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Background and Purpose: The objective of this study was to identify the morphological and hemodynamic factors associated with the rupture of multiple intracranial aneurysms regardless of patient-related factors and establish a statistical model for aneurysm rupture risk assessment.

Methods: The digital subtraction angiography (DSA) data of 104 mirror intracranial aneurysms in 52 consecutive patients were retrospectively analyzed in this study. 21 morphological parameters and hemodynamic parameters were calculated by 3-dimensional reconstruction and computational fluid dynamics (CFD) simulation. Significant differences (p < 0.05) between the two groups were subsequently tested with the multivariate logistic regression to identify the independent risk factors. A prediction model was established based on the independent risk factors. The receiver operating characteristics (ROCs) were generated to estimate the prediction performance. A cohort of patients with multiple intracranial aneurysms admitted in our institute from January 2021 to October 2021 was introduced to verify the value of the model.

Results: Significant differences between the ruptured and unruptured aneurysms were found in 15 out of 19 parameters. Bleb formation, neck width, and size ratio were independent factors in the multivariate logistic regression. A prediction model based on the three independent risk factors was established: Odds = −1.495 – 0.707 × (Neckwidth) + 3.061 × (Blebformation) + 2.1 × (SR) (bleb formation: Yes = 1, No = 0). The area under the curve (AUC) value of the model was 0.901. In the validation cohort, the prediction model showed satisfying performance in assessing multiple aneurysm rupture risk with a sensitivity of 100% and specificity of 88.46%.

Conclusion: Bleb formation, neck width, and size ratio were independently associated with aneurysm rupture status. The prediction model may help in identifying the aneurysm with high rupture risk.
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INTRODUCTION

Intracranial aneurysms (IAs) occur in about 2–3% of the general population (1). Subarachnoid hemorrhage (SAH) due to the ruptured IAs (RIAs) is associated with a high risk of mortality and disability [45% mortality in the first year (2) and 64% disability among the survivors (3)]. With the advancement of neuroimaging techniques, unruptured IAs (UIAs) have been increasingly detected. Given that only 1–2% of IAs are susceptible to rupture (4), rupture risk assessment of UIAs is critical for clinical decision-making. Treatment decision is mainly made on the basis of the PHASES score (8) in many medical centers. While, as to IA itself, only the size and location score were calculated, which may underestimate the rupture risk of IAs. It is of great significance to assess the rupture risk of IAs from the aspects of morphology and hemodynamics, especially for the treatment decision of multiple IAs. Several morphological parameters, such as size, irregularity in shape, aspect ratio (AR), and height/width (H/W) ratio may contribute to the rupture of IA (5). Meanwhile, hemodynamic changes also play an important role in the process of formation, development, and rupture of the aneurysm. These characteristics could help to determine which IA is prone to rupture and should be treated with priority. Intracranial mirror aneurysms, defined as aneurysms located in similar positions on bilaterally symmetrical arteries, provide an ideal model to study the growth and rupture of IAs. Using paired analysis, patient-related factors (e.g., age, gender, ethnicity, smoking, hypertension, and collagen genetics) can be neutralized by internal controls. To extensively investigate the potential predictive factors for aneurysm rupture, which will not be influenced by the characteristics of patient, we calculated and analyzed 21 morphological and hemodynamic parameters in 52 SAH patients with ruptured intracranial mirror aneurysms.



PATIENTS AND METHODS


Patients and Three-Dimensional (3D) Model Reconstruction

The studies involving human participants were reviewed and approved by the Institutional Ethics Committee of the Jinling Hospital. The patients provided their informed consent to participate in this study. Between January 2015 and December 2020, 109 consecutive patients with intracranial mirror aneurysms were diagnosed at our institution. Among them, 40 patients without SAH were excluded. Besides, nine patients with other intracranial diseases and eight patients with incomplete clinical or image data were also excluded. The remaining 52 patients with a ruptured aneurysm and an unruptured aneurysm in the symmetric location were finally included. CT and angiographic imaging were reviewed by two skilled neuroradiologists (LW and QW, both of them have working experience more than 10 years) together to identify the hemorrhagic aneurysm. The RIAs were identified based on the definitive patterns of hemorrhaging on CT scans in cases that were treated endovascularly. Other RIAs were further confirmed during microsurgeries. These 52 pairs of aneurysms were subsequently divided into the ruptured group and the unruptured group. All the patients underwent digital subtraction angiography (DSA) examinations and 3D reconstructions were obtained from rotational angiograms using the software Syngo Workplace (Siemens, Munich, Germany), which could create a spatial reconstruction of the vasculature in STL (stereolithography) format from axial DSA images in the DICOM (digital imaging and communications in medicine) format. All these 3D models were subsequently induced into 3-Matic Medical software (version 13.0, Materialise, Leuven, Belgium); the aneurysms together with parent arteries were isolated as the region of interest. After the processes of “trim” and “local smoothing,” the models were stored for further calculation and analysis.



