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Objective: To explore the value of color Doppler ultrasonography (CDU) to

predict preoperatively and evaluate postoperatively the collateral development

of two common revascularizations in patients with moyamoya disease (MMD).

Methods: We prospectively enrolled 49 patients with MMD who underwent

unilateral superficial temporal artery (STA) -middle cerebral artery (MCA)

anastomosis or encephalo-duro-arterio-synangiosis (EDAS). The parameters

of the extracranial arteries, including STA, internal carotid artery (ICA), external

carotid artery (ECA), and vertebral artery (VA), were performed before and

at 3–6 months after surgery. DSA results were used to assess surgical

collateral development.

Results: To predict good collateral development before STA-MCA

anastomosis, the preoperative D > 1.75mm in the STA had the highest

area under the Receiver Operating Characteristic curve (AUC). To predict

good collateral development before EDAS, the preoperative EDV > 12.00 cm/s

in the STA had the highest AUC. To evaluate the good collateral development

after STA-MCA anastomosis, the postoperative EDV > 16.50 cm/s in the STA

had the highest AUC. To evaluate the good collateral development after

EDAS, an increase of D of 0.15mm in the STA had the highest AUC. Logistic

regression analysis showed that the preoperative RI and EDV in the STA were

highly correlated with collateral development. Besides, the preoperative RI

was an independent risk factor for collateral development.
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FIGURE 5

Di�erences in STA ultrasound parameters between good and poor collateral development groups after STA-MCA anastomosis. STA, superficial

temporal artery; MCA, middle cerebral artery; D, inner diameter; CD, collateral development; EDV, end-diastolic velocity; RI, resistance index; FV,

flow volume; 1, the di�erence between postoperative and preoperative parameters.

in the brain in the good collateral development group after

EDAS than in the poor. According to our results, FV increases

in the STA by increasing the D and velocity supply to the

neovascularization. When STA supplies more blood to the

brain, the patient’s clinical symptoms could improve, and

the occurrence of adverse events would decrease. Yeh et al.

(19) observed the changes in STA ultrasound parameters after

surgery in 21 patients with unilateral or bilateral indirect

vascular reconstruction surgery (including EDAS, etc.). They

proposed that an increase in EDV of 13.5 cm/s and a

decrease in RI of 0.19 have relatively high sensitivity and

specificity for evaluating the collateral development of indirect

cerebrovascular reconstruction. Unlike previous studies, our

results showed that the inner diameter had the most obvious

change. Using an increase of D of 0.15mm after surgery in

the STA as the critical index to evaluate the postoperative

collateral development of EDAS, the sensitivity and specificity

were higher than those of EDV, FV, and other indicators. The

possible reasons are that the surgical method and operation

times differed between the two studies. First, we selected patients

with MMD who underwent revascularization for the first time.

Besides, the indirect revascularization surgery was only limited

to EDAS. Craniotomy, encephalo-myo synangiosis (EMS), and

other indirect revascularization procedures and occipital artery-

MCA, STA-ACA, and other direct revascularization procedures

were not included in our study.
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FIGURE 6

Lateral projection of ECA angiogram and STA ultrasound images in patients with good and poor collateral development after EDAS. No. 1 A

25-year-old case with moyamoya disease who presented with motor weakness on the right side. (A) The lateral projection of the ECA

angiogram shows that the perfusion range (sector) of STA collateral vessels exceeds 2/3 of the MCA blood supply area after EDAS in patients

with good collateral development. (B) CDU shows the high RI in the STA before EDAS. (C) CDU shows the low RI with increased EDV in the STA

after EDAS in patients with good collateral development. No. 2 A 22-year-old case with moyamoya disease who had a language disability. (D)

The lateral projection of the ECA angiogram shows that the perfusion range (oval) of STA collateral vessels is <2/3 of the MCA blood supply area

after EDAS in patients with poor collateral development. (E) CDU shows that the STA has a high RI before EDAS. (F) CDU shows that the STA still

has the high RI with low EDV after EDAS in patients with good collateral development. ECA, external carotid artery; STA, superficial temporal

artery; EDAS, encephalo-duro-arterio-synangiosis; MCA, middle cerebral artery; CDU, color Doppler sonography; RI, resistance index; EDV,

end-diastolic velocity.

In contrast to the patients with EDAS, no significant

difference in the D of the STA was found after STA-MCA

anastomosis, while the EDV and FV in the good collateral

development group were significantly higher than those in the

poor collateral development group, so we believed the increase

in the FV of the STA may depend on the EDV, not the

D. It is possible that, in addition to gradually forming new

blood vessels around the STA like EDAS, the blood from STA

could also use some remaining MCA branches to establish the

intracranial blood supply channels immediately after STA-MCA

anastomosis (26). Although some symptoms of patients can be

relieved in time after STA-MCA anastomosis, there is also a

risk of intracranial hyperperfusion. That’s why young patients

with great potential to develop collaterals tend to perform

EDAS in case of intracranial hyperperfusion (18). Among the

various ultrasound indicators, the change of EDV after STA-

MCA anastomosis was the most obvious, and the sensitivity

and specificity of EDV > 16.5 cm/s as the cutoff value to

evaluate the collateral development was higher than that of FV

and others. Taken together, monitoring the EDV in the STA

after STA-MCA anastomosis and D in the STA after EDAS

could be useful for evaluating surgical collateral development.

