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Non-Invasive Evaluation of Cerebral Hemodynamic Changes After Surgery in Adult Patients With Moyamoya Using 2D Phase-Contrast and Intravoxel Incoherent Motion MRI
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Objective: To explore the feasibility of 2D phase-contrast MRI (PC-MRI) and intravoxel incoherent motion (IVIM) MRI to assess cerebrovascular hemodynamic changes after surgery in adult patients with moyamoya disease (MMD).

Methods: In total, 33 patients with MMD who underwent 2D PC-MRI and IVIM examinations before and after surgery were enrolled. Postsurgical changes in peak and average velocities, average flow, forward volume, and the area of superficial temporal (STA), internal carotid (ICA), external carotid (ECA), and vertebral (VA) arteries were evaluated. The microvascular perfusion status was compared between the hemorrhage and non-hemorrhage groups.

Results: The peak velocity, average flow, forward volume, area of both the ipsilateral STA and ECA, and average velocity of the ipsilateral STA were increased (p < 0.05). The average flow and forward volume of both the ipsilateral ICA and VA and the area of the ipsilateral VA were increased (p < 0.05). The peak velocity, average velocity, average flow and forward volume of the contralateral STA, and the area of the contralateral ICA and ECA were also increased (p < 0.05), whereas the area of the contralateral VA was decreased (p < 0.05). The rf value of the ipsilateral anterior cerebral artery (ACA) supply area was increased (p < 0.05) and more obvious in the non-hemorrhage group (p < 0.05).

Conclusion: Two-dimensional PC-MRI and IVIM may have the potential to non-invasively evaluate cerebrovascular hemodynamic changes after surgery in patients with MMD. An improvement in the microvascular perfusion status is more obvious in patients with ischemic MMD than in patients with hemorrhagic MMD.

Keywords: moyamoya disease, intravoxel incoherent motion, phase-contrast MRI, Suzuki stage, surgery


INTRODUCTION

Moyamoya disease (MMD) is a cerebrovascular disease of an unknown etiology characterized by bilateral steno-occlusive changes at the terminal part of the internal carotid artery (ICA) and an abnormal vascular network at the base of the brain (1). Cerebrovascular reconstruction is highly recommended to improve the cerebrovascular hemodynamic status (2). After surgical revascularization, it is very important to evaluate cerebral hemodynamic changes to assess the patency of the bypass and potential complications, such as ischemia and hyperperfusion syndrome (3).

Transcranial Doppler (TCD) has been widely used to evaluate cerebral hemodynamic changes after revascularization surgery. However, it has several inherent disadvantages. TCD can only indirectly evaluate cerebral collateral circulation by monitoring the blood flow of the superficial temporal artery (STA). Moreover, TCD cannot simultaneously evaluate cerebral microvascular perfusion, which is crucial for monitoring the perfusion status after surgery (3). In contrast, phase-contrast MRI (PC-MRI) can directly measure the hemodynamic status of different vessels and has been widely used to evaluate the hemodynamic status of the carotid artery and vertebral artery (VA), obtaining accurate and reliable results (4).

In addition to hemodynamic changes, the perfusion status is another vital factor to monitor the treatment effect. Perfusion imaging modalities, such as CT perfusion imaging and dynamic susceptibility contrast-perfusion weighted imaging (DSC-PWI), are conventional strategies to evaluate cerebrovascular changes. Nonetheless, they require the management of a contrast agent. In this context, MRI perfusion methods without the need for contrast agents, such as blood oxygenation level dependence (BOLD), arterial spin labeling (ASL), and intravoxel incoherent motion (IVIM), are widely investigated as alternative modalities. BOLD is related to tissue oxygenation, and the BOLD MRI signal is a complex function of CBF and is related to basal EtCO2 (5, 6). However, BOLD is rarely used to evaluate the perfusion status due to its complexity. Regarding ASL, despite the advantage of non-invasiveness, it is sensitive to arterial arrival delays (7). Conversely, IVIM imaging, a new perfusion evaluation modality, is designed to determine microvascular perfusion and microstructural integrity simultaneously (8) and may be better for detecting the changes in microvascular perfusion and microstructural integrity in patients with MMD after surgery. It has been proven to provide essential information on microperfusion in the tissue; therefore, it is a promising tool for applications in neurological and neurovascular diseases (9, 10).

The ability of PC-MRI to assess cerebral blood flow in patients with MMD, especially to measure the hemodynamic changes in the STA, is rarely reported. Moreover, to the best of our knowledge, none of the previous studies have used IVIM to evaluate the microvascular perfusion status of patients with MMD. Thus, this study intends to evaluate the changes in the cerebral microvascular perfusion status and hemodynamic changes in adult patients with MMD after surgery using 2D PC-MRI and IVIM-MRI without a contrast agent.



