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Objective: Combined bypass is commonly used in adult Moyamoya disease (MMD)

for revascularization purposes. The blood flow from the external carotid artery system

supplied by the superficial temporal artery (STA), middle meningeal artery (MMA), and

deep temporal artery (DTA) can restore the impaired hemodynamics of the ischemic

brain. In this study we attempted to evaluate the hemodynamic changes of the STA

graft and predict the angiogenesis outcomes in MMD patients after combined bypass

surgery by using quantitative ultrasonography.

Methods: We retrospectively studied Moyamoya patients who were treated by

combined bypass between September 2017 and June 2021 in our hospital. We

quantitatively measured the STA with ultrasound and recorded the blood flow,

diameter, pulsatility index (PI) and resistance index (RI) to assess graft development

preoperatively and at 1 day, 7 days, 3 months, and 6 months after surgery. All

patients received both pre- and post- operative angiography evaluation. Patients were

divided into either well- or poorly-angiogenesis groups according to the transdural

collateral formation status on angiography at 6 months after surgery (W group or

P group). Patients with matshushima grade A or B were divided into W group.

Patients with matshushima grade C were divided into P group, indicating a poor

angiogenesis development.

Results: A total of 52 patients with 54 operated hemispheres were enrolled, including

25 men and 27 women with an average age of 39 ± 14.3 years. Compared to

preoperative values, the average blood flow of an STA graft at day 1 postoperation

increased from 16.06 ± 12.47 to 117.47± 73.77 (mL/min), diameter increased from

1.14 ± 0.33 to 1.81 ± 0.30 (mm), PI dropped from 1.77 ± 0.42 to 0.76 ± 0.37, and

RI dropped from 1.77 ± 0.42 to 0.50 ± 0.12. According to the Matsushima grade at

6 months after surgery, 30 hemispheres qualified as W group and 24 hemispheres as

P group. Statistically significant di�erences were found between the two groups in

diameter (p = 0.010) as well as flow (p = 0.017) at 3 months post-surgery. Flow also

remained significantly di�erent at 6 months after surgery (p = 0.014). Based on GEE

logistic regression evaluation, the patients with higher levels of flow post-operation

were more likely to have poorly-compensated collateral. ROC analysis showed that

increased flow of ≥69.5 ml/min (p = 0.003; AUC = 0.74) or a 604% (p = 0.012; AUC

= 0.70) increase at 3 months post-surgery compared with the pre-operative value
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is the cut-o� point which had the highest Youden’s index for predicting P group.

Furthermore, a diameter at 3 months post-surgery that is ≥0.75mm (p = 0.008; AUC

= 0.71) or 52% (p =0.021; AUC = 0.68) wider than pre-operation also indicates a high

risk of poor indirect collateral formation.

Conclusions: The hemodynamic of the STA graft changed significantly after

combined bypass surgery. An increased flow of more than 69.5 ml/min at 3 months

was a good predictive factor for poor neoangiogenesis in MMD patients treated with

combined bypass surgery.
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Moyamoya, ultrasonic, combined bypass surgery, hemodynamics, revascularization, forecast

1. Introduction

Moyamoya disease (MMD) is an idiopathic chronic

cerebrovascular disorder caused by progressive occlusion of

the bilateral terminal internal carotid artery (ICA) and its

main branches, accompanied by basal collateral formation.

To date, a growing number of studies support the use of

combined bypass, which has a significant therapeutic effect, as

the preferred option of treatment (1, 2). As a combination of

direct and indirect bypass, combined bypass surgery provides

better revascularization for the adult MMD population by

both an instant increase in blood flow from direct anastomosis

and subsequent spontaneous ingrowth of collaterals from the

indirect bypass (3, 4). Previous studies have reported that

neoangiogenesis and improvement of intracranial perfusion in

the surgical area during follow-up leads to varied outcomes

after surgery (4, 5). Although the STA graft is located outside

the skull, its haemodynamic changes may indicate intracranial

compensatory collateral and clinical prognosis (6, 7). Many studies

have tracked changes in grafts after surgery; however, there is

still a lack evidence to substantiate the notion that combined

direct/indirect bypass can provide temporary complementary

revascularization (8–10).