When the patients have a lower postoperative EDV in the STA

after STA-MCA anastomosis or a smaller D in the STA after

EDAS, more attention should be paid to the possibility of poor

collateral development.

This study also revealed that the preoperative EDV and

RI in the STA had a positive and negative correlation with

the collateral development, respectively, when adjusted for age,

Suzuki stage, and surgical method. This may be related to the

vascular elasticity of the STA itself or the ability of the STA

to regenerate collateral circulation (18). In the multivariant

analysis, low preoperative RI in the STA was the independent

factor of collateral development. Perhaps, high EDV and low RI

before surgery indicate that the STA has good vascular elasticity,

a strong ability to spontaneously form collaterals or some new

collaterals that have formed in the brain, so that it could supply

more collateral vessels to the brain after surgery, and vice versa

(Figures 4, 6). Our study also showed that the preoperative

D and FV of the STA in the good collateral development

group were obviously higher than those in the poor after STA-

MCA anastomosis. In the ROC curve analysis, the results also
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TABLE 5 Di�erences in STA ultrasound parameters between good and

poor collateral development groups after EDAS.

Good

collateral

development

Poor collateral

development

P

(n = 15) (n = 8)

Preoperative STA-D

(mm)

1.60 (0.80) 1.80 (0.653) 0.875

Preoperative STA-EDV

(cm/s)

16.00 (10.00) 10.50 (8.50) 0.040

Preoperative STA-RI 0.77 (0.15) 0.80 (0.11) 0.238

Preoperative STA-FV

(ml/min)

21.70 (20.91) 14.62 (7.88) 0.428

Postoperative STA-D

(mm)

1.90 (0.40) 1.65 (0.58) 0.019

Postoperative STA-EDV

(cm/s)

26.00 (17.00) 15.00 (10.00) 0.008

Postoperative STA-RI 0.59 (0.09) 0.75 (0.15) 0.008

Postoperative STA-FV

(ml/min)

41.03 (40.91) 17.81 (19.98) 0.005

STA-1D (mm) 0.40 (0.50) −0.10 (0.28) 0.002

STA-1EDV (cm/s) 7.00 (24.00) 3.50 (16.13) 0.238

STA-1RI −0.18 (0.22) −0.03 (0.17) 0.065

STA-1FV (ml/min) 16.04 (37.14) 1.53 (12.24) 0.016

STA, superficial temporal artery; EDAS, encephalo-duro-arterio-synangiosis; D, inner

diameter; EDV, end-diastolic velocity; RI, resistance index; FV, flow volume; 1, the

difference between postoperative and preoperative parameters.

indicated that both the preoperative D and FV of the STA had

an accuracy of 80.77% as the predictive indicator of collateral

development after STA-MCA anastomosis. Similarly, we also

found that the difference in preoperative EDV in the STA in

the good collateral development group was higher than that in

the poor, which had an accuracy of 82.61% as the predictive

indicator of collateral development after EDAS. These results

might suggest that it is feasible to assist clinicians in using

preoperative ultrasound parameters to predict the postoperative

curative effect on patients.

Our study also has some limitations. First, selection bias

could affect the sample because of the inclusion conditions and

the loss of follow-up in some patients. However, we attempted

to minimize selection bias by collecting consecutive patients.

Ultrasound also couldn’t quantitatively assess the amount of

postoperative neovascularization. In addition, no longer-term

follow-up for the postoperative patients was performed. Another

disadvantage of this study is that the clinician determined the

patient’s surgical method in advance based on the patient’s

clinical and hemodynamic data, so their comparisons with

postoperative collateral development for each surgery could

not be studied. Finally, this study did not combine cerebral

perfusion examination with prognostic analysis, which needs

further improvement in subsequent studies.

In conclusion, EDAS and STA-MCA anastomosis have

different effects on the anterior circulation, but they did not

have a noticeable effect on the posterior circulation. CDU

could be used as a non-invasive method to monitor STA

parameters before and after surgery for preoperative prediction

and postoperative evaluation of surgical collateral development

in MMD patients. Future prospective studies with large

sample sizes and long-term follow-up are needed to confirm

our findings.
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FIGURE 7

Di�erences in STA ultrasound parameters between good and poor collateral development groups after EDAS. STA, superficial temporal artery;

EDAS, encephalo-duro-arterio-synangiosis; D, inner diameter; CD, collateral development; EDV, end-diastolic velocity; RI, resistance index; FV,

flow volume; 1, the di�erence between postoperative and preoperative parameters.

TABLE 6 The cuto� values and AUC for the collateral development after STA-MCA anastomosis.

