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Moyamoya disease (MMD) suffers from impaired cerebrovascular hemodynamics and high 
perioperative complications occurrence. This study aims to propose and evaluate the relationship 
between intraoperative hemodynamics and perioperative complications, and propose a potential 
compensatory self-recirculation network in MMD. We prospectively enrolled 63 MMD patients 
undergone combined revascularization, and patients were divided into decreased and increased group 
according to decreased and increased microvascular transit time (MVTT), respectively. Mean age of all 
patients was 45.9 ± 9.4 years. The post-bypass hyperperfusion syndrome occurrence was significantly 
higher in the decreased MVTT group, and the cerebral infarction occurrence was significantly higher 
in the increased MVTT group. For the hemodynamics of the recipient artery around anastomosis, the 
parameters of distal site demonstrated a significant higher intensity and shorter time in the decreased 
MVTT group, while the parameters of the proximal site demonstrated a significant higher intensity and 
shorter time in the increased MVTT group. Pre-bypass and post-bypass collision of blood flow in artery 
and vein were firstly observed and illustrated. Intraoperative hemodynamics showed close relationship 
with perioperative complications. The blood flow of MMD seems to develop a unique compensatory 
self-recirculation system and contribute to the clinical complications, providing a new insight to the 
clinical management the pathology of the disease.
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Abbreviations
MMD	� Moyamoya disease
CDUS	� Color Doppler Ultrasonography
MVTT	� The microvascular transit time
HPS	� Post-bypass hyperperfusion syndrome
BFI	� Blood flow index
CBF	� Cerebral blood flow
ICG	� Indocyanine green
STA-MCA	� Superficial temporal artery to middle cerebral artery
EDAS	� Encephalo-duro-arterio-synangiosis
MRI	� Magnetic resonance imaging
MRA	� Magnetic resonance angiography

Moyamoya disease (MMD) is a chronic cerebrovascular disease characterized by progressive stenosis of the 
terminal internal carotid arteries and their proximal branches1. The detailed pathogenesis of MMD is still not 
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fully understood. The moyamoya, Japanese for "puff of smoke," refers to the appearance on cerebral angiography 
of an abnormal collateral vascular network at the base of the brain2. Moyamoya-associated collaterals are 
generally dilated perforating arteries that are believed to be a combination of preexisting and newly developed 
vessels3,4. Suzuki’s angiographic grading system divided the moyamoya vessels into six stages, indicating the 
chronological order of the compensatory reorganization process around Willis’ circle2. Meanwhile, blood flow 
reduction in the major cerebral anterior circulation leads to compensatory development of collateral vasculature 
in the brain parenchyma and on the surface of the brain. This reorganization involves small vessels near the apex 
of the carotid, on the cortical surface, leptomeninges, and branches of the external carotid artery5–7. The collateral 
pathway formed in the brain serves as a unique vascular network. Therefore, we hypothesized that MMD exhibits 
a distinct, undescribed cerebrovascular circulation network with its own blood flow redistribution.

Surgical treatment is the most effective method. Hemodynamic alteration has been detected using 
FLOW8008–10 and Color Doppler Ultrasonography (CDUS)11,12. However, the mechanism of hemodynamic 
alteration on the function remains unclear. The correlation between reduction in the microvascular transit time 
(MVTT) and post-bypass hyperperfusion syndrome (HPS) was explored and significantly decreased MVTT after 
bypass was found13. In our work, on the contrary, we observed increased MVTT and bidirectional fluctuation of 
blood flow hedging using intraoperative FLOW800. Reduction of blood flow could lead to ischemic stroke and 
result in damage to the neuronal networks, neuronal plasticity during stroke recovery has been demonstrated14. 
Cerebral hemodynamics, brain connectivity and cognitive changes revealed significant differences compared 
with controls before and after revascularization15–18. Chronic vascular occlusion and blood flow redistribution 
are the root of these damages, however, few studies focused on the circulation network. We speculated that 
cerebrovascular plasticity generates the recirculation network and redistribute the cerebral blood flow, then 
contribute to the disorder of hemodynamics.