Cerebral angiography is the gold standard tool for follow-up

after combined revascularization surgery in patients with Moyamoya

disease, and the standard grading based on Digital Subtraction

Angiography (DSA) angiography of collateral circulation proposed

by Matsushima et al. could provide a good assessment of efficacy

(11–13). However, the invasiveness and radiation exposure of

this program impede regular DSA examination (14–17). In many

clinical situations, ultrasonography is the preferred non-invasive

method for the evaluation of blood flow (18). Our previous

studies have shown that quantitative ultrasonography of STA has

a direct role in evaluating long-term revascularization in patients

(19). However, its usefulness in the early follow-up of post-

operative neovascularization remains unclear. This study aimed

to correlate the ultrasound parameters and the haemodynamic

changes in the STA of patients with Moyamoya disease after

combined revascularization with the angiographic Matsushima

grade to explore the role of quantitative ultrasound as a follow-

up tool.

2. Clinical material and methods

2.1. Patient selection

This study was approved by the Institutional Review Board

of Nanfang Hospital. Patients newly diagnosed with MMD by

cerebral angiography between September 2017 and June 2021 at

Nanfang Hospital of Southern Medical University were prospectively

registered in the current study. We obtained informed consent

from all patients in writing and orally. Inclusion criteria were as

follows: (1) clear indications for surgery and patient or family

members’ signed informed consent agreeing to the surgery; (2)

the patient received combined bypass surgery (superficial temporal

artery-middle cerebral artery bypass combined with encephalo-dura-

myo-synangiosis); (3) ultrasound examination was performed before

operation and at 1 day, 7 days, 3 months, and 6 months after

operation; and (4) DSA angiography was performed at 6 months

after surgery to evaluate the effect of surgery. The exclusion criteria

were as follows: (1) the patient refused surgery; (2) the follow-up data

(ultrasonography at any time point) was missing.

All patients were evaluated by Modified Rankin scale (mRS)

and Suzuki stage according to body function and pre-operative

DSA angiography. Modified Rankin scale (mRS): 0, no symptoms;

1, no significant disability, despite symptoms; 2, slight disability;

3, moderate disability; 4, moderately severe disability; 5, severe

disability; 6, dead. Suzuki stage: stage 1, Stenosis of the distal end

of the ICA; stage 2, Stenosis of main intracranial arteries and the

forming of the Moyamoya; stage 3, The ICA was further narrowed or

occluded, involving the middle cerebral artery (MCA) and anterior

cerebral arteries (ACA), and the Moyamoya were more obvious.;

stage 4, The whole Willis circle and even the posterior cerebral artery

(PCA) were occluded, and extracranial collateral circulation formed;

the Moyamoya began to decrease.; stage 5, Reduction of Moyamoya;

stage 6, The ICA and its branches were completely occluded and the

moyamoya disappeared; the blood supply to the brain was completely

dependent on the collateral circulation of the external carotid artery

(ECA) and the vertebral-basilar artery system.

According to the Matsushima grading at 6 months post-

operation, patients were grouped into two groups (grade A: collateral

compensation filling of greater than two thirds of the cortical

surface in the territory; grade B: between one third and two thirds;

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2023.1115343
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Chen et al. 10.3389/fneur.2023.1115343

TABLE 1 Comparisons of the demographics and clinical characteristics of

the well-compensated collateral group (W group) and poorly-compensated

collateral group (P group).

