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Iliac Vein Compression Syndrome (IVCS) is a common risk factor for deep vein thrombosis in the lower extremities. The objective of this study was to investigate whether employing a porous medium model to simulate the compressed region of an iliac vein could improve the reliability and accuracy of Computational Fluid Dynamics (CFD) analysis outcomes of IVCS. Pre-operative Computed Tomography (CT) scan images of patients with IVCS were utilized to reconstruct models illustrating both the compression and collateral circulation of the iliac vein. A porous medium model was employed to simulate the compressed region of the iliac vein. The agreements of times to peak between discrete phase particles in CFD analysis and contrast agent particles in Digital Subtraction Angiography (DSA) were compared. Furthermore, comparisons were made between the CFD analysis results that incorporated the porous media and those that did not. The results revealed that in the CFD analysis incorporating the porous media model, more than 80% of discrete phase particles reached the inferior vena cava via collateral circulation. Additionally, the concentration variation curve of discrete phase particles demonstrated a high concordance rate of 92.4% compared to that obtained in DSA. In comparison to CFD analysis conducted without the porous medium model, the incorporation of the porous medium model resulted in a substantial decrease in blood flow velocity by 87.5% within the compressed region, a significant increase in pressure gradient of 141 Pa between the inferior vena cava and left iliac vein, and a wider distribution of wall shear stress exceeding 2.0 Pa in collateral vessels rather than in the compressed region. The study suggests that the introduction of a porous medium model improves the hemodynamic analysis of patients with IVCS, resulting in a closer alignment with clinical observations. This provides a novel theoretical framework for the assessment and treatment of patients with IVCS.
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1 INTRODUCTION
Iliac Vein Compression Syndrome (IVCS) is a medical condition caused by the compression of the iliac vein or abnormalities in the vascular structure, resulting in impaired venous return from the lower limbs and pelvis (Poyyamoli et al., 2021). IVCS is a common risk factor for Deep Vein Thrombosis (DVT) in the lower limbs. DVT is characterized by abnormal blood clotting in the deep veins, severely impeding venous return and promoting collateral circulation between the iliac veins. Untreated DVT can lead to severe venous diseases in the lower limbs (Kalu et al., 2013; Virchows, 2024).
Clinical anatomical studies have identified a distinct fibrous structure, known as the venous ridge, in the compressed region of the iliac vein in IVCS patients (Zhou et al., 2022). This structure is primarily composed of collagen and elastin, and obstructs blood flow, contributing to the formation of DVT (Butros et al., 2013; Al-Otaibi et al., 2021). It is nearly invisible in medical imaging.
Collateral circulation refers to the development of alternative blood pathways through newly formed vessels when one iliac vein is blocked or narrowed. This allows blood to bypass the obstruction and return to the inferior vena cava (Chiu and Chien, 2011). The presence of collateral circulation helps maintain blood flow in the lower limbs and alleviate pressure in the narrowed iliac vein trunk. During the reconstruction of the iliac vein model in patients with IVCS, constructing a complete collateral circulation model is beneficial for conducting a comprehensive analysis of venous blood flow, thereby enhancing the accuracy of CFD analysis.
In recent years, there has been an increasing application of CFD in the analysis of venous blood flow. Assi et al. (2023) utilized CFD analysis to identify elevated shear rates in the compressed left iliac vein of IVCS patients. Jiang et al. (2021) investigated the impact of different collateral types and cross-sectional areas on the stenosis of the left iliac vein and distal deep vein thrombosis in IVCS patients, revealing that blood is more likely to stagnate at the site of iliac vein stenosis or its distal end, resulting in reduced flow velocity and volume. These studies suggest that CFD methods contribute to a better understanding of hemodynamic conditions during venous stenosis, by providing quantitative parameters such as velocity and pressure, as well as generating intuitive images and charts. CFD analysis of the iliac vein with established collateral circulation revealed an increase in flow and acceleration in velocity within the narrow vessel, attributed to the reduction in cross-sectional area at the compressed site (Li et al., 2023; Sandeep and Shine, 2021). However, clinical studies have shown that the vein crest and the establishment of collateral circulation result in limited and sluggish blood flow in the compressed area of the iliac vein. Therefore, it is imperative to introduce alternative models to enhance the accuracy of CFD analysis.