Calculation of Morphological Parameters

The morphological parameters of the aneurysms and the parent vessels were measured and independently recorded by two neuroradiologists on the workplace system. Both of these two independent observers were blind to clinical manifestations and CT results of patients. Fourteen morphological parameters, namely, irregular shape, formation of bleb, bifurcation, maximum size, neck width, Hmax, height, width, H/W ratio, Hmax/neck width, bottleneck factor (BNF), AR, size ratio (SR), and inflow angle, were calculated. Definition of: (1) irregular shape: presence of protrusions or multiple lobes (>50% of the parent aneurysm size); (2) formation of bleb: detection of the sac <50% of the parent aneurysm size; and (3) bifurcation aneurysm: aneurysm originates at bifurcation of the artery, involving at least two vessels. Other parameters were previously described by Dhar et al. (5). Parameter definition and measurement are shown in Figure 1. Average values of all these parameters were adopted for further statistical analysis.


[image: Figure 1]
FIGURE 1. Definitions of morphological parameters (A: Bifurcation aneurysm, B: Sidewall aneurysm): Maximum size: the maximum distance of the dome from the neck plane; Neck width: the largest cross-sectional diameter of the aneurysm neck; Hmax: the maximum distance of the dome from the centroid of the neck plane; Height: the perpendicular distance of the dome from the neck plane; Width: the maximum diameter perpendicular to height; H/W ratio = height/width; bottleneck factor (BNF) = width/neck width; aspect ratio (AR) = height/neck width; size ratio (SR) = Hmax/DV, and DV were determined by averaging the diameter of the cross-section of a vessel (Da) just proximal to the neck of the aneurysm and the diameter of the cross-section (Db) at 1.5 times Da from the neck of the aneurysm. DV (mean diameters of parent vessels) = [(D1a + D1b)/2 + (D2a + D2b)/2 + (D3a + D3b)/2+ … (Dna + Dnb)/2]/n.




CFD Simulation and Calculation of Hemodynamic Parameters

Each geometry was imported into 3-Matic Medical software and meshed to create 800,000 to 1.8 million volume tetrahedral elements and wall prism elements for subsequent fluid dynamics computation. Incompressible Navier–Stokes equations were numerically solved under pulsatile flow conditions using the OpenFOAM version 6 software. The pulsatile velocity waveform obtained from transcranial Doppler ultrasound measurement on a normal individual was used as the inflow boundary condition. The flow waveforms were scaled to achieve a mean internal carotid artery (ICA) inlet flow rate of 4.6 ml/s under pulsatile conditions. The outlet was modeled as an opening boundary condition with zero static pressure and the mass flow rate through each outlet artery was proportional to the cube of its diameter (6). Blood flow was assumed to be incompressible Newtonian fluid, with a density of 1,060 kg/m3 and a viscosity of 0.0035 Ns/m2. All the models were assumed to have rigid walls with no-slip boundary conditions. We discretized the complete cardiac cycle of 1 s by a time step of 0.004 s for numeric simulation. Three pulsatile cycles were simulated to obtain stable results and the last cycle was taken as output. Hemodynamic parameters, including mean wall shear stress (WSS), mean maximum WSS (MWSS), mean parent vessel WSS (PTWSS), mean normalized WSS (NWSS), and mean oscillatory shear index (OSI) were calculated by CFD simulation. WSS is a mechanical force that acts tangential to the vessel wall.

[image: image]. [WSSi is the instantaneous shear stress vector and T is the duration of the cycle (6)].

