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Objective: Hemodynamic characteristics play critical roles in aneurysm initiation and growth. This study aims to explore the effect of common hemodynamic parameters on the formation of visceral artery aneurysms (VAAs), especially those from the pancreaticoduodenal arteries or other uncommon locations, using real patients’ models.

Methods: Three-dimension vessel models of 14 VAAs from 13 patients were selected and constructed from computed tomography angiography (CTA) images. Aneurysms were manually removed to perform computational fluid dynamics (CFD) simulations of the models before aneurysm formation. Flow field characteristics were obtained and compared at the aneurysm forming and para-aneurysm areas. Aneurysm forming models were categorized into high-wall-shear stress (WSS) and low-WSS groups according to WSS value at aneurysm forming versus para-aneurysm areas.

Results: Computational fluid dynamics analysis revealed that the high WSS group had significantly higher WSSmax (P = 0.038), higher time average WSS (TAWSS) (P = 0.011), higher WSS gradient (WSSG) (p = 0.036), as well as lower oscillatory shear index (OSI) (P = 0.022) compared to the low WSS group. Significant higher WSSmax (P = 0.003), TAWSS (P = 0.003), WSSG (P = 0.041) and lower OSI (P = 0.021) was observed at the aneurysm forming site compared to both upstream and downstream areas.

Conclusion: Both local increase and decrease of WSS and WSS gradient were observed for the visceral artery aneurysm forming area. Computational fluid dynamics analysis could shed light on the pathogenesis of visceral artery aneurysms at uncommon vessel locations.
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Introduction

Visceral artery aneurysms (VAAs) are a set of vascular conditions affecting celiac artery (CA), superior and/or inferior mesenteric arteries (SMA and/or IMA) and their branches, the prevalence of which is estimated around 0.01-02% in the general population (1, 2). The most commonly involved visceral arteries are splenic arteries (60-80%), while the rest of visceral arteries (hepatic arteries (HA), SMA, CA, pancreaticoduodenal arteries (PDA), etc.) account for less than 40%. Although only comprising 5% of all abdominal aneurysms, VAAs are prone to underdiagnosis and have a mortality rate of 25% or more once ruptured (1). Furthermore, due to an often-asymptomatic nature, a quarter of VAAs reported are presented with rupture (3). Thus, the timely recognition and reliable monitoring of VAAs are crucial for any sequential interventions.

Considering etiology, true VAAs mainly arise from atherosclerotic nature, collagen vascular diseases, and other rare causes, while pseudoaneurysms are most commonly due to trauma or iatrogenic injury, local inflammatory, and infection (3). Besides clinical risk factors, changes in the regional hemodynamic states (i.e., portal hypertension) were found to be associated with the initiation of splenic artery aneurysms (4). Aneurysms of the rest of visceral arteries, however, were less studied because of their rarity. An interesting phenomenon has been observed on several occasions where stenosis of the celiac axis, mostly from median arcuate ligament syndrome, could result in an increased flow through the PDA and might be associated with the development of aneurysms (5, 6). However, the etiologies of VAA are complicated and still require investigation.

Image-based computational fluid dynamics (CFD) models of hemodynamics are powerful tools for studying a variety of cardiovascular diseases (7). Regarding aneurysms, a number of hemodynamic quantities have been proposed to be related to their growth or rupture in cerebral arteries or the aorta, such as wall shear stress (WSS), oscillatory shear index (OSI), gradient oscillatory number (GON), and aneurysm formation index (AFI) (8). Overall, CFD was less utilized in VAAs study, probably due to the rarity of these lesions. In this study, 14 PDA, SMA, or CA models deriving from patients’ CT images were applied to elucidate the role of hemodynamic parameters in VAAs initiation. Aneurysms were manually removed to mimic a hypothetically “initial” condition, where CFD analysis was performed and discussed.