Parameters Group P-value

W P

Case number 28 24

Hemisphere number 30 24

Age, years 32.6± 13.0 50.6± 7.7 0.000

Gender 0.169

Male 15 (54%) 10 (42%)

Female 13 (46%) 14 (58%)

Bypass side 0.207

Left 20 (67%) 11 (46%)

Right 10 (33%) 13 (54%)

Suzuki stage 0.639

2 2 (7%) 1 (4%)

3 7 (23%) 6 (25%)

4 13 (44%) 9 (38%)

5 7 (23%) 7 (29%)

6 1 (3%) 1 (4%)

Admission mRS 0.883

1 14 (46%) 9 (38%)

2 8 (27%) 11 (46%)

3 5 (17%) 2 (8%)

4 3 (10%) 2 (8%)

grade C: less than one third). Patients with Matsushima grade A

or B were allocated to the well-compensated collateral group (W

group) and patients with Matsushima grade C were allocated to

the poorly-compensated collateral group (P group). The angiograms

were evaluated by two independent observers, and divergence was

adjudicated by a third doctor.

2.2. Ultrasonography examination of graft

Weperformed an ultrasound study using duplex ultrasonography

and B-mode to examine the graft using Toshiba Aplio 500 machines

at our hospital. Two senior neuroradiologists reviewed and recorded

the ultrasonography images independently; neither of them were

involved in the surgery and they were blinded to the clinical

information. The patient was placed in a supine position to maintain

the incident angle of 60◦ or less between the STA and the Doppler

beam. Probing the artery trunk of the STA in front of the tragus,

we gradually traced along the trunk to the distal end until the STA

entered the skull. Branch vessels were confirmed to be operated upon,

and the junction of the intracranial-extracranial segment was selected

as the check point. If a double barrel was involved, the check point

was changed to a location 3–5mm proximal to the bifurcation of the

frontal and parietal branches of the STA.

The blood flow (ml/min), diameter (mm), pulsatility index (PI),

and resistance index (RI) values were calculated automatically by

the software and recorded when the measurement was usable. The

recorded diameter is themaximum internal diameter of a blood vessel

during cardiac contraction. The recorded flow is the average blood

flow over a complete cardiac cycle. The RI value reflects the elasticity

of the vascular wall and the resistance at the distal end of the blood

flow. It equals to (Vs-Vd)/Vs, (Vs: peak systolic flow velocity, Vd: end

FIGURE 1

Typical STA grafts with di�erent groups showed at post-operate 7 day and post-operate 6 month. In well-compensated collateral group (W group), (A)

post-operative 7 day DSA showed the patency of grafts, (B) with a high flow rate of 148 ml/min in the ultrasonography examination. (C) Post-operative 6

month DSA confirmed a well-compensated collateral, (D) with a flow rate of 65 ml/min in the ultrasonography examination. In poorly-compensated

collateral group (P group), (E) post-operative 7 day DSA showed the patency of grafts, (F) with a high flow rate of 85 ml/min in the ultrasonography

examination. (G) Post-operative DSA confirmed a poorly-compensated collateral, (H) with a flow rate of 105 ml/min in the ultrasonography examination.
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TABLE 2 Comparisons of the ultrasonic hemodynamic indicators in

di�erent time point of the well-compensated collateral group (W group)

and poorly-compensated collateral group (P group).