Definitions of WSS-related parameters: WSS: time-averaged WSS further averaged over the dome area (the entire luminal surface of the aneurysm sac); MWSS: the maximum value of WSS during the cardiac cycle; PTWSS: WSS value acted on the parent artery wall; NWSS: mean intra-aneurysmal WSS magnitude normalized by the PTWSS.

Oscillatory shear index represents the directional change of WSS during the cardiac cycle (7).
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Statistical Analysis

The quantitative data were presented as mean ± SD or median ± interquartile range. The paired t-test was used for normally distributed parameters, while the Wilcoxon signed-rank test was used for nonnormally distributed parameters. The qualitative data were expressed as a percentage and the McNemar's test was used to compare the differences between the two groups. The SPSS version 26 (IBM Incorporation, Armonk, New York, USA) software was used for statistical analysis. Value of p < 0.05 was considered to be statistically significant. When the p-values for variables were <0.05, they were included in the conditional, forward multiple logistic regression to calculate the independent risk factors. The receiver operating characteristic (ROC) analysis was performed, after which the area under the curve (AUC) values for each parameter were calculated and compared. Thresholds for optimal sensitivity and specificity were also calculated.




RESULTS

A total of 52 patients with 104 intracranial mirror aneurysms were enrolled including 41 patients with the Hunt–Hess grades I-II and 11 patients with grades III-IV. There were 11 men and 41 women with a mean age of 63.19 ± 11.00 years (range 34–86 years), of which 11 (20.37%) had an alcohol drinking habit. In terms of comorbidities, 25 (48.08%) patients had a history of hypertension and five (9.62%) patients had coronary heart disease. Five pairs of aneurysms were located in the ophthalmic segment of ICA, 31 pairs of aneurysms were posterior communicating artery aneurysms, and the left 16 pairs were mirror middle cerebral artery aneurysms. Aneurysm rupture occurred on the left side in 25 (48.08%) patients and on the right side in 27 (51.92%) patients.


Morphological and Hemodynamic Characteristics

The values of relevant parameters are shown in Tables 1, 2. Compared with the unruptured group, the aneurysms in the ruptured group were more likely to be irregular and susceptible to blebbing and the differences were significant (p < 0.001). The maximum size of the aneurysms was 7.70 ± 3.30 mm in the ruptured group, which was significantly >4.42 ± 1.97 mm in the unruptured group (p < 0.001). The parameters including height, width, Hmax, and neck width were all found significantly greater in the ruptured group than those in the unruptured group. The AR, BNF, and SR of the ruptured aneurysms were significantly higher than the unruptured aneurysms. The inflow angle in the ruptured group was slightly larger than that in the unruptured group (p = 0.733). The significant variables were analyzed in the multivariate logistic regression with a conditional forward method. As shown in Table 2, neck width, formation of bleb, and SR were independently associated with the rupture status of IAs.


Table 1. The univariate analysis of morphological and hemodynamic characteristics associated with rupture of the aneurysm.

[image: Table 1]


Table 2. The multivariate logistic regression analysis of factors associated with rupture of the aneurysm.
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As for the hemodynamic parameters, CFD simulation demonstrated that ruptured aneurysms had significantly lower WSS (4.71 ± 3.58 vs. 6.98 ± 5.71 Pa, p = 0.017). Nevertheless, there were 13 pairs of the ruptured aneurysms with higher WSS, a higher rate of bleb formation (61.54 vs. 15.38%, p = 0.041), and greater size (6.11 ± 1.60 vs. 4.03 ± 2.18 mm, p = 0.003) were found in the subgroup. There was also a significant difference of OSI between the two groups (p = 0.037). Intra-aneurysmal maximum WSS and parent vessel WSS between the ruptured and unruptured aneurysms showed no statistical significance (Figure 2).


[image: Figure 2]
FIGURE 2. Comparison of hemodynamic characteristics of mirror aneurysms in a typical patient. (A) Complex flow pattern in ruptured aneurysm with blebs; (B) Simple flow pattern in unruptured aneurysm; (C,D) Lower wall shear stress (WSS) was observed in the ruptured aneurysm (2.47 vs. 2.72 Pa, p = 0.017); (E,F) No statistical differences in maximum WSS (MWSS) (44.45 vs. 14.56 Pa, p = 0.509); and (G,H) Higher oscillatory shear index (OSI) in the ruptured aneurysm (0.031 vs. 0.025, p = 0.037).