A Porous Medium (PM) is a material characterized by a skeletal framework and interconnected pores that facilitate fluid flow, resembling the structure and function of venous sinuses (Wang, 2000). The PM model serves as a mathematical representation of fluid flow and heat transfer within porous materials (Kaviany, 2012). Incorporating a PM model in the compressed region of the iliac vein in CFD analysis can better simulate the venous ridge structure, reducing blood flow velocity and volume in the compressed area (Bear and Bachmat, 1990). This aligns more closely with clinical scenarios and holds significant clinical relevance.
This study utilized Computed Tomography Venography (CTV) data from IVCS patients to reconstruct models. A PM model was employed to simulate the venous ridge structure and construct a complete collateral circulation pathway. Discrete phase particles were used to simulate the flow of contrast agents, and their times to peak (TTPs) in the inferior vena cava were monitored and compared with DSA to verify the feasibility and accuracy of the PM model in the hemodynamic analysis of IVCS. Additionally, comparing CFD results with and without the PM model explored the significance of the PM model in IVCS analysis, which provides a theoretical basis for clinical evaluation and treatment of IVCS.
2 MATERIALS AND METHODS
2.1 Data source
The DSA and CTV image data of an IVCS patient from the North District of the First Affiliated Hospital of Anhui Medical University were selected for analysis. The DSA data (Figure 1) showed severe compression of the left iliac vein, resulting in obstructed blood return and the presence of a well-developed collateral vascular pathway, which met the experimental requirements.
[image: Figure 1]FIGURE 1 | Clinical DSA images of the patient, indicating clear collateral circulation.
2.2 Model construction
The CTV data of the patient was utilized to reconstruct a 3D vascular model. The Mimics software was employed for color segmentation to extract the vessels, create centerlines, and fit the vascular spatial structure. To simplify the calculations, we excluded most of the smaller vessels that are not connected to the main veins during the vessel extraction process. These vessels typically branch off from the iliac vein and gradually diminish, disappearing into the tissue or capillaries, without affecting the primary blood flow of the iliac vein. Additionally, the 3-Matic software was used for segmentation, smoothing, and meshing to ultimately establish a 3D vascular model that included the left and right iliac veins, collateral vessels, and the inferior vena cava (Figure 2). Blood flow entered from both iliac veins, with most of the blood from the left iliac vein flowing through the collateral vessels to reach the right iliac vein before entering the inferior vena cava. Through DSA imaging and in collaboration with clinicians, the identified porous areas were strictly limited to regions characterized by compressed blood vessels.
[image: Figure 2]FIGURE 2 | Reconstructed vascular model of the patient, with a set Porous Media model region.
2.3 CFD numerical simulation
The CFD analysis was conducted using ANSYS 22.0 software. The vascular walls were set as rigid and no-slip, with blood flow assumed to be laminar. Blood was modeled as a homogeneous, incompressible Newtonian fluid with a viscosity coefficient of 0.0029 kg/(m·s) and a density of 1,410 kg/m3.
Regarding the boundary condition settings for venous entrances, different approaches were employed for the left and right iliac veins. To simplify the analysis, a constant inlet velocity was assigned to the right iliac vein based on clinically measured averages, resulting in an established flow rate of 0.099 m/s. Conversely, the inlet velocity of the left iliac vein was defined as a variable and represented by a sine function that accurately fitted clinical ultrasound spectral data. This led to the following expression for its conditions: v = 0.108 + 0.0835 * sin (1.5t - 1.5) m/s. The outflow boundary condition was set to 0 Pa. For the CFD analysis, the coupled scheme was employed with a time step of 0.02 s, and transient calculations were performed for three cycles, totaling 14 s (Albadawi et al., 2022; Sikkandar et al., 2019; Taebi, 2022).
The PM model region was calculated using the Brinkman equation, which is suitable for incompressible Newtonian fluids with laminar flow in the pores. This calculation took into account both viscous and inertial resistance. The porosity and relative viscosity of the PM were assumed to be 1, and the viscous resistance coefficient was adjusted to identify the optimal combination of conditions.
A specific region of the inferior vena cava was chosen from the DSA image data to record the time to peak (TTP) of the contrast agent (Figure 3A). Correspondingly, three planes, spaced 10 mm apart, were selected at the appropriate location within the inferior vena cava model (Figure 3B) to calculate the mean values of surface integral velocities and particle counts. These values were utilized for grid independence verification and TTP calculations. TTP was defined as the duration from the start of contrast agent injection to its maximum concentration at a specified location, reflecting the vascular obstruction and collateral circulation condition in the patient.