Parameters Group P-value

W P

Pre-operative

Diameter (mm) 1.17± 0.34 1.07± 0.29 0.280

Flow (ml/min) 17.4± 13.8 13.3± 9.5 0.228

PI 1.88± 0.44 1.61± 0.36 0.022

RI 0.77± 0.06 0.74± 0.09 0.077

Post 1 day

Diameter (mm) 1.74± 0.27 1.89± 0.31 0.063

Flow (ml/min) 116.0± 69.2 115.1± 80.2 0.966

PI 0.76± 0.46 0.78± 0.22 0.879

RI 0.48± 0.14 0.52± 0.09 0.350

Post 7 day

Diameter (mm) 1.81± 0.31 1.85± 0.33 0.656

Flow (ml/min) 121.9± 64.5 106.1± 47.8 0.360

PI 0.87± 1.25 0.70± 0.25 0.537

RI 0.46± 0.16 0.48± 0.11 0.708

Post 3 month

Diameter (mm) 1.56± 0.39 1.83± 0.35 0.010

Flow (ml/min) 62.6± 51.8 97.5± 49.3 0.017

PI 0.71± 0.39 0.62± 0.17 0.339

RI 0.46± 0.16 0.44± 0.09 0.583

Post 6 month

Diameter (mm) 1.75± 0.40 1.90± 0.37 0.167

Flow (ml/min) 58.3± 37.9 92.9± 61.1 0.014

PI 0.81± 0.39 0.82± 0.39 0.880

RI 0.51± 0.11 0.53± 0.14 0.578

diastolic flow velocity). Pi value reflects the activity, hardness and the

resistance of blood vessel during the whole cardiac cycle. It equals

to (Vs-Vd)/Vm (Vm: Space Peak time average velocity, the average

value of flow velocity at each point during the whole cardiac cycle).

Ultrasound examination was conducted for patients pre-

operatively, and follow-ups were scheduled at 1 day, 7 days, 3months,

and 6 months after surgery. Ultrasonographic data were recorded

only according to the examination results, and data acquisition was

blinded to the angiographic results.

2.3. Brief description of surgical procedure

All patients underwent combined bypass surgery performed by

two experienced surgeons using a standard procedure. A question

mark flap was used on the surgical side, turned over after skin

incision, and the branch of the STA was freed. To protect the

deep temporal artery network, the surgeon carefully separated the

entire temporalis muscle (in order to avoid vascular pressing, the

encephalo-myo-synangiosis part was abandoned if the thickness of

the temporalis muscle exceeded 0.8 cm; these patients were excluded

from the present study). After removal of the bone flap, the dura was

opened in a fan fashion, under the premise of protecting the integrity

of the middle meningeal artery. End-to-side anastomosis of the

parietal branch of the STA with the M4 branch of the middle cerebral

artery (MCA) was performed, followed by extracranial location of the

frontal branch of the STA (if the parietal branch was underdeveloped

or there was no parietal branch, the frontal branch was used to

replace it). After successful anastomosis, intraoperative indocyanine

green fluorescence angiography was performed to evaluate graft

patency. When the patency of the anastomosis was confirmed, the

dura mater was inverted and adhered to the surface of the brain and

the temporalis muscle was sutured to the dura at the edge of the

bone window. After the bone flap was trimmed (leaving space for the

temporal muscle and the graft vasculature to enter the cranial cavity),

it was reposited and fixed.

Routine computed tomography (CT) of the head was performed

to assess whether there was infarction or bleeding post-operatively.

Repeated perfusion CT was performed at 7 days post-surgery to

evaluate the improvement in cerebral perfusion.

2.4. Statistical analysis

Continuous data are presented as mean ± standard deviation

(SD), and the Student’s independent t-test was used to compare the

mean differences between the well-compensated (W) and poorly-

compensated (P) groups. To further investigate the association

between the index (diameter, flow, PI, RI) and DSA level (W vs. P),

a logistic regression using a generalized estimating equation (GEE)

model was used. The results for all patients were measured at five

time points: baseline (Pre), day 1 (D1), day 7 (D7), month 3 (M3),

and month 6 (M6). The change (difference) between adjacent time

points for each index was also used in the analysis, including D1 -

Pre, D7 - D1, M3 - D7, and M6 - M2. An Autoregressive Process

(1) correlation matrix was adopted for the repeated-measure data. A

logistic regression coefficient odds ratio (OR) was calculated. A result

of p< 0.05 would be recognized significant in each two-tailed test. All

analyses were performed using SPSS version 25 (SPSS Statistics V25,

IBM Corporation, Armonk, New, USA).

3. Results

From September 2017 to June 2021, a total of 472 patients

with Moyamoya disease were admitted to the Department of

Neurosurgery of Nanfang Hospital, 72 of whom did not receive

combined bypass, and 349 patients had incomplete post-operative

ultrasound data (307 patients lacked complete ultrasound follow-

up data; 42 had no 6-month DSA review). Finally, 52 patients

(male/female = 25/26) aged 10–58 years (mean, 39.9 ± 14.3 years)

with 54 surgically treated hemispheres were included in this study.