Materials and methods


Patient and model acquisition

We retrospectively examined patients with visceral aneurysms from Peking Union Medical College Hospital medical record database from 2013 to 2020. Patients who had splenic artery aneurysm or did not receive computed tomography angiography (CTA) examinations were excluded. Totally 13 patients with single or multiple aneurysms on the PDA, SMA, or CA were included in the study. As illustrated in Figure 1, CTA images were obtained and loaded into a commercial software Mimics (v21.0, Materialize) for 3D segmentation. Artery models of the aorta and main visceral branches (RA, CA, SMA, IMA, PDAA, and significant collateral branches) were extracted, with small branches manually excluded. Models were subsequently smoothed with Wrap (v2017, Geomagic) and loaded into Solidworks (v18, Solidworks Co.). Vessel outlets were trimmed and sufficiently extended to allow the fully developed flow pattern. Fourteen aneurysms were selected and removed from the models using a previously reported method (9). Briefly, the centerline of the model was first calculated, and the segment affected by the aneurysm was manually removed. The centerline was then interpolated and used to guide the interpolation of spheres between the remaining geometries, from which the parent artery surface was reconstructed.
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FIGURE 1
Schematic illustration of aneurysm model construction and hemodynamics data extraction. (A,B) 3D segmentation of the artery models through CTA images. (C) Centerline calculation in Mimics. (D) Artery model loaded into Solidworks after smoothing. (E,F) Removal of the aneurysm through centerline interpolation and connection of the remaining branches. (G,H) Segmentation of the upstream, downstream, and aneurysm areas using the “blanking” function and hemodynamic parameters.




Computational fluid dynamics simulation

For each model, mesh convergence was investigated by comparing the WSSmax at peak systole with 6 meshes from coarse to fine. We calculated the percentage change in WSSmax, and a mesh was chosen when the percentage change was within 1%. Consequently, around 2 million (minimum mesh size of 1852566 and maximum mesh size of 2467559) finite volume tetrahedral elements were selected for each geometry using ANSYS ICEM (v19, ANSYS Inc.), and five layers of wall prism elements with the first layer of 0.05mm and a growth factor of 1.2 were added. Afterward, CFD simulations were performed with ANSYS Fluent (v19, ANSYS Inc.). Blood was modeled as an incompressible, Newtonian fluid with a density of 1,056 kg/m3 and viscosity of 0.0035 kg/ms. A rigid-wall no-slip boundary condition was implemented at the vessel walls. Inlet pressure and velocity profiles were derived from previous studies and adjusted with the cross-sectional area at each vessel outlet (10, 11). We performed a pulsatile flow simulation for 3 heart cycles to ensure convergence, and results from the last cycle were exported into Tecplot (Tecplot Inc.) for post-analysis.



Hemodynamics analysis

The following hemodynamic variables were calculated and evaluated: wall shear stress (WSS), time average wall shear stress (TAWSS), wall shear stress gradient (WSSG), oscillatory shear index (OSI), and aneurysm formation index (AFI). Detailed definitions of these variables could be found in previous studies (8, 12, 13). Aneurysm forming area and para-aneurysm (upstream or downstream) areas were defined as vessel segments at and around the removed aneurysms. The accurate position of each area was identified and isolated using the “blanking” function in Tecplot (Figure 1C). Area average hemodynamic parameters were calculated for the aneurysm forming and para-aneurysm areas on the vessels. All the models were categorized into high-wall-shear stress (WSS) and low-WSS groups according to WSS value at aneurysm forming versus para-aneurysm areas.



Statistical analysis

Two-tailed Student t-tests or Wilcoxon tests were used for cross or within-group comparison of hemodynamic parameters. The Chi-square test was used for categorical variables. Analyses were performed using IBM SPSS (v26, IBM Corp.), and p ≤ 0.05 was considered statistically significant.




Results


Patient and aneurysm characteristics

Totally 14 aneurysms from 13 patients were included in the study, and baseline characteristics were summarized in Table 1. Symptoms included abdominal pain or discomfort at disease onset. Hemodynamic parameters were calculated for each subject. The average WSS was 18.5 Pa for the high-WSS group and 3.5 Pa for the low-WSS group. No significant difference was observed between the two groups in baseline patient characteristics (age, sex, smoking habits, etc.) or aneurysm size. Regarding the location of the aneurysm, PDAA was associated with stenosis/occlusion of the SMA or CA (p = 0.031, Table 2).


TABLE 1    Baseline characteristics of patients and aneurysms.