MATERIALS AND METHODS

This study was approved by the ethics committee of our hospital (No. 2018030). Written informed consent was obtained from each patient before their participation in this study. All experiments were performed in accordance with the relevant guidelines and regulations set by the ethics committee.


Patients

From December 2017 to January 2019, 33 adult patients with MMD (mean age, 38.61 ± 11.23 years; range, 19–65 years), including 15 women and 18 men, were included in this study. In total, 12 out of 33 patients with MMD had already undergone one side of the combined surgery, and the operation was performed on the other side this time. Detailed clinical information of patients with MMD is shown in Table 1. Preoperative and postoperative blood pressure and blood glucose were carefully monitored for patients with hypertension and diabetes (blood glucose was controlled within the range of 7–9 mmol/L; systolic blood pressure was controlled within the range of 120–130 mmHg). The inclusion criteria were as follows: 1 patients were confirmed to have MMD and were >18 years old; 2 patients with no contraindications in the MR examination; and 3 patients who underwent STA-middle cerebral artery (STA-MCA) bypass and encephalo-duro-myo-synangiosis (EDMS) combined surgery. Herein, we only included patients who underwent combined surgery to avoid the potential bias caused by different surgical types. MMD was diagnosed by DSA according to the criteria of the Research Committee on Spontaneous Occlusion of the Circle of Willis (MMD) of the Ministry of Health and Welfare, Japan (2). The clinical characteristics, including age, sex, and the initial clinical symptoms of the patients, were recorded.


Table 1. Clinical information of patients with moyamoya disease (MMD) (33 cases).
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MRI Examination Protocols and Imaging Analysis

All MR examinations were performed with a 3T whole-body MRI scanner (Siemens Skyra Freedom or Siemens Prisma, Siemens Medical Solutions, Erlangen, Germany) using a 32-channel head-neck coil. T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), fluid-attenuated inversion-recovery (FLAIR) sequence, diffusion-weighted imaging (DWI), magnetization-prepared rapid acquisition GRE (T1-MPRAGE), time-to-flight MR angiography (TOF-MRA), PC-MRI, and IVIM imaging were performed for each patient. Detailed MRI scanning parameters are depicted in Table 2. Preoperative MR examinations were performed within 1 week before the surgery, while postoperative MR examinations were performed approximately 2–3 months postsurgery.


Table 2. MRI scanning sequences and parameters.
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IVIM Scanning Protocol and Imaging Analysis

Multiple b-values were used (0, 20, 40, 80, 110, 140, 170, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 s/mm2) in the IVIM sequence. Detailed scanning parameters are listed in Table 2. Four parameters, including the apparent diffusion coefficient (ADC), diffusion coefficient (D), pseudodiffusion coefficient (D*), and perfusion fraction (f), were calculated and derived using a Siemens IVIM work-in-progress package (MR Body Diffusion Toolbox version 1.3.0). The IVIM parameters (f, D, and D*) were calculated by using Sb/S0 = (1-f)·exp (–b·D) + f ·exp (–b·D*), where Sb is the signal intensity of the image at a certain b-value, S0 is the baseline signal intensity without applying a diffusion gradient. After subtracting the conventional diffusion signal by the algorithm ln, the model can be transformed into a linear model. When f and D are constants, the small b-value interval is linearly fitted by taking ln in a single exponential manner to obtain D*, rather than using a double exponential, which is one of the strategies using an algorithm for IVIM (11) (Figure 1). The regions of interest (ROIs) with dimensions of approximately 200 mm2 were placed manually, avoiding subarachnoid spaces, cerebral infarction, and cerebral hemorrhage areas. Each cerebral hemisphere was divided into three areas according to the different cerebral supply arteries [anterior cerebral artery supply (ACA) area, MCA supply area, and posterior cerebral artery (PCA) supply area]. A total of 22 ROIs were placed symmetrically on the peripheral white matter, basal ganglia, and cerebellar hemisphere levels (12, 13). To avoid an individual variation, the value of the ipsilateral cerebellar hemisphere was used as a reference to standardize the evaluated parameters. Then, rADC, rD, rD*, and rf were obtained [i.e., rADC = ADC (different blood artery supply area)/ADC (ipsilateral cerebellar hemisphere)] (Figure 2). We selected the ADC map to draw the ROIs, and the placed ROIs were automatically propagated to the other three parametric maps, obtaining rD, rD*, and rf. Each value was measured three times, and the average value was considered as the final result.


