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This review presents a comprehensive analysis of vascular access in hemodialysis, focusing on the current modalities, their associated challenges, and recent technological advancements. It closely examines the status of three primary types of vascular access: arteriovenous fistulas, arteriovenous grafts, and central venous catheters. The review delves into the complications and pathologies associated with these access types, emphasizing the mechanobiology-related pathogenesis of arteriovenous access. Furthermore, it explores recent clinical trials, biomaterials, and device innovations, highlighting novel pharmaceutical approaches, advanced materials, device designs, and cutting-edge technologies aimed at enhancing the efficacy, safety, and longevity of vascular access in hemodialysis. This synthesis of current knowledge and emerging trends underscores the dynamic evolution of vascular access strategies and their critical role in improving patient care in hemodialysis.
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1 INTRODUCTION
The prevalence of end-stage kidney disease (ESKD) is rising alarmingly worldwide, particularly as populations with diabetes and the elderly expand (Thurlow et al., 2021). The US Renal Data System (USRDS) 2018 annual report reported over 700,000 prevalent cases of treated kidney failure in 2016. At a global level, the number of patients with treated kidney failure is expected to increase from 2.6 million in 2010 to 5.4 million in 2030 (Lawson et al., 2020; McCullough et al., 2019). This surge presents a significant public health challenge; in 2015 alone, 1.2 million deaths were attributed to kidney failure, and projections suggest a potential increase of 29%–68% by 2030 (Thurlow et al., 2021). Hemodialysis has remained the lifesaving and most common treatment for individuals with ESKD (Swaminathan et al., 2012). The effectiveness of this treatment critically depends on functional vascular access, which facilitates repeated blood transfer from the patient’s circulatory system to the dialysis machine (Almasri et al., 2016). The economic burden is also critical, in the United States in 2010, total Medicare spending on kidney replacement therapy was $34 billion (Lawson et al., 2020; Swaminathan et al., 2012). However, the extensive complications and frequent dysfunctions associated with vascular access highlight a pressing clinical need to address these challenges (Almasri et al., 2016).
This review begins with an assessment of the primary vascular access options for hemodialysis: arteriovenous fistulas (AVFs), arteriovenous grafts (AVGs), and central venous catheters (CVCs). The analysis provides insights into their distinct roles, advantages, and limitations, underscoring their significance in patient care and healthcare outcomes in managing ESKD. Subsequently, the focus shifts to the intricacies and challenges inherent in these arteriovenous access types. The discussion delves deeply into complications and explores the unique pathogenesis associated with arteriovenous access, highlighting the importance of structural and mechanical designs.
Advancing into recent developments, the review examines clinical trials and device innovations that are shaping the future of vascular access in hemodialysis. It sheds light on promising pharmaceutical interventions, novel biomaterials, and advanced technological applications poised to enhance the functionality and durability of vascular access methods.
The review aims to provide a holistic understanding of the current state and future directions in vascular access for hemodialysis, emphasizing the need for ongoing innovation to enhance patient outcomes and quality of life for individuals with chronic kidney disease.
2 CURRENT STATE OF VASCULAR ACCESS
The choice of vascular access is a pivotal consideration in hemodialysis treatment for ESKD patients, directly influencing treatment efficacy, patient comfort, and overall outcomes (Murea et al., 2019). The three primary types of vascular access (possible access location illustrated in Figure 1A) include AVF (Figure 1C), AVG (Figure 1F), and CVC (Figure 1H), as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Illustrations of the three forms of vascular access: (A) Normal flow in the artery (red) and vein (blue) at a possible access location; (B) End-to-end anastomosis for AVF creation; (C) Side-to-end anastomosis for AVF creation; (D) Side-to-side anastomosis for AVF creation; (E) Matured side-end AVF; (E’) Stenosed AVF; (F) AVG formation; (F’) Stenosed AVG; (G) Needle access to arteriovenous vascular access; (H) An example of CVC–BD Pristine™ catheter. Arrows illustrate the flow directions. “*” indicate the access (AVF, AVG or CVC) for needles to access for dialysis. Circled areas illustrate anastomosis. Some illustrations were modified from images shown on the website of www.ypo.education.