[image: Table 1]


TABLE 2    Association of aneurysm location with artery stenosis/occlusion.
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Hemodynamic difference between high-WSS and low-WSS groups

As illustrated in Figure 2, calculation of hemodynamic parameters indicated that the high-WSS group also had significantly higher WSSmax (P = 0.038), higher TAWSS (P = 0.011), higher WSSG (p = 0.036), as well as lower OSI (P = 0.022) than those of low-WSS group. Figure 3 gave an illustrative example of CFD results for each group.
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FIGURE 2
Hemodynamic difference between high-WSS and low-WSS groups in the aneurysms forming area. (A) Results of WSSmax. (B) Results of TAWSS. (C) Results of WSSG. (D) Results of OSI.
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FIGURE 3
Examples of hemodynamic parameters in the high-WSS and low-WSS aneurysms. (Upper panel) AN example from the high-WSS group. (A) Concurrent stenosis of CA and occlusion of SMA. (B) Aneurysm forming area. (C) Results of WSS. (D) Results of OSI. (E) Aneurysm located at the bifurcation of PDA. (F) Results of WSSG. (G) Results of TAWSS. (H) Results of AFI. (Lower panel) An example from the low-WSS group. (A) Stenosis of CA. (B) Aneurysm forming area. (C) Results of WSS. (D) Results of OSI. (E) Aneurysm located on PDA. (F) Results of WSSG. (G) Results of TAWSS. (H) Results of AFI.




Hemodynamic characteristics in aneurysm forming and para-aneurysm area

Table 3 summarized the difference between aneurysm forming and para-aneurysm area in all aneurysms or each group. Wilcoxon tests were conducted to compare the results from the upstream aneurysm area, downstream aneurysm area, or their average with that in the aneurysm forming area, with Z and P-value shown. For all aneurysms in the high-WSS group, WSSmax and TAWSS were significantly higher at the aneurysm forming site compared to both upstream and downstream areas (P = 0.004 and 0.026). On average, a reduction of more than 30% percent WSS was present at the para-aneurysm area. Similar results were observed for the WSS-high group (P = 0.003). In addition, significantly higher WSSG and lower OSI were also observed in this group (P = 0.041 and 0.021). Little difference was present for the low-WSS aneurysms.


TABLE 3    Hemodynamic characteristics in aneurysm forming and para-aneurysm area among different groups.
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Discussion

VAA involving CA, SMA, and PDA is extremely rare yet highly susceptible to rupture (14). In our study, 9 of 13 (69.23%) patients included showed different degrees of aneurysm-related symptoms, probably because of admission bias. As for clinical factors, hypertension and smoking were prevalent in our patients, suggesting that atherosclerosis might influence these vessel models and favor aneurysm formation. Previous results from a large cohort indicated that most VAAs were asymptomatic, and more than half of them could remain stable under surveillance over time without size change or rupture (15). Thus, although the development of ultrasonography, CTA, MRI, and other diagnostic tools have increased the finding of asymptomatic VAAs, whether they should be referred to frequent surveillance or surgical intervention need finer assessment.

High WSS and low WSS are two key theories in aneurysm formation. Under normal conditions, endothelium cells (ECs) and smooth muscle cells (SMCs) on the arterial wall sense stress and shear stress through the cell membrane, primary cilia, integrin, and other functional components, triggering downstream signal transmission to maintain homeostasis. Supraphysiological high WSS could lead to increase MMP2 and MMP9 expression in ECs as well as loss of SMCs. Low WSS, on the other hand, may result in the increased expression of the pro-inflammatory factors and proliferation of inflammatory cells (16). OSI and AFI were parameters indicating fluctuation of WSS direction over the flow cycle, which could be sensitive for endothelial cells (12). Previous studies proposed that high WSS combined with a positive WSSG trigger a mural-cell-mediated destructive remodeling and growth of large aneurysm, while low WSS and a high oscillatory shear index can trigger inflammatory-cell-mediated destructive remodeling and formation of small bleb aneurysm (17).

