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Quantitative hemodynamics of draining veins in brain arteriovenous malformation: a preliminary study based on computational fluid dynamics
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Objective: This study initiated a preliminary computational fluid dynamics (CFD)-based study to investigate the relationship between quantitative hemodynamics of arteriovenous malformation (AVM) draining veins and rupture.

Methods: The quantitative hemodynamics of AVM draining veins were generated from computed tomography angiography (CTA)-based steady-state CFD models. Morphological and hemodynamic parameters were compared between the ruptured and unruptured groups. The boundary conditions of the drainage vein were obtained from quantitative digital subtraction angiography (QDSA). The draining veins were divided into 15 consecutive segments to analyze the spatial distribution of the hemodynamic parameters by linear regression analysis.

Results: From 11 AVMs, it was revealed that morphological parameters of drainage veins in ruptured and unruptured AVMs were similar. The intravascular pressure of the draining vein in the ruptured AVMs was significantly higher than those of the unruptured AVMs (pressure average: p = 0.006; pressure maximum: p = 0.045), and the WSS of the posterior segment was higher in ruptured AVMs (p = 0.045). WSS of draining veins in ruptured AVMs showed a linear increase trend with segmenting (R = 0.731, p < 0.001), and ruptured AVMs were more likely to be accompanied by high-velocity segments in the draining vein (40.0% vs. 14.7%, p = 0.037), especially in the posterior segment (p = 0.011).

Conclusion: The draining veins of ruptured AVMs had significantly higher intravascular pressure and posterior segment WSS. WSS showed a linear increase with segmentation in ruptured AVMs, and they often had more high-velocity segments in the draining vein, especially in the posterior segment.
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Introduction

Brain arteriovenous malformations (AVMs) are tangles of abnormally dilated vessels without intervening capillaries, which represent high-flow and low-resistance hemodynamic features due to direct arteriovenous shunting (1). AVMs represent 38% of all intracerebral hemorrhage in patients between 15 and 45 years of age (2). The natural annualized rupture risk was estimated to range from 2–4% per year (3). Several studies have identified several angioarchitecture predictors of AVMs to cause intracranial hemorrhage (4–6). However, results were inconsistent due to the small sample size and wide-existing selective bias. Therefore, exploring the internal pathophysiology and biomechanical mechanism of AVM rupture is the objective solution to avoid the above bias.

In theory, specific angioarchitecture may result from long-term hemodynamic effects. Shakur et al. (7) and Chang et al. (8) suggested that variation in wall shear stress (WSS) between feeders and normal arteries relates to the clinical presentation in AVMs. However, a growing number of recent studies have highlighted the importance of draining veins in the mechanism of AVM rupture (9). The theory of occlusive hyperemia set forth by Al-Rodhan et al. (10) offers convincing evidence on the contribution of obstruction of venous drainage. Impairment of venous drainage has been shown to be significantly associated with hemorrhagic risk (11, 12), which indicates that the increased resistance in the draining veins may induce hemorrhage by pressurizing the AVM system. Computational fluid dynamics (CFD) has been employed to characterize the local hemodynamic features that contribute to the pathogenesis of cerebral vascular disease (13, 14). However, current research does not thoroughly explore the hemodynamic mechanisms of draining veins in AVM rupture by CFD analysis. Challenges include obtaining specific boundary conditions for these veins and their irregular shapes compared to arteries.

In this study, we initiated a preliminary CFD-based study to explore the hemodynamic characteristics of AVM-draining veins and their relationship with clinical manifestations.



Materials and methods


Study protocol approvals and patient consents

The study protocol was approved by the Institutional Review Board of Beijing Tiantan Hospital and was carried out according to the guideline of the Helsinki Declaration. Written informed consent was obtained from all participants and their guardians at admission.