AVFs, a connection between the artery and the vein (Figure 1C), allow the patient’s blood vessel to “mature” to accommodate the high hemodialysis flow (Figure 1E) (Murea et al., 2019). Many medical communities consider them the optimal approach for hemodialysis access as they are the most durable and are associated with the fewest complications (Bylsma et al., 2017; Hafeez et al., 2023). During the AVF maturation process, the venous segment changes in diameter to increase the vessel blood flow, so that it can support hemodialysis. AVFs fail to mature because of a combination of neointimal hyperplasia and a lack of outward expansion (remodeling) (Remuzzi and Bozzetto, 2017). However, hemodialysis patients often have weakened veins that can not necessarily handle the increased blood flow required for successful treatment. The maturation process for an AVF is not only lengthy ranging from 4–6 weeks to 4 months or longer but also likely to fail (Li et al., 2018; Asif et al., 2006; Huber et al., 2021) reported the maturation rates of 67% at 6 months and 76% at 12 months after creation for 602 participants with nearly one-third requiring an intervention to facilitate maturation. With a failure rate anywhere between 28%–53% (Abreu, 2022), AVFs are far from a perfect option.
AVGs (Figure 1F) are an alternative to AVFs and tend to fail more often than AVFs (Franco, 2021), when a patient’s blood vessels are unsuitable for fistula creation or after multiple fistula failures (Murea et al., 2019). AVGs typically comprise synthetic materials like polytetrafluoroethylene (PTFE) or tissue-derived substances. They serve as a conduit between an artery and a vein (Figure 1F). AVGs have a considerable risk of thrombosis, with more than 50% of thrombosing within 12 months of creation (Hudson et al., 2019). The primary (unassisted) patency rates at 1 year range from 23% to 41%, and the secondary patency rates at 2 years range from 54% to 60% (Dixon et al., 2009; Li et al., 2024).
Major challenges of using AVFs or AVGs include neo-intimal hyperplasia (IH) often occurring in the vein, which leads to stenosis and ultimately access failure (Hudson et al., 2019). Examples of IH in AVFs and AVGs are shown in Figures 1E’, F’, respectively.
CVCs (Figure 1F) are currently limited to the use of short-term or temporary vascular access in hemodialysis when other options like AVF or AVG are not feasible. They are typically inserted into a large vein in the neck or chest (Lawson et al., 2020). The high risk associated with CVCs stems from their susceptibility to complications such as infections, thrombosis, and stenosis.
Table 1 provides a comparison of the three access forms. The current state of vascular access reflects a balance between the need for effective and long-lasting access against the challenges of patient-specific conditions and potential complications. Future innovations in materials and techniques should enhance the functionality and longevity of each vascular access form, as the choice of access type is highly individualized depending on various factors.
TABLE 1 | Summary of three types of vascular access in hemodialysis.
[image: Table 1]3 BIOMECHANICS AND MECHANOBIOLOGICAL FACTORS
This section reviews complications that jeopardize the patency of arteriovenous access. It highlights the role of flow around the vein close to the anastomosis, while briefly discussing other initiating factors such as cannulation-related complications. As summarized in Figure 2, structural and mechanical parameters are crucial in determining the success of an AVF or AVG for proper hemodialysis access. The success of vascular access relies on considerations of intricate mechanobiology from flow conditions such as wall shear stress (WSS) down to cellular mechanisms including reactions of vascular endothelial cells (VEC) and smooth muscle cells (VSMC). Additionally, a unique challenge for AVG is the host cells’ reaction and integration with the graft, which is associated with AVG design to be discussed in the next section.
[image: Figure 2]FIGURE 2 | Illustrations of the determinants to and consequences of flow in the dialysis access. VEC, vascular endothelial cell; VSMC, vascular smooth muscle cell; PVSMC, proliferative VSMC; MyoFb, myofibroblast-like cell. VECs form the inner lining of blood vessels and play a crucial role in maintaining vessel function, regulating blood flow, and preventing clot formation. VSMCs provide structural support and help regulate vessel diameter.
Among pathological features causing AVF maturation failure and AVG or AVF abandonment, a central one is the IH development, which is characterized by excessive proliferation of VSMCs and/or vascular myofibroblasts and subsequent deposition of extracellular matrix (ECM) components within the vessel wall (Newby and Zaltsman, 2000). IH further leads to decreased blood flow, increased pressure, stenosis, and thrombosis, all of which result in maturation failure or vascular access abandonment.