[image: Figure 1]
FIGURE 1. Four parameter maps of intravoxel incoherent motion MRI imaging after post-processing. (A) Image of apparent diffusion coefficient (ADC) value. (B) Image of D value. (C) Image of f value. (D) Image of D* value.
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FIGURE 2. The placement of regions of interest (ROIs) on intravoxel incoherent motion (IVIM) images in three different levels. (A) Peripheral white matter level. (B) Basal ganglia level. (C) Cerebellar hemisphere level. A total of 22 ROIs were placed symmetrically on 3 transversal images.




2D PC-MRI Scanning Process and Imaging Analysis

First, we used T1-MPRAGE images to locate the 3D-TOF-MRA sequence from the common carotid artery (CCA) level to the top of the skull, and then the PC-MRI sequence was positioned based on the reconstructed MIP image of TOF. In terms of the ICA, external carotid artery (ECA), and VA, the scan plane was placed above the bifurcation of the CCA. In regard to STA, the scan plane was placed in the temporal region, and the cardiac-triggered PC-MRI scans were positioned perpendicular to the target vessels (Figure 3). Second, we performed a prescan to identify the optimal velocity range of target vessels. Specifically, the PC-MRI prescan of the target vessels was performed with the following velocity-encoding strategy: 10, 25, 35, 45, and 60 cm/s for STA and 20, 40, 60, 80, and 120 cm/s for ICA, ECA, and VA. As the optimal velocity range of the targeted vessels for each patient was different, we selected the best velocity range for each patient to perform the final scan based on the results of the prescan (the brightest sequence without any signal lost) to perform the final PC-MRI (Table 2) (14). After finishing the PC-MRI scanning, both magnitude and phase series were loaded into the Argus Viewer (Syngo MR E11). The flow parameters were obtained by drawing ROIs on the magnitude images, which contained the lumen of the vessel as much as possible without exceeding the vessel contour (Figure 3). Finally, the results for velocities, flows, volume, and cross-sectional areas of arteries are reported in the summary table of Argus.


[image: Figure 3]
FIGURE 3. Images acquired in a representative subject illustrate the details of MRI acquisition location and measurement of superficial temporal (STA), internal carotid (ICA), external carotid (ECA), and vertebral (VA) arteries. (A) Time-to-flight (TOF) image shows the location and slice position of STA. (B) TOF image shows the location and slice position of ICA, ECA, and VA. (C) The magnitude image; (D) The phase image; R1/R2, left/right STA. (E) The magnitude image; (F) The phase image; R3/R4, right ICA/ECA. (G) The phase image; (H) The magnitude image, R1/R2, left/right VA. The circles in R1–R4 illustrate the voxels with maximal velocities.





Grouping and Comparison

All preoperative and postoperative parameters in different hemispheres were compared (Figure 4). Additionally, the IVIM parameters were compared between the same cerebral artery supply area in the two hemispheres (ipsilateral/surgical side and contralateral/non-surgical side). Furthermore, to investigate the hemodynamic changes in the different types of MMD, patients were divided into hemorrhage and non-hemorrhage groups. Specifically, patients with a previous history of cerebral hemorrhage or showing the features of a cerebral hemorrhage on preoperative MR examination (obsolete cerebral malacic foci with hemosiderosis) were categorized into the hemorrhage group, whereas patients with a history of cerebral infarction and only presenting intracranial lacunar infarction (without hemosiderosis) on preoperative MR examination were classified as non-hemorrhage group.


[image: Figure 4]
FIGURE 4. Time-to-flight image before and after surgery. (A) TOF image before surgery, right superficial temporal artery was narrow before surgery (arrow). (B) TOF image after surgery, after combined surgery, the anastomoses vessel can be seen (arrow). The right superficial temporal artery was thickened compared with a preoperative image. (C) Peak velocity and average velocity of the right superficial temporal artery were significantly enlarged after surgery. (D) Average flow, forward flow, and area of the right superficial temporal artery were significantly enlarged after surgery.




Statistical Analysis

An independent t-test or the Mann–Whitney U test was used to assess the differences in continuous variables (peak velocity, average velocity, average flow per second, forward volume, and ROI area of different artery vessels; rADC, rD, rD*, and rf of different cerebral blood supply areas). Statistical results were considered as significant when the values of p were < 0.05. Statistical analyses were performed using a commercially available computer software program (SPSS 22.0).




RESULTS

Six (6/33, 18.20%) patients with MMD developed cerebral hyperperfusion syndrome after combined surgery. One (1/33, 0.03%) patient with MMD developed cerebral infarction after combined surgery. All of these patients improved before discharge from the hospital.