The ROC analysis and the AUC values were performed for each index in Table 1. Irregular shape, formation of bleb, maximum size, height, Hmax, AR, and SR had good AUC values (>0.8). The ROC curves for key parameters are shown in Figure 3.


[image: Figure 3]
FIGURE 3. (A) Results of the receiver operating characteristics (ROCs); (B) The area under the curve (AUC) values for key parameters.


As shown in Table 2, bleb formation, SR, and neck width were independently associated with rupture of IA. Then, a predictive model of the rupture status of IA was established: logit(P) = −1.495 – 0.707 × (Neckwidth) + 3.061 × (Blebformation) + 2.1 × (SR) (bleb formation: Yes = 1, No = 0). The ROC curve was used to evaluate the predictive power of the model. The AUC value of our model was 0.901 (Figure 4). The cutoff point was −0.1016 with a sensitivity of 0.827 and specificity of 0.934. A validation cohort of 27 patients (admitted in our institute between January 2021 and October 2021) with 56 IAs was induced to verify the value of the prediction model. It showed a satisfying sensitivity of 100% (10/10) and specificity of 88.46% (46/52). The total accurate rate of recognition was 89.29% (50/56).


[image: Figure 4]
FIGURE 4. Presentation of the AUC (0.901) of the model. Bleb formation, SR, and neck width were the parameters leading to the prediction quality of models with respect to rupture status of the aneurysm.





DISCUSSION

The rupture risk assessment of IAs is critical for clinical decision-making as well as the prevention of hemorrhagic stroke. According to the previous studies (8, 9), many clinical factors including age, hypertension, aneurysm location, population, and history of SAH were regarded as risk factors for aneurysm rupture. Some morphological and hemodynamic characteristics were considered as effective predictors of the rupture of IA. Thus, we combined these two aspects comprehensively, hoping to reveal the most significant features associated with the rupture of IA. We chose intracranial mirror aneurysms as study objects to avoid the internal bias induced by patient specificities. In this study, we demonstrated that formation of bleb, SR, and neck width were independently associated with the rupture of IA. Additionally, we established a prediction model for rupture risk based on the multivariate logistic regression results.

Previous study (10) has shown that bifurcation is associated with the formation and rupture of IAs. Compared with sidewall-type IAs, bifurcation-type IAs presented more complicated flow patterns in our CFD simulation, but it was not a statistically significant predictor in our series. This contradiction may be related to strict inclusion criteria of mirror aneurysms, which usually formed at the bifurcation of cerebral arteries. Lindgren et al. (11) found that irregular or multilobular shape is strongly associated with the rupture in IAs of all sizes and independent of location and patient background. Our findings also demonstrated that both of the two features are effective predictors of the rupture of IAs. Blebs are usually initiated at or adjacent to impingement regions with high WSS (12). The formation of blebs with lower WSS and higher OSI may contribute to the process of the rupture of IA, which was also observed by our CFD simulation. Since the findings were in accordance with prior conclusions, IAs with blebs should be cautiously monitored. Size of IA was identified as one of the most effective predictors in former studies. The International Study of Unruptured Intracranial Aneurysms (ISUIA) (9) found that the size and location of aneurysm are important predictors of hemorrhage and the critical size of aneurysms for rupture was 7.0 mm. In this study, however, smaller aneurysms ruptured in 3 cases (2 posterior communicating artery (PComA) aneurysms and 1 middle cerebral artery (MCA) aneurysm). Compared with the unruptured IAs, 2 ruptured smaller aneurysms presented irregular shape and the third one showed lower mean WSS in CFD simulation. Accordingly, aneurysm size is not the only consideration for management of multiple IAs; the location and shape of the aneurysm should be taken into account as well. Two previous studies (13, 14) on multiple IAs determined the cutoff sizes of 4 and 7 mm to be associated with aneurysm rupture. The threshold of maximum size for rupture was 6.15 mm in this study, which was within this range. Inflow angle was considered to be a significant discriminant of rupture status in sidewall aneurysms (15). However, in this study, inflow angle showed no significant difference. Sophisticated three-dimensional (3D) vascular structure of bifurcated aneurysms may be the underlying reason.