3.1 Anastomosis angle
Yang et al. (2020) investigated the impacts of anastomotic angle on blood flow through computational fluid dynamics (CFD) in models based on real patient images. They concluded that an anastomotic angle between 30 and 46.5° was optimal for the reduction of turbulent flow (Figure 3D), while anastomotic angles outside this range caused the shear stress to be concentrated in a single area of the AVF, or insufficient for AVF maturation (Grechy et al., 2017). Like AVF, the anastomosis angle largely influences the incidence of stenosis and thrombosis. Using a CFD model of an AVG, Williams et al. (2021) revealed an ideal anastomotic angle between 20 and 40°, while pathologically low and high shear rates occurred at angles below 20° and above 40°, respectively. Kim et al. (2021) further found that a high anastomosis angle led to unstable WSS–lower WSS area near the anastomosis but higher away from the anastomosis. Shembekar et al. (2022) determined that AVF should be formed at a 45° angle to avoid intimal hyperplasia (IH) if one believes that high WSS causes IH. Bharat et al. (2012) investigated a graft modification to reduce torsional stress, to prevent juxta-anastomotic stenosis in AVF (Figure 3C). Carrolll et al. (2019) developed a computational fluid dynamics model to examine the reduction of flow disturbances in a modified end-to-side AVF configuration. Their findings demonstrated that altering the anastomosis angle from 45° (Figure 3A) to 135° significantly decreased the flow disturbances typically associated with conventional, acute-angle, end-to-side AVFs (Figure 3B). Although many studies advocate for a 45° angle as the optimal configuration, this research suggests that a more gradual vein curvature could improve AVF maturation.
[image: Figure 3]FIGURE 3 | Anastomosis Angles. (A) Venous end of the graft demonstrating the beveled hood of the arteriovenous graft-to-vein anastomosis (Williams et al., 2021). (B) Geometries of modified (above) and standard (below) end-to-side arteriovenous fistula (AVF) configurations (Carrolll et al., 2019). (C) (i) torsional zone in end-to-side technique (ii) torsional component with side-to-side “SLOT” (iii) “Piggyback SLOT” technique (Bharat et al., 2012). (D) The crosstab analysis revealed that the least difference in AVF maturation and AVF failure rate occurred for anastomosis angles ≤30° (Rezapour et al., 2018).
3.2 Anastomosis type
Related to anastomosis angle are the four anastomosis types, i.e. side-to-end (Figure 1C), end-to-end (Figure 1B), end-to-side, and side-to-side (Figure 1D). The most common type is end-to-side (ETS) anastomosis in which the end of the vein is connected to the artery. In a CFD model, side-to-side anastomosis provided a more uniform WSS distribution than 45° and 90° ETS anastomoses, thus avoiding areas of concentrated stresses prone to IH (Hull et al., 2013; Pike, 2021). Meta-analysis across a variety of studies also demonstrates better AVF patency at 12 months with side-to-side anastomosis with distal vein ligation compared to the standard end-to-side technique (Zhou and Wu, 2023). However, in clinical studies of cohorts of side-to-side and side-to-end anastomosis, there was no significant difference in patency outcomes (Mestres et al., 2019).
Thus, in idyllic models of anastomosis, side-to-side provides more uniform shear stress, however, the clinical practice does not show a significant difference in successful outcomes of side-to-side compared to ETS. There is no clear consensus on the optimal angle for anastomosis as it is highly dependent of the anastomosis type and the debated theory behind the causes of intimal hyperplasia. Speaking strictly for the classic ETS anastomosis, an angle of 45° allows for the most optimal WSS configuration.