Study design and participants

This retrospective study reviewed 42 consecutive brain AVMs between June 2023 and February 2024 in a single tertiary referral institution (Beijing Tiantan Hospital, Figure 1). The inclusion criteria were as follows: (1) patients diagnosed with AVM by digital subtraction angiography (DSA), and the DICOM data of DSA and preoperative computed tomography angiography (CTA) were available; (2) patients with single draining vein (in cases involving multiple draining veins, the most dominant draining vein was identified and selected for analysis). (3) Patients with supratentorial nidus (avoid measurement errors caused by different circulation systems). Exclusion criteria were as follows: (1) patient’s concomitant diagnosis of hereditary hemorrhagic telangiectasia (HHT), arteriovenous fistula (AVF), and cavernous malformation (CM); (2) patients with poor image quality of preoperative CTA; (3) patients missing critical baseline information. After rigorous review, a total of 11 AVMs were included in this study.
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FIGURE 1
 Flowchart of study participants.




Baseline characteristics, vascular modeling and morphology parameters

Demographic, clinical, and imaging data were recorded. The hemorrhagic presentation was defined as hemorrhage that could be attributed to AVM rupture with symptomatic and CT evidence. The definition of morphological characteristics included AVM size, eloquent area, deep venous drainage, venous dilation, venous stenosis, feeding artery dilation, and flow-related aneurysm were based on the terminology associated with brain AVMs provided by a joint committee led by the American Society of Interventional and Therapeutic Neuroradiology (15).

CTA was performed following admission and the images were saved as the DICOM format and the generated models were exported in a stereolithography (STL) format. The data were then imported into Mimics 19.0 (Materialize, Belgium) to reconstruct 3-dimensional (3D) AVM structure for the following morphological-hemodynamic analysis. Morphological parameters were measured from the reconstructed 3D AVM model by two independent investigators (LoM and PC). The actual cross-sectional area of the inlet/exit was selected in the calculation of the outlet/inlet cross-sectional area ratio. To reflect the degree of tortuosity, we introduce the concept of tortuosity index, which is the ratio of the actual length of the 3D space (actual length) to the straight distance between the entrance and the exit (absolute length).
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CFD simulation and hemodynamic parameters

Procedures of CFD modeling in 3D AVM models were as follows: the CTA images were exported in a stereolithography (STL) format. After vascular modeling by Mimics, the 3D models were segmented and smoothed by the software Geomagic Studio 2012 (North Carolina) and then imported into ICEM CFD 2019R3 (ANSYS, Lebanon, NH) to create volume grids for fluid dynamics simulation. The draining veins were divided equally into 15 segments according to the vascular centerline. In order to compare the distribution difference of hemodynamic parameters in drainage veins among different segments, the drainage vein was divided into 3 major segments based on the aforementioned 15-segment segmentation method, including segment A (segment 1–5), segment B (segment 6–10) and segment C (segment 11–15).

Previous studies did not provide information on the boundary conditions of the AVM draining veins. To bring the CFD simulations closer to reality, specific blood flow velocities at the proximal end of the draining vein were obtained by QDSA and DSA the ROI area was divided at the beginning of the draining vein, and the specific blood flow velocity was obtained by the distance through the ROI area/the time through the ROI area. All DSA procedures were performed using a single C-arm fluoroscopy system (Philips, Amsterdam, Netherlands). A standard angiographic technique and contrast medium injection method were applied to all patients. The schematic diagram is shown in Figure 2. The specific blood flow velocities were applied at the draining veins inlets. The pressure of 0 Pa applied at the draining vein’s outlet to mimic venous sinus pressure. CFD simulations were performed by ANSYS CFX 19.2 (ANSYS Inc.), The governing equations underlying the calculation were the Navier–Stokes formulations. The blood was assumed as an incompressible flow with a constant density of 1,066 kg/m3 and a dynamic viscosity of 0.0035 Pa s. For the arterial wall, it was assumed to be rigid, no-slip, and no-penetration conditions were imposed. Hemodynamic characteristics of the AVM draining veins in the CFD models were assessed in ANSYS CFD-post.
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FIGURE 2
 Hemodynamic analysis of the draining vein in the ruptured (A.1–A.6) and unruptured (B.1–B.6) AVMs. This was a draining vein in the ruptured AVM (A.1,A.2). The draining vein was divided into 15 segments (A.3,B.3). The wall pressure of the draining vein was high in all segments, the wall shear stress was high in the posterior position, and high blood flow velocity was common (A.4–A.6). This was a draining vein in the unruptured AVM (B.1–B.2). The wall pressure, wall shear stress, and blood flow velocity were generally lower than those in the draining vein of ruptured AVM (B.4–B.6).