[image: Figure 3]FIGURE 3 | (A) Region selected for TTP calculation in DSA; (B) Calculation planes in CFD analysis.
The iliac vein model was meshed using tetrahedral elements. Mesh independence was verified by setting the triangular edge lengths to 0.23 mm, 0.30 mm, and 0.40 mm, resulting in 4 million, 2 million, and 1 million mesh elements, respectively. The surface integral of fluid velocity for these different mesh sizes were 0.02487 m/s, 0.02483 m/s, and 0.02495 m/s, respectively, with differences between each pair being less than 1%. Considering both mesh accuracy and computational cost, the 2 million-element mesh was selected for CFD analysis.
The Discrete Phase Model (DPM) is a CFD model utilized to simulate the movement of sparsely distributed particles (such as droplets, bubbles, solid particles, etc.) within a continuous phase (such as gas or liquid). It also accounts for the interaction between the discrete and the continuous phases. In this study, DPM was employed to simulate the flow of contrast agent particles in blood. An inert discrete phase model was utilized to simulate the movement and accumulation of the contrast agent within the blood vessels (Brandt and Coletti, 2021). The particle diameter was set to 0.001 mm, and particles were injected from a circular plane with a diameter of 1.5 mm at an injection rate of 0.02133 kg/s and an initial velocity of 0 m/s, following the blood flow. The calculation focused on simulating the flow of discrete phase particles from the left iliac vein inlet through the compressed region (i.e., the PM model region) and collateral vessels into the inferior vena cava. The quantity of discrete phase particles reaching the statistical plane of the inferior vena cava over time was then compared with the TTP of the contrast agent in DSA.
3 RESULTS
3.1 Viscous resistance coefficient
Various viscous resistance coefficients for the PM model were selected based on a well-established range of parameters identified in the existing literature (Bear and Bachmat, 1990). The CFD analysis was performed using PM models with varying viscous resistance coefficients in order to assess the time of particles reaching the first peak, first valley, and second peak in comparison to results obtained in DSA (Table 1). The results indicated that three sets of data showed a TTP similarity of over 90% compared to DSA, and the viscous resistance coefficients were determined to be 1.0*106, 5.0*107, and 2.5*108, respectively. Therefore, the PM model and viscous resistance coefficient can be used to evaluate the iliac vein compression in a patient.
TABLE 1 | Comparison of TTPs among discrete phase particles in CFD analysis with different viscous resistance coefficients and contrast agent concentrations in DSA.
[image: Table 1]3.2 Time to peak (TTP)
The number of discrete phase particles at a specified cross-sectional area of the inferior vena cava (Figure 3B) was counted and compared with the contrast agent particles observed in DSA. The concentration variation curve of discrete phase particles in the CFD analysis with a viscous resistance of 2.5*108 best matched the concentration variation curve of contrast agent particles in DSA, as depicted in Figure 4. The TTP curve in the DSA was utilized to monitor concentration variations of contrast agent particles as they traveled from the left iliac vein, passed through the compressed region and collateral vessels, and ultimately converged in the inferior vena cava throughout the duration of the procedure. In the CFD analysis incorporating the PM model, the TTP curve was generated by employing discrete phase particles to simulate the behavior of the contrast agents. This approach enabled the simulation of concentration changes of discrete phase particles within a defined plane of the inferior vena cava.
[image: Figure 4]FIGURE 4 | Time to Peak (TTP) curves. The white curve depicts the temporal variation of contrast agent concentration in the specified region of the inferior vena cava in DSA (Figure 3A), while the blue curve illustrates the temporal variation of discrete phase particle concentration in the specified plane of the inferior vena cava in CFD analysis (Figure 3B).
From the graph, it can be observed that the discrete phase particles in the PM model and the contrast agent particles in DSA exhibited similar concentration variation trends. Both curves displayed double peaks, with peak times coinciding. In the PM model, the first TTP of discrete phase particle concentration was 3.465s, while the DSA showed the first TTP at 2.752s, resulting in a difference of 20.58%. The second TTP of concentration was achieved at 5.787s in PM model and at 5.702s in DSA, representing a difference of 1.47%. Additionally, the concentration reached a valley at 4.445s in PM model and at 4.304s in DSA, with a difference of 3.17%.
3.3 Velocity distribution of phase discrete particles