3.3 Vessel selection
Through CFD, Krampf et al. (2021) found that the diameter and length of the inflow artery have a linear and inverse relationship, respectively, with flow volume delivered to the AVF. Thus, long or small-sized inflow arteries result in low flow volume to the AVF, which is in turn linked to stenosis (Abreu, 2022). However, high access flow with blood flow volume >1.5–2 L/min has negative impacts as well, such as an increase in left ventricular mass in addition to venous hypertension and heart failure/arrhythmia (Nojima and Motomiya, 2021). Thus, anastomotic selection should be made based on the patient’s specific needs for inflow, but larger diameter vessels are favored to deliver large flow volumes to AVF. Similarly, for AVGs, the arterial and venous diameters have also been linked to the AVG’s success. A CFD model indicated that arterial and venous diameters of above 4 mm and below 6 mm, respectively, along with an artery-to-vein ratio of 1:2 or 2:3, lead to lower shear stress and shear rate (Williams et al., 2021). Additionally, AVFs with a vein diameter below 2.15 mm and artery diameter below 2.95 mm have been observed to have lower patency (Martinez-Mier et al., 2023). Ultrasound mapping is a method being explored to ensure fistula patency alongside these selection parameters and has been linked with better outcomes (Chlorogiannis et al., 2023).
3.4 Blood flow parameters
Previous studies have shown that several flow parameters, such as flow pattern, WSS, flow velocity, rate, volume, vorticity, pulsatility, and resistance index, all influence the maturation and patency of AVFs and AVGs, due to their connection with IH or stenosis. Among these, flow patterns (Figure 2) and WSS are the major players in determining the patency and the development of IH. Extreme high/low or oscillating WSS is caused by turbulent flow, while laminar flow shows relatively uniform, stable WSS with magnitudes in the physiological range throughout the anastomosis and connected vein. However, the ideal WSS level AVF maturation remains unclear. Cunnane et al. (2017), a review of hemodynamic factors contributing to vascular access dysfunction, found a multitude of papers in support of the link between pathologically high, low, or oscillating WSS with IH development (McNally et al., 2018). However, Northrup et al. (2022) indicated that high WSS, vorticity, and venous velocity on Day 1 (immediately post-operation) predicted successful AVF maturation. Kim et al. (2021) determined, however, that high WSS in the vicinity of the anastomosis of AVG was advantageous but became disadvantageous further away. Pike (2021) studied IH-prone locations in the context of AVG and found these locations showed high WSS and high circumferential stretch. This was linked to lower luminal remodeling in a pig model, thus indicative of endothelial dysfunction. In the presence of IH (after initial onset), there is a positive feedback loop–with worsening severity of IH, WSS kept elevated, and so does the oscillatory index (Zhu and Sakai, 2021).
Other flow parameters also possess prognostic functions for patency. Kudze et al. (2020) found that lower blood velocity was linked to diminished patency and development of IH. Abreu (2022) and Hammes et al. (2021) corroborated these findings via Doppler ultrasound and CFD modeling, respectively. Abreu (2022) further linked stenosis to both high resistive index and reduced pulsatility index from a preoperative high level to a postoperative low level. These studies highlight the importance of blood velocity: low velocity does not correctly “fight” the forming stenosis, while high blood velocity tends to centralize WSS causing inflammation.
3.5 Cellular mechanisms
The increased blood flow from the artery into the vein exposes venous VEC to elevated WSS, which triggers a cascade of molecular signaling pathways leading to inflammation and developing IH, causing failure of AVFs. Endothelial reaction to WSS causes the internal wall to thicken and thus eventually causes stenosis or thrombosis (Rai and Agrawal, 2022). There are several key signaling factors including Akt1-mTORC1 and endothelial nitric oxide synthase (eNOS), involved in the AVF maturation and patency of AVF or AVG.
Akt1-mTORC1 is a signaling molecule involved in cell growth and proliferation. In the context of AVFs, the over-expression of Akt1-mTORC1 is linked to IH development. Guo et al. (2019) determined that patient treatment with Rapamycin, an Akt1-mTORC1 inhibitor, in the initial stages of AVF formation reduced both inflammation and wall thickening. Though prevention of inflammation is beneficial, wall thickening is necessary for the vein to become strong enough for hemodialysis. Thereby, the Akt1-mTORC1 concentration must be controlled, not eliminated, for the successful AVF maturation, long-term access patency, and remodeling of the vein downstream to the AVG, the location prone to IH and stenosis.