Baseline demographic data are shown in Table 1. Among them, there

were 3 cases in pre-operative Suzuki stage 2, 13 cases in stage 3, 22

cases in stage 4, 14 cases in stage 5, and 2 in stage 6; the admission

mRS score was 1 in 23 cases, 2 in 19, 3 in 7, and 4 in 5. There

were no statistical differences in baseline data between the sample

of patients included in the study and all admitted patients. The
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FIGURE 2

The comparison of ultrasonographic parameters between the two groups in di�erent time point, and the total tendency of di�erent hemodynamics

indicators. (A) The diameter at pre-operation. (B) The flow at pre-operation. (C) The PI at pre-operation. (D) The RI at pre-operation. (E) The diameter at

post-operative 1 day. (F) The flow at post-operative 1 day. (G) The PI at post-operative 1 day. (H) The RI at post-operative 1 day. (I) The diameter at

post-operative 7 day. (J) The flow at post-operative 7 day. (K) The PI at post-operative 7 day. (L) The RI at post-operative 7 day. (M) The diameter at

post-operative 3 month. (N) The flow at post-operative 3 month. (O) The PI at post-operative 3 month. (P) The RI at post-operative 3 month. (R) The

diameter at post-operative 6 month. (S) The flow at post-operative 6 month. (T) The PI at post-operative 6 month. (U) The RI at post-operative 6 month.

(V) The total tendency of diameter. (W) The total tendency of flow. (X) The total tendency of PI. (Y) The total tendency of RI. **P < 0.01.

demographic data are shown in Supplementary Table 1. A total of

30 hemispheres were grouped into the W group and 24 into the P

group according to the DSA examination results. Post-operative CT

showed no new hemorrhage or infarction, and CT perfusion imaging

showed that cerebral blood flow (CBF) and mean transit time (MTT)

significantly improved after surgery. The patients’ average discharge

mRS score was 0. Except the age composition, there were no statistical

differences in age, sex, and bypass side between the groups.
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The post-operative angiographic and ultrasonographic patterns

in two representative cases are shown in Figure 1. The first patient

(W group) had a low-resistance flow pattern in the STA on

ultrasonography, while the second patient (P group) showed a highly

resistant flow pattern.

The ultrasonographic parameters of STA are listed in Table 2.

There were no significant pre-operative differences in STA

hemodynamics between the two groups (Figure 2). The same

pattern of haemodynamic improvement was observed in both

groups at follow-up. Compared with pre-operation, the diameter

and flow of the graft increased significantly in the short term (3

months) after surgery, while the RI and PI decreased significantly.

Six months after surgery, the flow and mean diameter of the graft

decreased, but there were still significant differences compared

with those before surgery. In the short-term (3 months) after the

operation were significant differences in the flow and diameter

observed between the two groups. Compared with W group,

the P group maintained higher flow and wider diameter at 3

months post-operatively (P = 0.012/0.008). This discrepancy

in flow even persisted for 6 months or more (P = 0.013).

However, no statistical differences in RI and PI were found

during the follow-up.

To explore the effects of different haemodynamic parameters on

post-operative revascularization in patients, we performed a GEE

logistic regression evaluation (Table 3). Significant estimated ORs

were only found in the index flow (P = 0.039); the results showed

that patients with higher levels of flow were more likely to be in

the P group.