Changes in Postoperative Blood Flow Status in Patients With MMD

The results of the 2D PC-MRI examination are shown in Table 3. The peak velocities of both the ipsilateral and contralateral STAs and the ipsilateral ECA were significantly increased (p < 0.05). The average velocities of both the ipsilateral and contralateral STAs were significantly increased (p < 0.05). In terms of the average flow and forward volume, all evaluated vessels presented an increasing trend in both hemispheres (p < 0.05). Regarding the areas of different vessels, the areas of the ipsilateral STA, contralateral ICA, bilateral ECA, and ipsilateral VA were also increased significantly after surgery (p < 0.05), whereas the area of the contralateral VA was decreased (p < 0.05). Other assessed hemodynamic values were not significantly altered postsurgery (p > 0.05).


Table 3. Postoperative hemodynamic changes of patients with MMD (33 cases).
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Changes in Postoperative Microvascular Perfusion Status in Patients With MMD

The changes among the four IVIM parameters are shown in Table 4. After surgery, only rf in the ipsilateral ACA supply area was increased significantly (p < 0.05). Furthermore, rf in other areas and rADC, rD, and rD* in all areas showed no significant changes (p > 0.05).


Table 4. Postoperative microvascular perfusion changes of patients with MMD (33 cases).
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Group Analysis of Cerebral Hemodynamic Changes in Patients With MMD

The cohort consisted of 13 cases in the hemorrhage group (mean age, 39.07 ± 9.28 years; 7 women and 6 men) and 20 cases in the non-hemorrhage group (mean age, 38.30 ± 12.56 years; 7 women and 13 men). In the non-hemorrhage group, only rf in the ipsilateral ACA supply area was significantly increased after surgery (p < 0.05) (Table 5). No significant changes were detected regarding rf in other areas (p > 0.05), as well as rADC, rD, and rD* in all areas (p > 0.05) (Table 5). In the hemorrhage group, none of the IVIM parameters showed significant changes postsurgery (p > 0.05) (Table 5).


Table 5. Postoperative microvascular perfusion changes of non-hemorrhage group (20 cases) and hemorrhage group (13 cases).
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DISCUSSION

In this study, we evaluated the postoperative hemodynamic changes of adult patients with MMD by using a PC-MRI and IVIM sequence. Our results showed that PC-MRI is a potential modality to accurately and non-invasively assess the postoperative changes in the blood flow status in the bilateral STA, ICA, ECA, and VA. The microvascular perfusion status could be evaluated by IVIM, and rf in the ACA supply area was significantly increased in the non-hemorrhage group.

Superficial temporal is one of the target vessels of vascular reconstruction surgery, indicating the importance of assessing the hemodynamic changes that directly reflect the treatment effect of STA-MCA anastomosis. Previous studies using duplex ultrasonography showed that the mean blood flow velocity and diameter of the operated STA increased after extracranial–intracranial bypass surgery compared to the baseline values (15, 16). The results of our study were consistent with previous studies. Specifically, our results showed that the peak velocity, average velocity, average flow, forward volume, and area of the ipsilateral STA were increased after surgery (p < 0.05), indirectly suggesting that STA-MCA anastomosis could increase the intracranial blood supply by the ECA system. STA is one of the terminal branches of ECA and has substantial circulatory resistance. The natural circulatory resistance of the distal STA could be reduced after bypass surgery (15), resulting in an increased lumen, velocity, and volume of the vessel. Moreover, after bypass surgery, the blood supply of the ipsilateral cerebral hemisphere depends on STA to a large extent. This circumstance might be a driving factor to elevate the velocity and increase the flow of the ipsilateral STA. The STA is also one of the terminal branches of the ECA. Therefore, it is understandable that the hemodynamic changes in the STA may partially reflect the flow status of the ECA. As expected, the peak velocity, average flow, and forward volume of the ipsilateral ECA were all significantly increased after surgery (p < 0.05).

Except for the blood flow changes of the ipsilateral STA and ECA, the average flow and forward volume of the ipsilateral ICA and the average flow, forward volume, and ROI area of the contralateral ICA, ECA, and VA were also significantly increased (p < 0.05). This could be explained by the complex blood supply status in patients with MMD. Hemodynamic statuses of the bilateral hemispheres compensate and affect each other through Willis circles and collateral vessels, resulting in a comprehensive blood flow status in bilateral hemispheres. A recent study showed that the mean transient time might be shortened within 1 week after surgery (17). Over a period of time after surgery, the cerebral blood supply might be gradually adjusted, and the total blood supply of the brain would increase.