In this study, we employed intraoperative FLOW800 to analyze the pre-bypass and post-bypass hemodynamics 
during revascularization. Adult MMD patients were divided into two groups based on decreased and increased 
MVTT. The aims of the study are: (a) explore hemodynamics around anastomosis sites; (b) investigate the 
occurrence of perioperative implications; (c) illustrate the phenomenon of blood flow hedging before and after 
revascularization.

Materials and methods
Patients
Patients who met the inclusion and exclusive criteria from 2022 to 2023 were enrolled, and clinical data were 
analyzed. The inclusion criteria included: (1) all patients were diagnosed with MMD according to the guideline19 
(2021 revised version), (2) adult patients with age over 18 years old, (3) competed FLOW800 analysis before 
and after direct revascularization bypass. Exclusive criteria included: (1) age under 18  years old, (2) stroke 
within 1  month when underwent the bypass surgery, (3) underwent indirect revascularization or the donor 
STA was confirmed to have poor patency in direct revascularization. For the management of blood pressure, 
the intraoperative systolic blood pressure was maintained at around 120 mmHg to ensure sufficient cerebral 
perfusion and avoid acute ischemic. If patients have hypertension disease, the systolic blood pressure was 
maintained at around 120–130 mmHg after bypass surgery, or the systolic blood pressure was maintained at 
around 110–120 mmHg during the postoperative period.

The study was approved by the Ethics Committee of The First Affiliated Hospital of Zhengzhou University. 
The study was performed in accordance with the Declaration of Helsinki. STROBE guideline was planned and 
conducted in the observational study20 and informed consent was obtained from all subjects.

Surgical procedure
The general procedure was as follows: When preparing for work, 25  mg of indocyanine green (ICG) was 
dissolved in 10 ml of normal saline in each bolus. Firstly, the superficial temporal artery was fully exposed and 
carefully separated. Then, the dura mater was cut and the appropriate middle cerebral artery (MCA) branch 
was selected. After temporarily obstructing the blood flow, a single anastomosis of superficial temporal artery 
to middle cerebral artery (STA-MCA) is performed through end-to-side anastomosis. Subsequently, ICG was 
injected into the cubital vein and fluoroscopy was performed. The patency of the anastomosis was confirmed, 
and no adverse reactions to ICG occurred in patients. Following the anastomosis, encephalo-duro-arterio-
synangiosis (EDAS) was also performed. Finally, the hemodynamics of the MCA branches (M4) was analyzed 
using the FLOW800 software.

FLOW800 evaluation
Fluorescence fluoroscopy was conducted before and after the surgery. According to previous report21, we 
did not attempt to control a high degree of standardization of the angiography condition before and after the 
anastomosis, for example, multiples, angle, focal length and magnification and distance from the field. Because 
such an approach would not be applied broadly on a routine surgical procedure. Intraoperative ICG video was 
analyzed using the FLOW800 software (Zeiss, Germany) and the cerebral hemodynamics before and after 
bypass were accessed. ΔMVTT = prebypass MVTT-postbypass MVTT, ΔMVTT < 0 was defined as decreased 
MVTT group, ΔMVTT > 0 was defined as increased MVTT group. Regions of interest (ROI) were set at the 
proximal and distal sites around anastomosis on the brain surface, four ROIs were selected for analysis: the STA 
point, the point proximal to the anastomosis site, the point distal to the anastomosis site, and the vein point. 
Hemodynamic parameters were calculated from the selected points, including maximum intensity (arbitrary 
intensity, AI), delay time (second, s), slope (AI/s), blood flow index (BFI, AI/s) and the MVTT (s). Delay time 
was defined as the time interval between 0 and 50% of maximum fluorescence intensity. Rise time was defined as 
the time interval between 10 and 90% of the maximum fluorescence intensity22. The cerebral BFI was calculated 
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as ratio of difference in fluorescence intensity and rise time23. MVTT was calculated as venous T1/2 peak—
arterial T1/2 peak considering the peak intensity lasts for several seconds13.