Based on this finding, we set pre-operative haemodynamic

parameters as baseline and attempted to determine cut-off points

for parameter changes corresponding to the P group using

receiver operating characteristic (ROC) analysis. Table 4 shows

the sensitivity, specificity, Youden’s index, and cut-off values of

ultrasonographic parameters in the prediction of the P group by

the 11 day (changes between preoperative and post-operative 1

day), 17 day, 13 month, and 16 month, as well as 11 day

ratio (changes ratio between preoperative and post-operative 1

day), 17 day ratio, 13 month ratio, and 16 month ratio in the

STA. Of note, an increase in STA blood flow of 69.5 ml/min or

604% at 3 months after surgery indicated a high risk of poor

post-operative collateral compensation. Moreover, if the diameter

of the STA increased by 0.75mm or 52% at 3 months after

surgery, this indicated a high risk of poor post-operative collateral

compensation. Figure 3 shows the results of the ROC analysis for

the prediction of the P group, and the details of each parameter are

also shown.

4. Discussion

This study showed that the grafts of Moyamoya patients

who underwent combined bypass had time-related haemodynamic

alterations. These alterations in the STA could suggest different

neovascularization patterns in the future. Therefore, we believe

that quantitative ultrasound of the STA can be used early in the

post-operative period to determine the long-term outcomes of

combined bypass surgery in patients with Moyamoya disease. An

increase in blood flow ≥69.5 ml/min or 604% and the expansion of

diameter ≥0.75mm or 52% in the post-operative 3 month period,

TABLE 3 GEE analysis of relationships between well-compensated

collateral group (W group) and poorly-compensated collateral group (P

group) at post-operative.

Parameters OR 95%CI P

Diameter (mm) 1.00001 0.99998–1.00005 0.523

Flow (ml/min) 1.0000001 1.000000007–1.0000003 0.039

PI 0.999996 0.99998–1.000009 0.543

RI 1.00001 0.99995–1.00008 0.686

compared with the pre-operative period, suggested poor collateral

compensation in the long-term. This may be helpful for clinical

interpretation; however, further validation with more cases is needed.

Although we found differences in the age composition in baseline

between the two groups, that does not preclude our analysis of the

hemodynamics. This age-related phenomenon was considered to

conform to clinical experience. Ken Kazumata et al showed that the

incidence of postoperative stroke in children with moyamoya disease

was significantly lower than in adults (20). Thines et al. also found

better Neovascularization rates in children after bypass surgery for

moyamoya disease (21). The formation of moyamoya disease and

collateral compensation after bypass surgery are generally considered

to be associated with increased angiogenesis (22–24). Several factors

that promote angiogenesis are thought to be age-related, angiogenic

factors are more secreted in the young than in the old (25–27). That

makes younger individuals appear to have better revascularization

capacity than older patients (28). In addition, hemodynamics is

also an important factor in stimulating angiogenesis. The pressure

of vessel wall and shear stress of blood flow not only stimulate

endothelial migration and promote angiogenesis, but also reflect the

state of angiogenesis (29–31). This is the focus of this research.

The changes in the ultrasonographic parameters of STA

demonstrated that the flow and diameter of the graft would

increase significantly after the operation. The features of the

graft’s hemodynamics would convert from the original type (high-

resistance and low-exhaust) to a compensatory type (low-resistance

and high-exhaust) during the post-operation period (32–34). As

time progressed, the graft adapted to the growth of collateral

compensation, and hemodynamics began to stabilize and gradually

recover (35, 36). This is mainly related to the resistance changes

in the vascular network distal to the graft (37). The STA originally

coursed through the galeal aponeurosis and subcutaneous fascia to

supply the scalp and had a typical high-resistance terminal distal

vessel. After separation and displacement from under the skin flap,

the STAwas sutured to the cerebral cortical artery. The distal vascular

network of the STA immediately transformed into a low-resistance

middle cerebral artery vascular network which suffered long-term

ischaemia, and the resistance index dropped significantly (38). In

our previous study, at 1 day, 7 days, 3 months, and 6 months after

STA-MCA direct bypass surgery, the flow graft was 106.7, 112.6,

97.4, and 79.7 ml/min, respectively (19). This was consistent with the

overall alteration trend of graft flow after combined bypass in this

study in the well-compensated collateral group (W group), and the

poorly-compensated collateral group (P group). This suggests that

haemodynamic changes after combined bypass surgery are primarily

caused by the direct bypass segment (39).
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TABLE 4 Pre-operative hemodynamic parameters as the baseline to determine cut-o� points for parameter changes corresponding to poorly-compensated

collateral group (P group) by receiver operating characteristic (ROC) analysis.