An accurate evaluation of the changes in the microvascular perfusion status of patients with MMD after surgery is clinically important. IVIM can assess the microperfusion status, which is based on the fact that blood microperfusion causes signal attenuation at low b-values (18). A previous study used IVIM as a potential modality to evaluate microvascular perfusion, especially using the parameter f (10, 19). Federau et al. (20) used IVIM to investigate the hemodynamic changes in patients with acute infarction, and the results showed that the perfusion fraction f was significantly decreased in the infarction area. In this study, only rf of the ACA supply area in the ipsilateral hemisphere was significantly increased after surgery (p < 0.05). The STA-MCA bypass combined with EDMS was performed for all the patients in our study, and the rf of the MCA supply area was supposed to improve significantly. The blood flow from STA-MCA bypasses may drain into the ACA supply area via collateral vessels. However, an increasing trend for rf in MCA and PCA supply areas was observed in the ipsilateral hemisphere. The perfusion fraction f reflects the signal fraction of capillary blood flow in the entire water molecule diffusion pool within each voxel (21). After surgery, the formation of small collateral vessels of the ipsilateral hemisphere increased, resulting in an increase in f. As it is shown earlier, several flow indicators of the contralateral ICA, ECA, STA, and VA were increased after surgery; however, rf of the contralateral hemisphere showed no significant changes. This might indicate that the improvement of microperfusion status may not be present in 2–3 months or that the initial microperfusion status may be less affected than blood flow before surgery. Cerebrovascular reactivity (CVR) was decreased in patients with MMD, and unilateral revascularization improved the CVR of the ipsilateral hemisphere. However, whether surgery can affect the contralateral hemisphere, CVR is controversial. Further deterioration (22), almost no effect (23), and a slight improvement (24) have been reported. Therefore, the perfusion status of the contralateral hemisphere is hard to evaluate due to the controversial points of CVR.

In terms of rADC, rD, and rD*, no significant changes were detected in either ipsilateral or contralateral hemispheres after surgery (p < 0.05), which might be decided by their different functions. The ADC and D values reflect the diffusivity of water in biological tissues. The pseudo different coefficient D* represents both water movement in the blood flow and diffusion motion within a single voxel, which may have a potential value in the evaluation of microvascular perfusion status (19, 25, 26). However, the results are controversial (10, 27, 28). A previous study showed that the repeatability of the D* value was poor (27). This may be because the D* value is highly sensitive to capillary flow and volume effects in any region with cerebrospinal fluid (CSF) filling or necrotic space, and D* maps had a lower signal-to-noise ratio than the other maps (29).

Furthermore, to investigate whether there were differences in the microvascular changes in the subtype of patients with MMD, an IVIM analysis was performed in two separate groups: non-hemorrhage and hemorrhage. In this study, 39.39% (13/33) of patients were categorized into the hemorrhage group, which was in accordance with a previous study and accounted for 21–56% of MMD (30). The current study showed that an improvement in microvascular perfusion was more obvious in the non-hemorrhage group than in the hemorrhage group. Revascularization surgery is recommended for patients with ischemic MMD, with the aim of ameliorating microvascular perfusion (29). In patients with hemorrhagic MMD, the main purpose of surgery is to reduce the circulation pressure of collateral vessels and then to prevent recurrent intracranial hemorrhage rather than to increase the blood supply of the brain (29). The current study also showed that microvascular perfusion was significantly improved in the non-hemorrhage group but not in the hemorrhage group. This phenomenon might be explained by abundant collateral vasculature, which also indicated that preoperative microvascular perfusion status was better in patients with hemorrhagic MMD than in patients with ischemic MMD. Therefore, the incremental microvascular perfusion after surgery in patients with hemorrhagic MMD is not as obvious as in patients with ischemic MMD.

Nevertheless, the present study has several limitations. First, as the sample size was small, additional data are required to verify our results. Another drawback is the lack of comparison with other imaging methods for validation, such as TCD, BOLD-CVR, ASL, and DSC-PWI. However, the two modalities were widely used in other clinical scenarios, indirectly verifying the robustness of our methods (31, 32). Nonetheless, a validation analysis with other conventional methods will be performed in our future study. Third, our study only evaluated postoperative MR examinations after surgery, while the longitudinal changes in the cerebral blood supply were not analyzed and need to be improved in a future study.



CONCLUSION

The current study showed that 2D PC-MRI and the parameter rf derived from IVIM imaging could potentially and non-invasively evaluate the changes in hemodynamic status in patients with MMD after surgery. Moreover, an improvement in the microvascular perfusion status is more obvious in patients with ischemic MMD than in patients with hemorrhagic MMD.
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