Like Akt1-mTORC1, the eNOS signaling molecule must be regulated. It reduces wall thickening and prevents IH due to the key roles of nitric oxide in controlling endothelial dysfunction and blood flow regulation VSMCs. Pike et al. (2019) investigated the effects of NOS3 and by extension eNOS overexpression in mice. Overexpression of eNOS was linked to increased lumen diameter and thus smoother blood flow and lower vorticity; on the other hand, it was also linked to wall thinning due to reduced WSS and inner wall circumferential stress, both of which resulted from larger lumen. Kudze et al. (2020), Bai et al. (2022), and Somarathna et al. (2020) all supported the key role of eNOS in successful AVF maturation and IH prevention.
Besides endothelial reaction, subsequent responses from macrophage and VSMC (vasoactivity and remodeling) determine the long-term fate of access. Macrophages are immune cells that largely determine the access fate after inflammation. Macrophages are broadly classified into two phenotypes: M1 (pro-inflammatory) and M2 (anti-inflammatory and tissue-repairing). The former is involved in the initial immune response, but their prolonged presence can contribute to chronic inflammation, and thus tissue damage and fibrosis. In contrast, M2 macrophages are associated with tissue remodeling and angiogenesis for functional restoration (Mills, 2015). Therefore, the M1-to-M2 transition is of great importance to the healing process of anastomosis and the success of AVF (Samra et al., 2022). An efficient transition helps to dampen the initial pro-inflammatory response and facilitate tissue repair and graft integration meanwhile preventing fibrosis.
3.6 Cannulation-related complications
Cannulation issues are related to needle puncture-caused damage. Both AVFs and AVGs require repeated needle punctures for hemodialysis (Figure 1G), typically twice per session and at least 312 times annually. This repetitive cannulation leads to damage to the wall AVF and AVG including vascular endothelium (Hudson et al., 2019; Kumbar, 2012). This severely influences or even halts hemodialysis, particularly during the initial period (first 4–6 weeks) of cannulation, leading to complications such as hematoma formation, needle infiltration, and extravasation of blood at the cannulation site (Kumbar, 2012). In the inner layers of both AVFs and AVGs, large needle-induced scars are evident, demonstrating that the healing process of vascular endothelium trauma is prolonged, as observed in the findings of Donnelly and Marticorena (2012). In more severe instances, they can result in thrombosis, flow blockage, and irreversible access loss due to compression of the fistula lumen (Kumbar, 2012).
In conclusion, the management of vascular access in hemodialysis is fraught with various complications and pathologies, significantly impacting patients’ outcomes. Besides what is discussed above, a patient’s health conditions (Vazquez-Padron et al., 2021; Kingsmore et al., 2021) can also play a role. Therefore, an ideal access will be different for every hemodialysis patient. The intricacies of managing complications and pathologies underline the need for careful selection and maintenance of vascular access, as well as ongoing innovations in biomaterials and techniques to enhance the functionality and longevity of these methods. Figure 4 summarizes the factors contributing to the pathology of dialysis access.
[image: Figure 4]FIGURE 4 | Mapping of various initiating factors leading to pathology in the dialysis access.
4 RECENT ADVANCEMENT IN VASCULAR ACCESS: TECHNIQUE, MATERIALS AND DEVICE INNOVATIONS
As concluded in Section 2, developing technologies to enhance the performance of each access method may be necessary to cater to all needs. This section consolidates information about recent advancements in materials and devices, which have been or are undergoing preclinical studies or clinical trials. In particular, recent clinical trials have been instrumental in shaping the current landscape of vascular access. Key areas of focus include evaluating regenerative approaches, new pharmaceuticals, and various geometrical designs of AVGs. In recent years, the technology underpinning vascular access devices has undergone considerable evolution, with notable implications for hemodialysis treatments. This progression underscores a concerted push towards optimizing the patient experience, diminishing the incidence of complications, and prolonging the functional lifespan of these essential devices. Figure 5 summarizes current efforts in three main areas of improving vascular access–surface engineering, mechanics and structure, and remodeling dynamics. They, separately or in combination, may address significant issues underlying the dysfunction of vascular access, in particular AVG.
[image: Figure 5]FIGURE 5 | Illustrations of consideration pieces over innovations in vascular access.