Parameters AUC (95% CI) P-value Sensitivity Specificity Youden’s
index

Cut-o�

1d-pre

D 0.61 (0.45–0.77) 0.159

flow 0.49 (0.33–0.64) 0.855

PI 0.66 (0.50–0.82) 0.064

RI 0.68 (0.52–0.83) 0.038 0.61 0.75 0.36 −0.26

1d-pre ratio

D 0.59 (0.43–0.75) 0.081

flow 0.53 (0.38–0.69) 0.676

PI 0.66 (0.50–0.82) 0.057

RI 0.67 (0.51–0.82) 0.052

7d-pre

D 0.54 (0.36–0.71) 0.695

flow 0.44 (0.28–0.61) 0.519

PI 0.64 (0.47–0.80) 0.117

RI 0.65 (0.49–0.82) 0.087

7d-pre ratio

D 0.53 (0.36–0.71) 0.715

flow 0.53 (0.36–0.70) 0.739

PI 0.63 (0.46–0.80) 0.144

RI 0.63 (0.46–0.80) 0.144

3m-pre

D 0.71 (0.57–0.86) 0.008 0.63 0.87 0.39 0.75

flow 0.74 (0.60–0.87) 0.003 0.67 0.87 0.43 69.5

PI 0.59 (0.43–0.75) 0.294

RI 0.55 (0.39–0.72) 0.522

3m-pre ratio

D 0.68 (0.54–0.83) 0.021 0.71 0.67 0.38 0.52

flow 0.70 (0.56–0.85) 0.012 0.63 0.80 0.43 6.04

PI 0.57 (0.40–0.73) 0.409

RI 0.54 (0.37–0.70) 0.655

6m-pre

D 0.61 (0.46–0.76) 0.166

flow 0.68 (0.53–0.82) 0.028 0.42 0.90 0.32 91

PI 0.63 (0.48–0.79) 0.111

RI 0.62 (0.46–0.78) 0.141

6m-pre ratio

D 0.61 (0.46–0.76) 0.164

flow 0.65 (0.51–0.80) 0.056

PI 0.61 (0.45–0.77) 0.187

RI 0.60 (0.44–0.76) 0.213
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FIGURE 3

AUC analysis of receiver-operating characteristics. Preoperative data were used as baseline to discriminating well-compensated collateral group (W

group) from poor-compensated collateral group (P group) in post-operative 3 month by receiver operating characteristic (ROC) analysis. (A) The cut-o�

value for the widened diameter of the STA graft was 0.75mm, with the AUC of 0.71. (B) The cut-o� value for the increased flow of the STA graft was 69.5

ml/min, with area under curve (AUC) of 0.74; (C) The cut-o� value for the widened diameter ratio of the STA graft was 52%, with the AUC of 0.68; (D) The

cut-o� value for the increased flow ratio of the STA graft was 604%, with area under curve (AUC) of 0.70. (E) The comparison between the 4 models.

In this study, a subgroup analysis was performed according

to the results of DSA angiography review 6 months after surgery.

There was no significant difference in the hemodynamics of the

graft between the well-compensated collateral group (W group)

and the poorly-compensated collateral group (P group) in the

short-term post-operative period. However, significant differences

in STA flow and diameter were observed between the two groups

at 3 months post-operation, which is thought to be due to

the indirect bypass segment (40–42). Indirect revascularization

procedures induce neovasculogenesis in the leptomeningeal vascular

system by placing highly vascularised tissues, such as vessels, dura,

temporalis muscles, periosteum, or galea, on the brain surface.