A discrete phase particle model was employed to simulate the injection of contrast agents from the left iliac vein. Figure 5 displays the particle distributions in both the non-porous medium (NPM) model and the PM model. The distribution of discrete phase particles in the PM model showed a notable similarity to the contrast agents in DSA, indicating that the PM model provides a more precise representation of venous flow characteristics in IVCS patients. A significant difference was observed in the velocity and distribution of particles within the compressed region of the iliac vein between the two models. In the NPM model, all discrete phase particles flowed into the inferior vena cava through the compressed region, displaying a notably increased velocity within this area. Conversely, in the PM model, over 80% of the discrete phase particles entered the inferior vena cava through collateral vessels, with only a small number of particles passing through the compressed region at a slower velocity.
[image: Figure 5]FIGURE 5 | Velocity distribution of discrete phase particles: (A) NPM model; (B) PM model.
In particular, the temporal distribution of particles in CFD analysis with incorporated PM model is illustrated in Figure 6. It is shown that from 0 s to 7 s, the temporal distribution of particles is well aligned with the TTP curve depicted in Figure 4. Figure 6 revealed that a substantial number of discrete phase particles traveled through the collateral vessels into the inferior vena cava over time, while only a minimal quantity of particles passed through the compressed region. This pattern closely resembled the movement of the contrast agents observed in clinical practice, supporting the notion that both the porous media model and the discrete phase model could effectively simulate the dynamics of the contrast agent within the compromised vascular environment. These findings highlight the potential utility of these modeling approaches in enhancing the understanding of hemodynamics in patients with IVCS.
[image: Figure 6]FIGURE 6 | The distribution of particles at different moments in PM model: (A) 0–2 s; (B) 2–3 s; (C) 3–4 s; (D) 4– ; (E) 5–6 s; (F) 6–7 s.
3.4 Pressure gradient
The pressure distribution in the PM and NPM models is depicted in Figure 7. As illustrated, the pressure in the left iliac vein of the NPM model ranged from 20 to 30 Pa, whereas in the PM model, it varied from 160 to 180 Pa, indicating a higher pressure in the left iliac vein. Within the porous medium region (i.e., the stenosis area of the iliac vein), the maximum pressure in the NPM model was 28 Pa, whereas it was 167 Pa in the PM model.
[image: Figure 7]FIGURE 7 | Pressure distribution: (A) NPM model; (B) PM model.
In clinical practice, the pressure gradient is commonly utilized to assess the severity of a patient, which is defined as the pressure difference between the inferior vena cava and the left iliac vein. The data revealed that in the NPM model, the pressure gradient across the compressed region was 27 Pa, whereas it increased to 168 Pa in the PM model. The pressure gradient in the PM model exceeded that of NPM by 141 Pa, demonstrating a closer approximation to clinical reality.
3.5 Wall shear stress
The distribution of wall shear stress (WSS) in the PM and NPM models is shown in Figure 8. WSS serves as a crucial parameter that indicates the health status of the vascular wall and blood cells (Candreva et al., 2024). In arterial studies, WSS values above 2.0 Pa are generally deemed to be detrimental to the vessel wall, whereas WSS values below 0.5 Pa are associated with thrombosis risk (Eshtehardi et al., 2012; Kumar et al., 2018; Samady et al., 2011). In the NPM model, there were limited regions with WSS exceeding 2.0 Pa, predominantly concentrated at the junction of the compressed region and the inferior vena cava. In contrast, the PM model displayed a wider distribution of areas with WSS surpassing 2.0 Pa, primarily situated in the collateral vessels and their junction with the right iliac vein. Furthermore, in the NPM model, regions characterized by low WSS (below 0.5 Pa) were distributed throughout the left iliac vein and collateral vessel regions, while in the PM model, low WSS regions were confined to the vicinity of the left iliac vein.
[image: Figure 8]FIGURE 8 | WSS distribution: (A) NPM model; (B) PM model.
4 DISCUSSION
In the hemodynamic study of the iliac vein, traditional CFD analyses often overlook the structure of venous ridges in patients with iliac vein compression syndrome (IVCS), resulting in discrepancies between computational results and clinical observations. This study employed the PM model to simulate the function and characteristics of venous ridges and validated the feasibility of the PM model in IVCS hemodynamic analysis through TTP.
The TTP of discrete phase particles in CFD analysis incorporating the PM model was found to be highly consistent with that of contrast agents in DSA. This can be attributed to several reasons: firstly, the utilization of the PM model resulted in a reduction of velocity for discrete phase particles within the compressed region, thereby extending the time for particles to reach the inferior vena cava; secondly, the application of the PM model led to an increase of blood flow in collateral circulation, thereby extending the physical distance for particles to travel to the inferior vena cava. The strong resemblance observed between the results of CFD analysis and DSA indicates that the PM model exhibits similar flow characteristics to the compressed iliac vein. Therefore, the PM model can serve as a valuable tool for simulating the venous ridge structure in patients with IVCS. By adjusting the viscosity coefficient of the Porous Media, the PM model can offer a more precise representation of the compressed iliac vein, thereby providing a new theoretical framework for the diagnosis and treatment of IVCS cases.