Definition of HPS
The diagnostic criteria for HPS are the same as those used by Fujimura et al.24,25. The criteria include the 
following: (1) obvious neurological symptoms, such as limb dysfunction, aphasia, persistent headache, vomiting; 
(2) ASL was used to define increase in cerebral blood flow (CBF) around the anastomosis for the apparent 
neurological signs, and new cerebral infarction and subdural hematoma were excluded by magnetic resonance 
imaging (MRI); (3) Magnetic resonance angiography (MRA) was used to clarify the patency of the bypass vessel.

Statistical analysis
Numerical variables were presented as mean ± standard deviation, while categorical variables were described 
in terms of frequency and rate. For the comparison between proximal and distal to the anastomosis site, a 
paired sample t-test was used for continuous variables. Conversely, the chi-square test was used for categorical 
variables, and if any value was less than 5, Fisher’s exact test was recommended. All statistical analyses were 
carried out using SPSS 21 version. Statistically significant differences were defined as a P value of less than 0.05.

Results
Clinical results
In this study, a total of 63 adult patients with MMD who met the above criteria were enrolled, including 33 
females and 30 males. The median age of the patients was 45.9 ± 9.4 years (range 21–61 years). Among these 
patients, 55 patients presented with cerebral hemorrhage and 8 patients presented with ischemic symptoms 
as the initial presentation. The Suzuki stage of patients upon admission was evaluated based on DSA imaging, 
including 8 cases of grade II, 19 cases of grade III, 16 cases of grade IV, 17 cases of grade V, 3 cases of grade VI. 
The Suzuki stage results showed no significant difference between two groups (P = 0.17).

All of the patients underwent STA-MCA bypass + EDMS. A significant higher occurrence of HPS was 
detected in decreased MVTT group. HPS occurred in 13 (20.6%) procedures, including aphasia in 9 procedures 
and limb weakness in 4 procedures. all of the aforementioned symptoms resolved within two weeks without 
brain parenchymal injury. Cerebral infarction occurred in 7 (11.1%) procedures. No patients suffered from a 
malignant cerebral infarction and no patients had permanent neurological deficits. None of them presented with 
intracranial hemorrhage. The occurrence of HPS was significantly higher in decreased MVTT group (P = 0.03), 
while the occurrence of cerebral infarction was significantly higher in increased MVTT group (P = 0.04). There 
was no significant difference in age, gender, clinical type and onset symptoms. The basic characteristics of the 
two group patients are summarized in Table 1, the representative cases of HPS patient (Fig. 1A–D) and cerebral 
infarction patient (Fig. 1E–H) were illustrated in Fig. 1.

Intraoperative hemodynamics results
To further validate the self-circulation theory, we explored the hemodynamics of cerebral blood flow in 
proximal and distal anastomosis sites. In the decreased MVTT group, the maximum intensity (640.7 ± 320.9 
vs.768.2 ± 353.9 AI), delay time (20.3 ± 9.9 vs. 19.7 ± 10.1 s), slope (72.7 ± 50.5 vs. 101.7 ± 120.1 AI/s) and BFI 
(75.9 ± 52.8 vs. 94.8 ± 61.7 AI/s) were measured at proximal site compared to the distal site using FLOW800 
analysis. All the parameters demonstrated a significant higher intensity and shorter time in the distal site of 
the recipient artery around anastomosis. In the increased MVTT group, the maximum intensity (875.6 ± 752.5 
vs. 811.2 ± 732.1AI), delay time (18.6 ± 14.3 vs. 19.5 ± 14.5 s), slope (127.2 ± 176.7 vs. 118.7 ± 167.8 AI/s) and 
BFI (129.8 ± 169.0 vs. 118.3 ± 158.4 AI/s) of were also measured at proximal site compared to distal site using 
FLOW800 analysis. All the parameters demonstrated a significant lower intensity and longer time in the diatal 
site of the recipient artery around anastomosis. The detailed data of the two group patients are summarized in 
Table 2 and Fig. 2.