Hemodynamic parameters were measured simultaneously by two researchers (LoM and YC), including WSS and pressure. The draining veins were divided into 15 consecutive segments to analyze the spatial distribution of the hemodynamics. The pressure in each segment, pressure average, pressure maximum, WSS in each segment, WSS average, and WSS maximum were computed for each patient. Besides, the number of segments with high velocity was recorded to evaluate the degree of intravascular flow disorder. To intuitively evaluate the blood flow velocity and WSS level, the speed scale was set as 0–0.15 mm/s, the WSS scale was set as 0–2 Pa, and the pressure scale was set as 1,000–1,020 Pa, with blue representing low value and red representing high value. High velocity was defined as a flow rate exceeding 0.113 m/s, which corresponds to the highest speed range indicated by the color level.



Statistical analysis

Statistical analyses were conducted with SPSS 25.0 (IBM Corporation, New York, United States) and GraphPad Prism 10 (GraphPad Software, CA, United States). The categorical data were expressed as numbers and percentages, and continuous data were shown as median and inter-quartile range. For the demographic and angioarchitecture data, ruptured and unruptured AVMs were compared using descriptive statistics. Categorical variables were expressed as frequencies, and continuous variables were described as mean with standard deviation (SD) or median with interquartile range (IQR). For the draining veins’ morphological and hemodynamic parameters, the Mann–Whitney U test (Wilcoxon rank-sum test) was applied. Besides, the correlation coefficients of quantitative hemodynamic parameters of draining veins in subgroups with different clinical phenotypes were calculated using the Spearman rank method. The strength of correlation was measured with the coefficient determination (R). The relationship with R > 0.50 or <−0.50. Statistical significance was set at p < 0.05.




Results


Baseline characteristics

The study cohort consisted of 11 patients with a median age of 26.0 (21.5, 31.5) years old. 5 (45.5%) were male, and 6 (54.5%) were ruptured. There were 1 (9.1%) Spetzler-Martin (SM) grade I, 3 (27.3%) SM grade II, 5 (45.5%) SM grade III, and 2 (18.2%) SM grade IV AVMs.

There were no significant differences in the angioarchitecture characteristics between the ruptured and unruptured AVMs. For the draining veins, both ruptured and unruptured group had 1 patient accompanied with stenosis (16.7, 20.0%, respectively), while both these two groups had 2 patients accompanied with venous aneurysm (33.3, 40.0%, respectively) (Table 1).



TABLE 1 Baseline characteristics.
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Morphological and hemodynamic parameters of the draining veins

In terms of morphological parameters, no significant differences were found between the ruptured and unruptured AVMs, including inlet area, exit area, absolute length, actual length, and tortuosity index. However, unruptured AVMs have a higher outlet/inlet cross-sectional area ratio [0.74 (0.63, 1.26) vs. 0.29 (0.25, 0.35), p = 0.045] (Table 2).