In comparison to the NPM model, the PM model demonstrated a decrease in the flow and velocity of discrete phase particles within the compressed region, with most particles entering the inferior vena cava through collateral vessels. The reduction in particle velocity within the compressed region in the PM model was primarily attributed to two factors. Firstly, the PM model simulated the compressed region as a porous medium, which increased resistance to particle flow and consequently reduced their velocity. Secondly, the PM model enhanced the blood flow in collateral circulation, resulting in fewer particles entering the inferior vena cava through the compressed region, thereby reducing the velocity of particles within the compressed area. This phenomenon occurs specifically in patients with fully developed collateral circulation. Chen et al. (2023) found that patients with IVCS and without collateral vessels exhibited an increase in blood flow velocity within the compressed region as the severity of iliac vein stenosis progressed. However, Assi et al. (2023) demonstrated that the presence of collateral vessels significantly reduced blood flow through the left iliac vein to the inferior vena cava by over 50%. These studies suggest that the presence of collateral circulation affects the hemodynamic pattern of the iliac vein in patients with IVCS and can effectively redirect blood flow away from the compressed area towards the inferior vena cava. Compared with the NPM model, the PM model can better simulate this hemodynamic feature. In simulating iliac vein compression with collateral circulation, the PM model can restore real blood flow characteristics by allowing more blood flow into inferior vena cava through the collateral vessels instead of the compressed region, which is more closely aligns with clinical reality.
When comparing the pressure gradient of the left iliac vein and inferior vena cava between PM and NPM models, it was found that the pressure gradient in the PM model was significantly higher than in the NPM model. This finding is consistent with previous research by Li et al. (2023), which demonstrated a notable increase in pressure gradient between these two locations as IVCS progressed. A higher pressure gradient can serve as an indicator of the severity of IVCS, with a pressure gradient exceeding 266 Pa commonly seen as a clinical characteristic of this condition (Liu et al., 2014; O'Sullivan et al., 2000). Although the pressure gradient in PM model did not reach 266 Pa in this study, it is clear that there is a tendency for the PM model to cause a greater pressure gradient difference. The failure to achieve 266 Pa may be attributed to the fact that patients with IVCS in this study were affected by a combination of other factors and pressure gradients. When compared to the NPM model, it is evident that an increased pressure gradient in the PM model aligns more closely with clinical observations.
The comparison of wall shear stress (WSS) between the PM and NPM models revealed that the PM model demonstrated a larger region of high WSS (exceeding 5 Pa). Elevated high WSS regions typically indicate an increased risk of vascular injury in arterial studies (Fallahi et al., 2021; Sandeep and Shine, 2021). A study by Li et al. (2023) demonstrated that an increase in iliac vein stenosis led to a rise in high WSS regions The higher proportion of high WSS regions in the PM model is more consistent with clinical observations. Conversely, when analyzing low WSS regions, the NPM model showed a larger region with low WSS levels, primarily concentrated in the collateral vessel area. This discrepancy may be attributed to the limited blood flow distribution in the collateral vessels within the NPM model.
This study demonstrates that the incorporation of a porous medium model significantly enhances the hemodynamic analysis of patients with IVCS, leading to a hemodynamic environment that more closely aligns with clinical observations. This improvement is attributed to the effective simulation capabilities of the PM model regarding the obstructive effects posed by venous ridge structures in IVCS. Consequently, when compressed tissues generate ridge-like formations within the constricted region of a vessel, the PM model could accurately replicate the resultant flow disturbances. Therefore, this approach holds considerable promises for conditions such as inferior vena cava compression syndrome or jugular vein compression syndrome.