Five 2-dimensional parameters: AR, BNF, SR, H/W, and Hmax/Width were all proved efficient predictors in our series. Higher AR indicates more advanced phase of IA evolution. Higher volume and smaller outflow area restrict the rapid evacuation of blood flow and produce more obstruction vortexes, both of which accelerate the degeneration of endothelium, which might lead to the growth and rupture of IAs. Consistent with the study of Brian et al. (16), BNF and H/W (Hmax/width) exhibited predictive abilities in this study. Nevertheless, BNF and H/W ratio are highly dependent on aneurysm sizing methodology, which decrease the validity of the results and limit the value in prediction (17). The SR incorporates the geometry of the IA and its parent vessel. Higher SR indicates greater deformation of IAs and/or smaller diameter of the parent vessel. Given that all of these aneurysms are symmetrically located at the same segment of ICA, larger aneurysms were expected to have thinner walls. Since SR depended mainly on the change of Hmax, according to Laplace's law, larger aneurysms undergo greater wall tension when they are subjected to the same pressures. Thinner wall and greater wall tension make SR a reliable predictor. Some previous studies (18–20) also determined that SR is an important risk factor for the rupture of IA, with threshold values of 1.5, 1.8, and 1.21. SR was considered as one of the independent risk factors with a threshold value of 1.31 in this study. Another independent parameter “neck width” appeared as a protective factor of the rupture of IAs [odds ratio (OR) 0.493, p = 0.012], though ruptured IAs tend to present greater neck diameters. Higher flow velocity and stronger impact were observed in the narrow-necked IAs through CFD simulation, which would accelerate the damage and remodeling of the aneurysmal wall.

Many hemodynamic parameters were studied by numeral CFD simulation, among which WSS and OSI were most widely investigated. Previous studies have suggested that lower WSS is significantly correlated with the rupture status of cerebral aneurysms (20, 21). Miura Y et al. thought that significantly lower WSS may be the most reliable parameter characterizing the ruptured MCA aneurysms (21). However, some studies have shown a contrary relationship. Cebral et al. (22) found that the ruptured aneurysms have higher WSS compared with the unruptured aneurysms. Meng et al. (23) believed that both the high and low WSS can drive the growth and rupture of IA. Strong correlation between lower intra-aneurysmal WSS and aneurysm rupture was noted in this study. It should be noted that 25% (13/52) of the ruptured aneurysms in this study had higher WSS than the unruptured aneurysms. Bleb formation and/or greater size may lead to the contradictory finding. Hence, we hypothesized that morphological characteristics of surrounding vessels may contribute to the various distributions and magnitudes of intra-aneurysmal WSS. The interactions of the geometry and blood flow patterns together promote the rupture of aneurysms. Consistent with previous studies (24, 25), we observed that the low WSS region was heterogeneously distributed at the dome or the bulb regions of the aneurysm, where the aneurysm growth and rupture typically occur.

Though numerous morphological and hemodynamic characteristics were calculated and recorded simultaneously, only three morphological features showed independent predictive value. Since they could be obtained conveniently, the described prediction model can easily be assessed and used in the clinical setting. However, due to the inclusion criteria of mirror IAs, no postcirculation or anterior communicating artery (AComA) aneurysm was enrolled in the process of modeling. In the validation phase, 27 patients with 56 IAs were enrolled, among which three ruptured AComA aneurysms, four unruptured AComA aneurysms, and one unruptured basilar artery aneurysm were all detected correctly. On account of the limited number of the validation group, the accuracy of the model still needs to be verified in further investigations with larger cohort.



LIMITATIONS

This study had some limitations. First, since mirror IAs with different status are rare in clinical practice, a limited number of patients who met the inclusion criteria were enrolled and the relatively low sample size may lead to a potential statistical bias. Second, deformation of the ruptured aneurysms may occur after bleeding and the hemodynamic parameters may be changed obviously at ruptured status (26) thus, affect the reliability of the results. Third, although some conventional parameters, such as rigid wall, laminar flow, and Newtonian blood flow, are widely accepted and applied in CFD simulation, the differences between simulation and real situation exist.



CONCLUSION

We chose mirror IAs to identify the morphological and hemodynamic characteristics of ruptured IAs, which may be helpful in evaluation of rupture risk. The results of the multivariate logistic regression analysis showed that the neck width, SR, and formation of bleb were independently correlated with the rupture of the aneurysm. Then, a predictive model based on the three morphological parameters was established, with which efficient and convenient assessment could be made.
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