Cutoff Overall accuracy

(%)

Sensitivity

(%)

Specificity

(%)

PPV

(%)

NPV

(%)

AUC

(95% CI)

P

Preoperative STA-D (mm) 1.75 80.77 78.95 85.71 93.75 60.00 0.816 (0.578–1.000) 0.015

Preoperative STA-FV (ml/min) 16.43 80.77 84.21 71.43 88.89 62.50 0.756 (0.515–0.997) 0.049

Postoperative STA-EDV (cm/s) 16.50 92.31 94.74 85.71 94.74 85.71 0.883 (0.711–1.000) 0.003

Postoperative STA-FV (ml/min) 22.97 88.46 89.47 85.71 94.44 75.00 0.872 (0.708–1.000) 0.004

STA-1EDV (cm/s) 5.00 84.62 84.21 85.71 94.12 66.67 0.838 (0.642–1.000) 0.009

STA, superficial temporal artery; MCA, middle cerebral artery; PPV, indicates positive predictive value; NPV, negative predictive value; AUC, area under the Receiver Operating

Characteristic curve; CI, confidence interval; D, inner diameter; FV, flow volume; EDV, end-diastolic velocity; 1, the difference between postoperative and preoperative parameters.
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FIGURE 8

The AUC for the collateral development after STA-MCA

anastomosis. AUC, an area under the Receiver Operating

Characteristic curve; STA, superficial temporal artery; MCA,

middle cerebral artery; 1, the di�erence between postoperative

and preoperative parameters; EDV, end-diastolic velocity; Post,

postoperative; FV, flow volume; Pre, preoperative; D, inner

diameter.

FIGURE 9

The AUC for the collateral development after EDAS. AUC, area

under the Receiver Operating Characteristic curve; EDAS,

encephalo-duro-arterio-synangiosis; STA, superficial temporal

artery; 1, the di�erence between postoperative and

preoperative parameters; FV, flow volume; D, inner diameter;

Post, postoperative; RI, resistance index; EDV, end-diastolic

velocity; Pre, preoperative.

TABLE 7 The cuto� values and AUC for the collateral development after EDAS.

Cutoff Overall accuracy

(%)

Sensitivity

(%)

Specificity

(%)

PPV

(%)

NPV

(%)

AUC (95% CI) P

Preoperative STA-EDV (cm/s) 12.00 82.61 93.33 62.50 82.35 83.88 0.767 (0.523, 1.000) 0.039

Postoperative STA-D (mm) 1.75 78.26 80.00 75.00 85.71 66.67 0.796 (0.598, 0.993) 0.022

Postoperative STA-EDV (cm/s) 23.00 87.26 73.33 87.50 91.67 63.64 0.829 (0.632, 1.000) 0.011

Postoperative STA-RI 0.64 82.61 80.00 87.50 92.31 70.00 0.829 (0.632, 1.000) 0.011

Postoperative STA-FV (ml/min) 26.87 78.26 80.00 75.00 85.71 66.67 0.850 (0.676, 1.000) 0.003

STA-1D (mm) 0.15 86.96 80.00 100.00 100.00 72.73 0.879 (0.724, 1.000) 0.017

STA-1FV (ml/min) 11.46 78.26 73.33 87.50 91.67 63.64 0.808 (0.627, 0.990) 0.017

EDAS, encephalo-duro-arterio-synangiosis; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the Receiver Operating Characteristic curve; CI, confidence

interval; STA, superficial temporal artery; EDV, end-diastolic velocity; D, inner diameter; RI, resistance index; FV, flow volume; 1, the difference between postoperative and

postoperative parameter.

TABLE 8 The association of preoperative STA parameters with collateral development after revascularization surgery.

Parameter Univariate analysis# Corrected mode 1* Corrected mode 2† Multivariate analysis‡

OR 95% CI P OR 95% CI P OR 95% CI P OR 95% CI P

STA-D 3.60 0.603–21.450 0.160 4.30 0.66–27.91 0.126 3.85 0.57–25.97 0.166 - - -

STA-EDV 1.15 0.99–1.34 0.067 1.16 0.99–1.36 0.061 1.22 1.03–1.44 0.023 - - -

STA-RI 2.50E-5 4.66E-10–1.33 0.057 3.00E-6 2.10E-11–0.50 0.038 8.62E-7 3.56E-12–0.21 0.027 4.00E-6 4.21E-11–0.428 0.035

STA-FV 1.05 0.99–1.11 0.112 1.06 0.992–1.12 0.093 1.06 0.994–1.13 0.076 - - -

STA, superficial temporal artery; OR, odds ratio; CI, confidence interval; D, inner diameter; EDV, end-diastolic velocity; RI, resistance index; FV, flow volume.
#Univariate analysis: the univariate binary logistic regression method was used.
*Corrected mode 1: adjusting for patient age.
†Corrected mode 2: adjusting for patient age, Suzuki stage, and surgical method.
‡Multivariate analysis: the multivariate binary logistic regression method based on likelihood ratio was used.
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