Correlation analysis between Flow800 and Suzuki classification
We further analyzed the pre-bypass and post-bypass correlation between FLOW800 findings and Suzuki 
classification in two groups using spearman correlation analysis.

For the pre-bypass analysis, the correlation between maximum intensity (p = 0.74, r = 0.06), delay time 
(p = 0.20, r = −0.23), slope (p = 0.50, r = 0.13), blood flow index (p = 0.41, r = 0.15) and Suzuki classification were 
analyzed in the decreased MVTT group using spearman’s method. We also used the spearman correlation analysis 
to explore the correlation between maximum intensity (p = 0.95, r = −0.01), delay time (p = 0.54, r = 0.11), slope 
(p = 0.35, r = −0.17), blood flow index (p = 0.97, r = −0.69e-3) and Suzuki classification in the increased MVTT 
group. However, no significant difference and correlation were found for in each group (Fig. 3A).

For the post-bypass analysis, the correlation between maximum intensity (p = 0.63, r = 0.09), delay time 
(p = 0.29, r = −0.20), slope (p = 0.32, r = 0.19), blood flow index (p = 0.47, r = 0.14) and Suzuki classification were 
analyzed in the decreased MVTT group. We also analyzed the correlation between maximum intensity (p = 0.63, 
r = −0.09), delay time (p = 0.50, r = 0.12), slope (p = 0.28, r = −0.20), blood flow index (p = 0.49, r = −0.13) and 
Suzuki classification in the increased MVTT group. However, no significant difference and correlation were 
detected in each group (Fig. 3B). The results showed a weak correlation between FLOW800 findings and Suzuki 
classification in two groups. Small samples may contribute to the results and larger samples study are required 
in the future.
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Observation of blood flow hedging phenomenon
Except the occurrence of complications and the intraoperative hemodynamics of the blood flow, we directly 
observed the phenomenon of blood flow hedging for the first time using intraoperative ICG-videoangiography, 
including pre-bypass collision of blood flow in vein (Fig.  4A, supplemental video 1) and artery (Fig.  4B, 
supplemental video 2), post-bypass collision of blood flow in vein (Fig. 4C, supplemental video 3) and artery 
(Fig. 4D, supplemental video 4). They all presented intravascular bloodstream hedging points with bidirectional 
fluctuations, suggesting the disorder of blood flow direction. The pre-bypass and post-bypass observation 
indicated that disruption of blood flow direction can be established without bypass surgery. This phenomenon 
may contribute to hemodynamic disorder and have a close relationship with perioperative implications. The 
supplemental videos and description of illustrated case reports were available in supplementary materials.

Discussion
MMD is a chronic vascular disease, the cerebrovascular circulation network system and hemodynamics are 
significantly different from normal individuals. In this study, the HPS occurrence was significantly higher in the 
decreased MVTT group. MVTT in MMD patients was significantly reduced after bypass surgery, ΔMVTT > 2.6 s 
was an independent predictor of HPS13. The results suggested close relationship between occurrence of HPS and 
hemodynamics. Rapid changes in hemodynamics may contribute to HPS complication. Besides, we also observed 
the increased MVTT in patients. A higher occurrence of cerebral infarction was demonstrated in the increased 
MVTT group, indicating severe disorder of hemodynamics and more fragile cerebral blood flow regulation 
ability. Moreover, intraoperative hemodynamics were further analyzed between increased and decreased MVTT 
groups. In the increased MVTT group, the blood flow of proximal site was higher than distal site, suggesting 
a bloodstream direction from distal site to proximal site of the recipient artery. The results demonstrated a 
disruption of bloodstream direction, leading to disorder of cerebrovascular hemodynamics. The hemodynamics 
disorder refers to blood flow regulation and redistribution after revascularization during recovery, it may relate 
to the cerebral infarction implication described above. Considering the reverse blood flow direction in the 
cerebrovascular, there should be opposing blood flows in different directions, and the two blood streams will 
hedge against each other in one vascular. Interestingly, the phenomenon of intravascular collision was indeed 
observed by intraoperative ICG video-angiography during revascularization. We firstly observed and reported 
the phenomenon of intravascular blood flow hedging in the study, including pre-bypass vein, pre-bypass 