TABLE 2 Morphological and quantitative hemodynamic parameters of the AVM draining veins.
[image: Table2]

In comparing quantitative hemodynamic parameters, the WSS average and maximum in each patient were similar between the ruptured and unruptured AVMs (p = 0.144, p = 0.100, respectively) (Table 2). However, the ruptured AVMs showed significantly higher WSS in the posterior segment [C segment, 0.74 (0.69, 1.25) vs. 0.16 (0.10, 0.37) Pa, p = 0.045] (Table 3). In terms of intravascular pressure, the ruptured AVMs appeared significantly higher pressure average [1030.34 (1022.46, 1038.46) vs. 1005.58 (1003.40, 1010.05) Pa, p = 0.006], and higher pressure maximum [1054.35 (1045.95, 1074.67) vs. 1022.4 (1019.33, 1035.94) Pa, p = 0.045]. In the subsegment analysis, the pressure of each segment of the drainage vein of ruptured AVMs was higher than that of unruptured AVMs in the same segment (A segment: p = 0.011, B segment: p = 0.006, C segment: p = 0.006, respectively). In terms of velocity, ruptured AVMs showed more high-velocity segments than unruptured AVMs [ruptured vs. unruptured: 36 (40%) vs. 11 (14.7%), p = 0.037]. And the ruptured AVM tends to have high flow rates in the posterior segment (C segment: p = 0.011).



TABLE 3 Comparison of hemodynamic parameters between different segments of the AVM draining vein.
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Spatial distribution of WSS and intravascular pressure in the draining veins with segment

The WSS of ruptured AVMs showed a positive linear correlation with segmenting (R = 0.731, p < 0.001), whereas this phenomenon was not observed in the unruptured AVMs (R = 0.017, p = 0.8784) (Figures 3A,B). And the pressure of both ruptured and unruptured AVMs showed negative linear correlations with segmenting (ruptured: R = −0.683, p < 0.001; unruptured: R = −0.808, p < 0.001) (Figures 3C,D). The mean blood flow velocity of ruptured AVMs showed a positive linear correlation with segmenting (R = 0.6938, p < 0.001), whereas this phenomenon was not observed in the unruptured AVMs (R = 0.007, p = 0.9535) (Figures 3E,F).

[image: Figure 3]

FIGURE 3
 Spatial distribution of hemodynamics in AVM draining vein. (A) The WSS of ruptured AVMs showed a positive linear correlation with segmenting. (B) The WSS of unruptured AVMs and segments was no linear correlation. (C) The pressure of ruptured AVMs showed a negative linear correlation with segmenting. (D) The pressure of unruptured AVMs showed a stronger negative linear correlation with segmenting. (E) The flow velocity of ruptured AVMs showed a positive linear correlation with segmenting. (F) The flow velocity of unruptured AVMs and segments was no linear correlation.





Discussion

In this study, we initiated a preliminary CFD-based study to explore the hemodynamic characteristics of rupture in the AVM-draining veins. We found that the intravascular pressure of draining veins in ruptured AVMs was significantly higher than those in unruptured AVMs, and the WSS of the posterior segment was higher in ruptured AVMs. Moreover, the WSS of draining veins in ruptured AVMs showed a linear increase trend with segmenting, and ruptured AVMs were more likely to be accompanied by high-velocity segments in the draining vein. These results imply that the hemodynamics within the draining vein of ruptured AVMs are often in a more intense and unstable state, and the findings of this study contribute to our understanding of the mechanisms of interaction between the hemodynamics and angioarchitecture characteristics in the AVM-draining vein.

Many previous studies have proposed that venous drainage abnormalities are strongly associated with hemorrhagic events in AVMs (16, 17). Draining venous stenosis and exclusive deep venous drainage appeared to be independent predictors of hemorrhagic presentation (5). Occlusive hyperemia due to stenosis of the draining vein and flow stasis caused by rapid inflow and slow outflow were recognized as the underlying mechanisms of AVM rupture (9, 11). Besides, the main pathophysiological mechanism of rupture caused by deep venous drainage has been linked to higher outflow impedance (18). However, current research lacks an exploration of the hemodynamic mechanisms characteristic of draining veins associated with AVM rupture. This study area presents several challenging issues, such as the difficulty in obtaining individualized boundary conditions for draining veins and the more irregular vascular morphology of veins compared to arteries.

