in which cerebral hyperperfusion syndrome was
observed after left superficial temporal artery–middle cerebral artery
anastomosis. Bilateral regions of interest were manually placed on the
parietal branch of the STA immediately after branching the frontal
branch of the STA on the same axial image at the axial sections of
TOF-MRA; the signal intensity of the graft from the parietal branch
of the STA increased postoperatively (B) compared with preoper-
atively (A).

FIG 4. Preoperative (A) and postoperative (B) time-of-flight MR an-
giography in a case in which cerebral hyperperfusion syndrome was
not observed after left superficial temporal artery–middle cerebral
artery anastomosis. Bilateral ROIs were manually placed on the
parietal branch of the STA immediately after branching the frontal
branch of the STA on the same axial image at the axial sections of
TOF-MRA; the signal intensity of the graft from the parietal branch
of the STA did not increase postoperatively (B) compared with
preoperatively (A).
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