In this research, a PM model was established in the compressed region of iliac vein, ensuring that parameters such as blood flow velocity, pressure gradient, and wall shear stress in CFD analysis accurately reflected clinical realities. Such approach facilitates a more precise evaluation of both the degree and specific locations of iliac vein compression. Such insights not only provide robust support for disease diagnosis and treatment, but also play a crucial role in preventing complications, evaluating treatment efficacy, and assessing prognosis. Furthermore, conducting precise CFD analysis of IVCS with the incorporated PM model, could elucidate the relationship between hemodynamic characteristics of IVCS and its onset and progression. This investigation may reveal the pathophysiological mechanisms underlying this condition, thereby providing a theoretical foundation and experimental support for the development of novel therapeutic strategies.
This study has several limitations. Firstly, the sample size was relatively small, which restricts the generalizability of the findings, necessitating further expansion to verify the feasibility of the porous medium model. A larger sample size would not only enhance the statistical power of the study but also facilitate a more nuanced understanding of the performance across diverse patient demographics. This is particularly important given the variability in anatomical and physiological characteristics among individuals with IVCS. Secondly, this study only considered a single porous medium model without investigating the performance differences between various model configurations. Future research could benefit from the selection or design of multiple porous medium models tailored to different patient characteristics, thereby improving both applicability and accuracy of the PM model. Lastly, to further validate the accuracy of the simulation results, it is crucial to conduct in vitro or in vivo experiments. Such investigations will help confirm validity of the model and provide new theoretical support for the treatment of IVCS patients, ultimately enhancing clinical outcomes.
5 CONCLUSION
In this study, the PM model was utilized to simulate the compressed region of the iliac vein in patients with IVCS, and the feasibility of this model was validated through the hemodynamic analysis of IVCS. The results demonstrated that CFD analysis with the PM model could replicate the hemodynamic environment of IVCS patients. Incorporating the PM model in CFD analysis reduced the flow and velocity in the compressed iliac vein, altered the distribution of blood flow, and directed most of the blood towards the right iliac vein through collateral circulation before returning to the inferior vena cava. Additionally, the pressure gradient value between inferior vena cava and left iliac vein closely approximated to clinical pressure gradient index. Therefore, CFD analysis using PM model has potential applications for evaluating IVCS patient conditions and offering valuable insights for the diagnosis and treatment of IVCS from a fluid mechanics perspective.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
LW: Formal Analysis, Writing–original draft, Writing–review and editing. KH: Writing–original draft, Writing–review and editing, Investigation, Methodology. JW: Writing–review and editing. SZ: Writing–review and editing. XY: Writing–review and editing. YC: Supervision, Writing–review and editing. CL: Writing–review and editing, Data curation. XL: Writing–review and editing. KY: Writing–review and editing. PQ: Conceptualization, Methodology, Writing–review and editing. YZ: Methodology, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Anhui Provincial Natural Science Foundation grant 2308085QA31 and the Fundamental Research Funds for the Central Universities (JZ2022HGTA0314 and JZ2022HGQA0139) to LW.
ACKNOWLEDGMENTS
We would like to express our sincere gratitude to the First Affiliated Hospital of Anhui Medical University and the Shanghai Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine for providing clinical medical imaging data and their assistance during the research.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Albadawi, M., Abuouf, Y., Elsagheer, S., Sekiguchi, H., Ookawara, S., and Ahmed, M. (2022). Influence of Rigid-Elastic artery wall of carotid and coronary stenosis on hemodynamics. Bioeng. (Basel) 9 (11), 708. doi:10.3390/bioengineering9110708
 Al-Otaibi, M., Vaidy, A., Vaidya, A., Zlotshewer, B., Oliveros, E., Zhao, H., et al. (2021). May-Thurner anatomy in patients with chronic thromboembolic pulmonary hypertension: an important clinical association. JACC Cardiovasc. Interv. 14 (17), 1940–1946. doi:10.1016/j.jcin.2021.06.042
 Assi, I. Z., Lynch, S. R., Samulak, K., Williams, D. M., Wakefield, T. W., Obi, A. T., et al. (2023). An ultrasound imaging and computational fluid dynamics protocol to assess hemodynamics in iliac vein compression syndrome. J. Vasc. Surg. Venous Lymphatic Disord. 11 (5), 1023–1033.e5. doi:10.1016/j.jvsv.2023.05.017
 Bear, J., and Bachmat, Y. (1990). “Introduction to modeling of transport phenomena in porous media,”. Springer Science and Business Media. 
 Brandt, L., and Coletti, F. (2021). Particle-laden turbulence: progress and perspectives. Annu. Rev. Fluid Mech. 54, 159–189. doi:10.1146/annurev-fluid-030121-021103