In a meta-analysis, Can et al. concluded that an increase in WSS and GON may contribute to intracranial aneurysm formation, whereas low WSS was associated with its rupture (18). In another study, Huang et al. found a negative correlation between WSS and aneurysm for middle cerebral artery (MCA) bifurcation aneurysm (19). However, unlike intracranial aneurysms (20), VAA models are less common and most of the studies applying CFD analysis to VAAs are single or series case reports. These papers mainly focused on constructing ideal computational models, while true vessel models from VAA patients were less utilized. Mano et al. successfully used 4-D magnetic resonance imaging (MRI) to explore various hemodynamic parameters in PDAA pathogenesis (21).

Our study suggested that both high- and low- WSS mechanisms could play a role in the initiation of VAAs. For the high-WSS group, not only a higher WSSmax and TAWSS was observed at aneurysm forming area compared to para-aneurysm area, higher mean average level of WSSmax and its spatial gradient was also present than the low-WSS group. The result implied that for visceral artery at overall high WSS states (e.g., WSSmax > 18.46 Pa, TAWSS > 1.31 Pa, and WSSG > 605.27 N/m3, as calculated by the average value from this study), a local increase of WSS compared to the adjacent area indicated a high risk of aneurysm formation. For visceral artery at overall low states (WSSmax < 3.48 Pa, TAWSS < 0.26 Pa, and WSSG < 81.13 N/m3), local decrease of WSS were potential sites of aneurysm initiation. However, considering the heterogenous structures and the low number of models, the exact cut-off value should be explored with more patient-specific samples. More significant results were present between the aneurysm forming and the downstream area compared to the upstream area. This might be explained by an increase of blood velocity along the flow direction due to the decrease of vessel diameter. However, no significant difference was observed between the upstream and downstream aneurysm area (result not shown).

Notably, all PDAA included had various degrees of SMA or CA stenosis, which was consistent with previous findings (6). It had been reported that stenosis or occlusion of proximal intracranial arteries could lead to increase WSS at distal areas, which was associated with aneurysm formation (22, 23). Yuhn et al. investigated the hemodynamic characteristics of patients with CA stenosis and simulated arterial modeling of the PDA (24). Li et al. simulated the flow field WSS of a patient with PDAA accompanied by SMA occlusion to predict the outcome of different operation strategies (25). Additionally, Yonn et al. used an electric circuit model to explore the relationship between CA stenosis and PDA perfusion (26). Our study demonstrated that this condition could also be directly simulated with CFD analysis. On the other hand, significantly lower OSI was only observed for the high-WSS group. The role of OSI in aneurysm forming and rupture remains controversial (27).

Little association was found between the WSS states and the location or size of aneurysms, suggesting that the initiation and growth of aneurysms were not simply influenced by the primary blood flow rates or vessel diameters. Aneurysm progression could reversely influence local hemodynamics states, possibly ameliorate or accelerate its growth (26, 28). Nevertheless, since the time course of disease before diagnosis was neither available nor consistent for every patient, we could only remove all aneurysms and evaluate them at hypothetically “initial” conditions.

In summary, our series of case models pointed out some hemodynamic abnormities at VAA forming sites. In recent years, with the development of imaging technology, the application of CFD analysis to real 3D vessel models from patients is becoming a growing trend. Thus, it would be possible to have a preliminary evaluation of VAA forming potential for high-risk patients (for instance, those with collagen vascular diseases, identified aneurysms at other sites, or median arcuate ligament syndrome) using CTA results that were conveniently acquired in clinical scenarios. We were aware that the study had some limitations. For once, individual boundary flow conditions of vessels models were not available, which may influence the accuracy of calculation (20). PC-MRI or doppler ultrasound could be applied in the future to solve this problem. Another disadvantage was the limited number and heterogeneity of cases due to their low incidence. In the future, a similar study protocol could be applied to more homogeneous models or in a larger cohort to consolidate our findings, and patients’ flow waveforms should be collected beforehand. Furthermore, since the initiation of an aneurysm could be influenced by numerous factors, incorporating clinical risk factors could provide more predictive value in aneurysm diagnosis and assessment.



Conclusion

In conclusion, both local increase or decrease of WSS and its special gradient were observed for the visceral artery aneurysm (VAA) forming area on the patients’ vessel models. Hemodynamic characteristics could shed light on the pathogenesis of rare VAAs.
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