Thus, transdural and transpial collateral establishment is a key point

that should be evaluated in patients with Moyamoya disease after

indirect bypass surgery (18, 39). In an imaging follow-up study

conducted by Houkin et al., MRA showed that the deep temporal

artery and middle meningeal artery were significantly thickened to

form collateral circulation to compensate intracranially at 3 months

after Moyamoya combined bypass surgery (43–45). Charbel et al.

conducted a quantitative study on MRA in patients with Moyamoya

disease after combined bypass surgery and found a complementary

relationship between revascularization of the direct and indirect
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bypass parts (8). The graft flow showed a significant 69% decrease

at the 6-month post-operative time point, and this downward

trend appeared 2–3 months post-operatively. After the formation

of collateral circulation, the ischaemia of the patients in the well-

compensated collateral group (W group) improved gradually, and the

burden of the graft decreased. Therefore, compared with the poorly-

compensated collateral group without indirect compensation, there

was a gradual decline in haemodynamic trends, a decrease in the flow

and diameter, and an increase in the resistance and pulsatility index

(2, 42, 46). This is consistent with the dynamic complementarity

between the direct and indirect parts of the combined bypass surgery,

as suggested by previous studies (8, 39). Using ROC analysis with pre-

operative parameters as baseline, we found that if STA blood flow was

still higher than the pre-operative 69.5 ml/min or 604% and diameter

was wider than the pre-operative 0.75mm or 52% at 3 months

post-operatively, the risk of poor post-operative compensation was

high. This confirms the role of indirect bypass in joint bypass, but

also provides a possibility for us to use ultrasound to evaluate the

long-term effect of the operation in the early stage.

To date, DSA angiography remains the gold standard for the

diagnosis and review of cerebrovascular disease; however, there is

a 0.1–0.3% risk of permanent complications (47–49). During the

examinations, patients experience pain and require expensive bed rest

after surgery. This makes DSA difficult to perform in an outpatient

clinic. Although non-enhanced Timeflight-MRA is a non-invasive

method, it still has the disadvantages of being time-consuming

and expensive, and it cannot be used for patients with metals,

pacemaker implants, and claustrophobia (50–52). Compared with

the former two methods, quantitative ultrasonography is a non-

invasive, repeatable, outpatient imaging follow-up method (19, 38).

The patient examination process is comfortable, inexpensive, and

suitable for multiple long-term examinations. The present study

used quantitative ultrasonography imaging to show a significant

correlation between ultrasonic haemodynamic parameters and the

conditions of compensated collaterals in patients with Moyamoya

disease after combined bypass surgery. Quantitative ultrasonography

not only provides a good description of haemodynamic changes but

also predicts collateral compensation at 6 months post-operation

in the early period (3 months post-operatively). Therefore, we

believe that quantitative ultrasonography may be a useful tool

for follow-up of patients with Moyamoya disease after indirect

revascularization surgery. We also proposed cut-off points for

post-operative change values and the rate of change of flow and

diameter in the STA. This is helpful for the early prediction

and intervention of poor collateral circulation compensation after

combined bypass surgery.

This study had several limitations. First, the number of patients

included in the analysis was low. Due to geographical factors,

it is difficult for patients who are far away to return to the

hospital to complete follow-up according to the doctor. All the

examinations and operations were performed in our hospital,

which made the selection of patients biased. It is difficult to

accurately assess collateral circulation formed after indirect bypass

using ultrasonography. It cannot directly quantify the amount of

neovascularization, and it is difficult to assess the blood flow

of the middle meningeal artery, which is deep and has a large

anatomical location. Intra-observer variation is a potential problem

in ultrasound examinations.

5. Conclusions

Ultrasonographic findings of the STA correlated well with the

extent of neovascularization. After combined bypass surgery in

patients with Moyamoya disease, the hemodynamics of the STA

changed significantly in a short time. Along with the adaptation

and compensation of the graft, the blood flow will be lower and

the diameter will be thinner at 3 months post-operation. This may

be the beginning of angiogenesis and the key timepoint to promote

the establishment of collaterals. For patients with ultrasonographic

findings indicating insufficient drop in flow and coarctation in

diameter, interventions could be considered early.
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