 Butros, S. R., Liu, R., Oliveira, G. R., Ganguli, S., and Kalva, S. (2013). Venous compression syndromes: clinical features, imaging findings and management. Br. J. Radiology 86 (1030), 20130284. doi:10.1259/bjr.20130284
 Candreva, A., Buongiorno, A. L., Matter, M. A., Rizzini, M. L., Giacobbe, F., Ravetti, E., et al. (2024). Impact of endothelial shear stress on coronary atherosclerotic plaque progression and composition: a meta-analysis and systematic review. Int. J. Cardiol. 407, 132061. doi:10.1016/j.ijcard.2024.132061
 Changsheng, L., Haiquan, F., Kun, W., Xiaotian, W., and Yonggang, W. (2023). Influence of the anatomical structure on the hemodynamics of iliac vein stenosis. J. Biomechanical Eng. 145 (1), 011013. doi:10.1115/1.4055307
 Chen, H. W., Chen, C. H., Fan, Y. J., Lin, C. Y., Hsu, W. H., Su, I. C., et al. (2023). CFD study of the effect of the angle pattern on iliac vein compression syndrome. Bioeng. (Basel) 10 (6), 688. doi:10.3390/bioengineering10060688
 Chiu, J. J., and Chien, S. (2011). Effects of disturbed flow on vascular endothelium: pathophysiological basis and clinical perspectives. Physiol. Rev. 91 (1), 327–387. doi:10.1152/physrev.00047.2009
 Eshtehardi, P., McDaniel, M. C., Suo, J., Dhawan, S. S., Timmins, L. H., Binongo, J. N., et al. (2012). Association of coronary wall shear stress with atherosclerotic plaque burden, composition, and distribution in patients with coronary artery disease. J. Am. Heart Assoc. 1 (4), e002543. doi:10.1161/JAHA.112.002543
 Fallahi, H., Shirani, E., and Zohravi, E. (2021). Hemodynamic analysis of coronary artery bypass grafting with elastic walls and different stenoses. Sci. Ironical Trans. B Mech. Eng. 28, 773–784. doi:10.24200/sci.2020.53378.3211
 Jiang, X., Gu, X., Xu, T., Li, X., Wu, P., and Sun, L. (2021). Patient-specific hemodynamic analysis of IVCS-induced DVT. Comput. Methods Biomechanics Biomed. Eng. 25 (11), 1211–1221. doi:10.1080/10255842.2021.2003791
 Kalu, S., Shah, P., Natarajan, A., Nwankwo, N., Mustafa, U., and Hussain, N. (2013). May-thurner syndrome: a case report and review of the literature. Case Rep. Vasc. Med. 2013, 1–5. doi:10.1155/2013/740182
 Kaviany, M. (2012). “Principles of heat transfer in porous media,”. Springer Science and Business Media. doi:10.1080/10255842.2021.2003791
 Kumar, A., Hung, O. Y., Piccinelli, M., Eshtehardi, P., Corban, M. T., Sternheim, D., et al. (2018). 'Low coronary wall shear stress is associated with severe endothelial dysfunction in patients with nonobstructive coronary artery disease. JACC Cardiovasc. Interv. 11 (20), 2072–2080. doi:10.1016/j.jcin.2018.07.004
 Li, C., Zhan, Y., Wang, Z., Gao, Y., Ye, K., Lu, X., et al. (2023). Effect of stent treatment on hemodynamics in iliac vein compression syndrome with collateral vein. Med. Eng. and Phys. 115, 103983. doi:10.1016/j.medengphy.2023.103983
 Liu, Z., Gao, N., Shen, L., Yang, J., Zhu, Y., Li, Z., et al. (2014). Endovascular treatment for symptomatic iliac vein compression syndrome: a prospective consecutive series of 48 patients. Ann. Vasc. Surg. 28 (3), 695–704. doi:10.1016/j.avsg.2013.05.019
 O'Sullivan, G. J., Semba, C. P., Bittner, C. A., Kee, S. T., Razavi, M. K., Sze, D. Y., et al. (2000). Endovascular management of iliac vein compression (May-Thurner) syndrome. J. Vasc. Interventional Radiology 11 (7), 823–836. doi:10.1016/s1051-0443(07)61796-5
 Poyyamoli, S., Mehta, P., Cherian, M., Anand, R. R., Patil, S. B., Kalva, S., et al. (2021). May-Thurner syndrome. Cardiovasc. Diagnosis Ther. 11 (5), 1104–1111. doi:10.21037/cdt.2020.03.07
 Samady, H., Eshtehardi, P., McDaniel, M. C., Suo, J., Dhawan, S. S., Maynard, C., et al. (2011). 'Coronary artery wall shear stress is associated with progression and transformation of atherosclerotic plaque and arterial remodeling in patients with coronary artery disease. Circulation 124 (7), 779–788. doi:10.1161/CIRCULATIONAHA.111.021824
 Sandeep, S., and Shine, S. R. (2021). Effect of stenosis and dilatation on the hemodynamic parameters associated with left coronary artery. Comput. Methods Programs Biomed. 204, 106052. doi:10.1016/j.cmpb.2021.106052
 Sikkandar, M. Y., Sudharsan, N. M., Begum, S. S., and Ng, E. Y. (2019). Computational fluid dynamics: a technique to solve complex biomedical engineering problems—a review. WSEAS Trans. Biol. Biomed. 16, 121–137. 
 Taebi, A. (2022). Deep learning for computational hemodynamics: a brief review of recent advances. Fluids 7, 197. doi:10.3390/fluids7060197
 Virchows, A. A. (2024). Pathological anatomy and histology. NLM Cat. - NCBI . Available at: https://www.ncbi.nlm.nih.gov/nlmcatalog (Accessed January 11, 2020). 
 Wang, H. F. (2000). “Theory of porous media fluid mechanics,”. Elsevier. 
 Zhao, Y., Li, D., Shi, D., Zhou, T., and Xiong, Z. (2003). Anatomical basis of iliac vein compression syndrome. Chin. J. Pract. Surg. 23 (12), 745–746. 
 Zhou, Y., Shen, S., and Wu, D. (2022). Hot issues in the interventional treatment of iliac vein diseases. Chin. J. General Surg. 37 (3), 227–229. doi:10.3760/cma.j.cn113855-20211223-00739
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Wei, Hu, Wang, Zhang, Yang, Chen, Li, Lu, Ye, Qiu and Zhan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1481336-g005.gif