Clinical features Decreased MVTT Group (N = 32) Increased MVTT Group (N = 31) P value

Mean age 44.6 ± 10.0 47.4 ± 8.6 0.62

Gender 0.16

 Male 18 12

 Female 14 19

Clinical type 0.14

 Ischemic 26 29

 Hemorrhage 6 2

Surgery side 0.69

 Left 15 13

 Right 17 18

Suzuki stage 0.17

 2 6 2

 3 10 9

 4 7 9

 5 6 11

 6 2 1

Onset sysptoms 0.72

 Headache 12 8

 Limb weakness 9 4

 Limb numbness 2 3

 Speech disorders 2 7

 Blurred vision 1 3

 Cognitive impairment 1 2

 Transient ischaemic attack 1 2

 hemorrhage 4 2

Post-bypass complications

 Hyperperfusion syndrom 10 3 0.03

 Cerebral infarction 1 6 0.04

Table 1.  Clinical characteristics of the patients.
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Parameters

Decreased MVTT Group

P value

Increased MVTT Group

P valueProximal site Distal site Proximal site Distal site

Maximum intensity 
(AI) 640.7 ± 320.9 768.2 ± 353.9 0.001 875.6 ± 752.5 811.2 ± 732.1 0.001

Delay time (s) 20.3 ± 9.9 19.7 ± 10.1 0.031 18.6 ± 14.3 19.5 ± 14.5 0.007

Slope (AI/s) 72.7 ± 50.5 101.7 ± 120.1 0.043 127.2 ± 176.7 118.7 ± 167.8 0.020

Blood flow index (AI/s) 75.9 ± 52.8 94.8 ± 61.7 0.001 129.8 ± 169.0 118.3 ± 158.4 0.015

Table 2.  Intraoperative hemodynamics of recipient artery measured by FLOW800.

 

Fig. 1.  Representative hyperfusion syndrome and cerebral infarction cases. The 21-year-old female presented 
HPS after bypass surgery, the patient experienced speech disorder on the 6rd day after surgery and no 
cerebral infarction detected on magnetic resonance imaging. (A-F). A Coronal position of digital subtraction 
angiography image. B pre-bypass color maps of FLOW800. C post-bypass color maps of FLOW800. D axial 
position of T1 imaging. E Cerebral blood flow in perfusion weighted imaging. F Cerebral blood volume in 
perfusion weighted imaging. The 32-year-old male presented cerebral infarction after bypass surgery, the 
patient experienced movement disorder, speech disorder and visual impairment on the 3rd day and magnetic 
resonance imaging revealed severe cerebral infarction in the left side (G-L). G Coronal position of digital 
subtraction angiography Image. H pre-bypass color maps of FLOW800. I post-bypass color maps of FLOW800. 
J Axial position of diffusion weighted imaging. K Cerebral blood flow in perfusion weighted imaging. L 
Cerebral blood volume in perfusion weighted imaging.
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artery, post-bypass vein, and post-bypass artery. These videos directly display the arterial and venous blood 
flow disorder on the brain surface before and after surgery, providing strong evidence of circulation direction 
of cerebral blood flow. The phenomenon confirmed the above results and directly indicated the disruption of 
blood flow direction. The post-bypass intravascular collision could be induced by bypass surgery. However, the 
pre-bypass phenomenon confirmed that intravascular collision has been existed before surgery, the direction 
disorder could be induced in the cerebral vascular network without bypass surgery.