The model-based CFD calculation has been used as a reliable modality to investigate blood flow patterns in cerebral vascular diseases, and the quantitative calculation of WSS and other parameters by CFD shows a convincing fidelity (19). However, CFD has not resulted in satisfactory progress in AVMs, since the exact geometry of the AVM compartments still eludes current imaging methods (20). Therefore, CFD hemodynamic analysis based on feeding artery or draining vein becomes a feasible way to indirectly explore the biological behavior of AVMs. In this study, based on the important role of AVM draining vein in rupture found in previous studies, we focused on the hemodynamic analysis of AVM draining vein through CFD. Finally, we found that the intravascular pressure of draining veins in ruptured AVMs was significantly higher than those in unruptured AVMs, and the WSS of the posterior segment was higher in ruptured AVMs. This partially contradicts the hypothesis proposed by Alqadi et al. (21), which suggested that decreased WSS leads to draining vein stenosis and subsequently promotes hemorrhage. We believe this discrepancy may be due to differences in the mechanisms of AVM rupture. Alqadi’s et al. (21) findings might only apply to AVMs complicated by draining vein stenosis, whereas in our study, we better balanced this angioarchitectural variable. Moreover, the impact of WSS on vascular architecture might be bidirectional (22). The effect of WSS on angioarchitecture may be bidirectional. Previous studies reported that intima hyperplasia may be associated with low WSS, whereas destruction and thinning of vascular wall structure may be associated with high WSS (7, 23). In this study, we found a significant increase in draining vein WSS and more high-velocity segments in ruptured AVMs, implying the presence of more turbulent separated flow (Reynolds number = 12,429) and more deviated laminar flowing the draining veins of ruptured AVMs.

The correlation between draining vein pressure and rupture in AVMs has not been elucidated. Zhang et al. (12) demonstrated higher feeding artery pressure and overloaded pressure across the nidus were associated with AVM rupture. Miyasaka et al. (24) found higher drainage venous pressure in ruptured AVMs by intravascular pressure measurement. The present study found a similar phenomenon to the above study, and a linear decreased draining veins’ pressure in the unruptured AVMs, which further indicates that the hemodynamics in the draining vein in unruptured AVMs were more stable. Generally, the vein walls are thought to thicken with increased pressure (25), intravascular pressure can affect endothelial cytoplasmic swelling, cell deformation, cell disintegration, and subsequent erosion, finally contributing to local thrombosis (26). Because of the hemodynamically associated endovascular changes in the endothelium, neointimal hyperplasia may cause the veins to narrow and/or occlude (22). On the other hand, the variation in vessel wall parameters increases turbulence and introduces flow separation, leading to damage repair and reconstruction of the endothelial cell (27). Therefore, the hemorrhagic presentation in AVMs may result from the interaction of hemodynamics and specific angioarchitecture resulting in occlusive congestion within the AVM nidus (9).

There were some limitations in our study. Firstly, the sample size was small, and individual heterogeneity may seriously affect the measurement results of hemodynamic parameters. Second, because of the unavailability of the pulse curve of the draining veins, we used a simplified steady-state CFD model for blood flow simulation instead of the transient model. Thus, we are not available for hemodynamic parameters such as oscillatory shear index (OSI) and relative resident time (RRT) calculated by transient models. However, we used the QDSA to calculate and extract the initial flow velocity of the individual draining vein, which allowed us to perform hemodynamic simulations in a more realistic scenario. Third, this study is a preliminary hemodynamic analysis of the main drainage vein of supratentorial AVM, without considering the influence of other secondary drainage veins. However, regardless of the mentioned problems, this study could preliminarily clarify the characteristics of hemodynamic distribution in AVM drainage veins with different clinical manifestations.



Conclusion

The current study demonstrated that the hemodynamics of draining veins might be associated with AVM rupture. The intravascular pressure of draining veins in ruptured AVMs was significantly higher than the unruptured AVMs, and the WSS of the posterior segment was higher in ruptured AVMs. The WSS of draining veins in ruptured AVMs showed a linear increase trend with segmenting, and ruptured AVMs were more likely to be accompanied by high-velocity segments in the draining vein.
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