OPS/images/fbioe-12-1481336-g006.gif





OPS/images/fbioe-12-1481336-g003.gif





OPS/images/fbioe-12-1481336-g004.gif





OPS/images/fbioe-12-1481336-t001.jpg
Viscous resistance First TTP (s) First valley Second TTP (s) Average TTP

coefficient time (s) deviation similarity
0 DSA data 275 430 570
) 10°10° 302 469 635 10.00% 90.00%
2 25'10° 288 392 102 31.03% 68.97%
B 50°10° 275 [ 368 418 13.75% 86.25%
4 10107 313 | 395 7.68 18.82% 81.18%
5 25107 270 473 675 10.12% 89.88%
6 50107 259 402 636 7.97% 92.03%
7 10°10° 420 492 558 22.93% ‘ 77.07%
8 25'10° 347 | 445 579 7.57% 9243%
9 50°10° | 384 | 450 588 1571% 84.29%

The bold values were obtained from DSA image data.





OPS/images/fbioe-12-1481336-g007.gif





OPS/images/fbioe-12-1481336-g008.gif
A (B)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Validation of the efficacy of the porous medium model in hemodynamic analysis of iliac vein compression syndrome		1 Introduction

		2 Materials and methods		2.1 Data source

		2.2 Model construction

		2.3 CFD numerical simulation





		3 Results		3.1 Viscous resistance coefficient

		3.2 Time to peak (TTP)

		3.3 Velocity distribution of phase discrete particles

		3.4 Pressure gradient

		3.5 Wall shear stress





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Validation of the efficacy of the
porous medium model in
hemodynamic analysis of iliac
vein compression syndrome





OPS/images/fbioe-12-1481336-g001.gif
infeior vena

— an

Compressed

Letifac

Conirst ugent

i





OPS/images/fbioe-12-1481336-g002.gif
setup
e PMmodel









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