Considering these findings, this study attempts to propose a preliminary theory, a compensatory self-
recirculation cerebral vascular network in MMD. The self-recirculation theory describes the established cerebral 
vascular network and hemodynamics of blood flow in MMD due to long-term ischemia. This network consists 
of an inherent cerebrovascular network and a newly formed compensatory vascular network, including anterior 
cerebrovascular system, posterior cerebrovascular system and compensatory blood vessels extending from the 
extracranial vascular system to the intracranial vascular system. These vessels collectively build the basic stone 
of the self-recirculating cerebrovascular network. The self-recirculation system has its own unique pathways and 
subsequent distribution characteristics, blood flow within the brain parenchyma is reorganized and recirculated 
to compensate for local reduction. Hemodynamic alterations caused by the reorganized cerebrovascular network 
leads to changes in the velocity and direction. The final direction of the bloodstream is determined through a 
balance between the direction of the original blood flow and the direction of the recirculating blood flow. Both 

Fig. 3.  Scatter plot of the correlation between FLOW 800 and Suzuki stage. A Pre-bypass analysis of 
correlation in decreased and increased MVTT group. B Post-bypass analysis of correlation in decreased and 
increased MVTT group. The spearman correlation analysis was employed and no significant difference was 
found.

 

Fig. 2.  A Schematic diagram of hemodynamics in the same direction from the proximal end to the distal 
end of the blood vessel. B Time intensity curves analyzed by FLOW800. The intensity of distal site was higher 
than proximal site after the proximal blood flow received the donor blood flow. C Schematic diagram of 
hemodynamics in the reverse direction from the distal end to the proximal end of the blood vessel. D Time 
intensity curves analyzed by FLOW800. The intensity of proximal site was higher than distal site after the 
proximal blood flow received the donor blood flow. The green and blue ROIs were set in the proximal site and 
distal site of the recipient artery, respectively; the red ROI was set in the donor artery, the purple ROI was set in 
the vein.
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chronic cerebrovascular occlusion and revascularization could contribute to the self-recirculation network. 
Reorganization of post-bypass blood flow was also considered as a part of self-recirculation, blood circulation 
will be distributed among the cerebral blood system after the artificial revascularization. A previous study has 
been reported that the bypass supplies blood flow to a greater extent in MMD than non-MMD during surgery26. 
It should be noted that this self-recirculation is in a state of dynamic equilibrium with the development of the 
cerebrovascular network and the compensation of flow volume. Self-recirculation of the blood flow is MMD-
specific and varies from person to person. It maintains dynamic equilibrium by adjusting in response to the 
collateral network development and flow volume compensation. The primary function of self-recirculation is to 
promote regional cerebral perfusion in the brain.

This study validated the proposed potential theory of compensatory self-recirculation network in three terms. 
Firstly, the higher perioperative occurrence in the increased MVTT group may be related to the difference of the 
cerebral self -recirculation vascular network and the disruption of blood flow direction in the self -recirculation 
pathway. Revascularization of the cerebral blood flow takes time to stabilize, disorder of the regulation in the 
acute period could lead to perioperative implications. Secondly, further analysis of intraoperative hemodynamics 
demonstrated a blood flow direction from proximal to distal end of the recipient artery in decreased MVTT group, 
while the increased MVTT group revealed a reverse flow direction. These results suggested immediate disorder 
of hemodynamics after revascularization, and the final outcome is determined by a dynamic interaction between 
the original direction and the revascularization of blood flow. Disorder in the recirculation network leads to delay 
time of MVTT, both reduced and increased MVTT in the study could be reasonably explained. The final balance 
of interactions showed close relationship with clinical complications. Finally, we directly observed the predictive 
phenomenon of intravascular collision based on the theory of compensatory self-recirculation network, and 
firstly illustrated the hedging point of blood flow in this work. The intravascular collision and hedging point of 
blood flow directly displays the pre-bypass and post-bypass blood redistribution and hemodynamic disorder in 
both vein and artery of the circulation network. All in all, these findings preliminarily supported and validated 
the potential hypothesis.

Additionally, a series of previous researches have indirectly provided clues to support the potential theory. It 
was supported in both cerebrovascular anatomy and brain function. At the base of the brain, moyamoya vessels 
detected by gold standard of DSA could be described as the initial and primary pathway of the cerebral self-
recirculation. Angiographic findings in 172 pediatric patients have reported that neovascularization may occur 
before significant hemodynamic impairment in MMD27. On the brain surface, cortical microvascularization in 
MMD is characterized by significantly increased microvascular density and microvascular diameter, leading to 
increased microvascular surface28. Increased microvascular surface area was correlated positively with arterial 
microvascular transit time29. In association with anatomical alteration, MVTT was prolonged in patients 
with MMD compared with that in patients with atherosclerotic cerebrovascular disease28. The post-bypass 
SPECT revealed transient local hyperperfusion and subsequent distribution of CBF in wider vascular territory 
through the microvessels30. In the cerebral parenchyma, moyamoya vessels could alter perfusion of temporal 
and parietal lobe, compensatory arteries could maintain microcirculation stability in frontal lobe and basal 
ganglia when arterial stenosis is worsened5. The firstly illustrated hedging points in this study and researches 

Fig. 4.  Collision points after bypass surgery in artery and vein. (A) Pre-bypass ICG-videoangiography of vein. 
(B) Pre-bypass ICG-videoangiography of artery. (C) Post-bypass ICG-videoangiography of vein. (D) Post-
bypass ICG-videoangiography of artery.

 

Scientific Reports |        (2024) 14:26059 7| https://doi.org/10.1038/s41598-024-75058-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


described above, just as the tip of an iceberg, implying a unique established self-recirculation system in the 
brain parenchyma. Collectively, all of these evidences suggest that there exist a unique blood self-recirculation 
system in the cerebral blood flow of MMD patients. The self-recirculation system plays an important role in 
revascularization, perioperative implications, and post-bypass management. It provides clinician a guideline for 
clinical management, and patients can benefit a lot from the potential theory. A better understanding of the self-
recirculation network is very crucial to the MMD, and offers a new perspective for comprehending the complex 
pathology of the disease.

Limitations
This study has certain limitations. First and foremost, the main limitation of this study as well as the previous 
FLOW800 studies is that FLOW800 evaluation is a semi-quantitative analysis tool and the mothed only analyzes 
vessels visible in the surgical field. Due to methodological limitations, whole pathway of self-recirculation 
couldn’t be directly displayed and visualized. Up to date, we could not find any tools to confirm the potential 
compensatory self-recirculation theory. Therefore, we have to infer and prove the circuit for the first time by 
both pre-bypass as well as post-bypass hemodynamics and blood flow direction. Although digital subtraction 
angiography can provide a clear presentation of cerebral vascular anatomy, it requires high pressure injection 
and does not offer hemodynamic information about blood flow. With the development of technology, more 
advanced technologies and equipment may be used to prove the circuit. Second, the results of this study may 
be limited by the small sample size and a single-center study. In the future, larger sample size and multicenter 
studies are needed to validate this finding.

Conclusions
This study analyzed the relationship between hemodynamics and clinical implications using intraoperative 
FLOW800 technique, and primarily proposed a potential self-recirculation network in MMD. It provides 
new insights into perioperative clinical management and complex pathological comprehension of the disease. 
Further studies are required to discuss the self-recirculation network in MMD.

Data availability
Data is provided within the manuscript.
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