4.1 Cellular and regenerative approaches
Cellular and regenerative approaches involve using tissue engineering principles to develop functional blood vessel-like grafts as durable vascular access (Devillard and Marquette, 2021). The cell types often used are vascular cells either primary cells (i.e., autologous), mainly VEC and/or VSMC, or cells derived from stem/progenitor cells (Jover et al., 2018). Key techniques and concepts developed in the last 3 decades include (i) pro-regenerative scaffolds from synthetic materials or decellularization (Bejleri and Davis, 2019); (ii) seeding of autologous or allogeneic cells seeded onto a scaffold for the formation of a vessel-like structure; (Zou et al., 2016); (iii) bioreactor culture with mimetic physiological environments for cell growth and maturation into functional tissues with sufficient mechanical strength and vessel-like properties; (Moysidou et al., 2021); and (iv) implantation and integration (Zhao et al., 2013). As an example of this 4-step approach, recent clinical trials by Humacyte use acellular matrix technology to form an AVG that is surgically implanted into patients (Gutowski et al., 2020). Earlier clinical trials with the L'Heureux approach also adopted these tissue engineering steps using autologous cells and biodegradable materials (Heureux et al., 2020). Recent preclinical studies have focused on the final step–understanding and modeling the integration of grafts with native tissues. Blum et al. (2022) combined a computational model and a lamb model to demonstrate two stages of such integration in tissue-engineered vascular grafts: the initial stenosis caused by inflammatory factors and cells for early neotissue formation, and after the scaffold degrades, mechano-mediated neotissue remodeling for vessel-like structure and reduced narrowing. It is worth noting that ongoing research in the field of regenerative medicine may lead to further advancements and refinements, but it might be challenging to incorporate geometric designs and coatings, as illustrated below.
4.2 Improved graft materials
There have been considerable advancements in the materials used for grafts and catheters. New materials with improved resistance to infection and thrombosis have been developed, aiming to enhance the performance and safety of vascular access devices. Innovations in graft materials, such as heparin coatings, aim to reduce thrombosis and IH, showing promise in improving graft outcomes (Parada et al., 2020; Dawson et al., 2024; Vachharajani et al., 2021). Applying biocompatible coatings or lining materials to the graft’s luminal surface can improve its hemocompatibility, reducing the risk of clot formation and platelet adhesion (Derakhshani et al., 2023). Some coatings also release anticoagulant or anti-inflammatory agents to enhance graft performance further (Ding et al., 2023). New materials with self-healing materials such as those from InnAVasc-Medical are also appealing to reduce infection and thrombosis, after repeated needle puncture and access (Gage et al., 2020; Gage et al., 2021).
4.3 Geometric designs of AVGs
Various geometrical designs of AVGs have been employed to enhance their biomechanical performance and long-term patency, through altering flow pattern and WSS to reduce intimal hyperplasia and thrombosis and/or to promote endothelial cell growth. Geometrical modifications include (Figure 6): (i) tapered grafts, which reduce the potential of disturbed flow at the anastomosis (Wiliams et al., 2021); (ii) curved, spiral, or helical grafts, which induce swirling or helical flow patterns, enhancing mechanical flexibility and thus reducing stress concentrations and disturbed (bidirectional) shear (Ene-Iordache and Remuzzi, 2017; Van Canneyt et al., 2013; De Nisco et al., 2020); (iii) non-uniform luminal surface modification, which include creating variations in the luminal surface texture such as grooves, ridges, or biomimetic patterns to influence the local hemodynamics and shear stress distribution; (Zizhou et al., 2022); (iv) waviness patterns: incorporating controlled waviness or sine wave patterns along the graft length can create controlled disturbances in blood flow (Moufarrej et al., 2016). This can promote healthy endothelial cell function and reduce the risk of stenosis (Jaideep et al., 2023); (v) variable wall thickness, which influences the mechanical properties of different graft segments and overall flexibility to help prevent kinking and bending while maintaining the structural integrity of the graft (Singh and Wang, 2014). It is important to note that while geometrical modifications hold promise for improving AVG performance, each approach comes with its challenges and considerations. Furthermore, the success of these modifications depends on factors such as the patient population, specific vascular conditions, and compatibility with existing surgical techniques. Researchers continue to explore and refine these geometrical modifications to optimize graft performance and increase their longevity in clinical applications.
[image: Figure 6]FIGURE 6 | Geometric Design of AVGs: (i) tapered grafts (Lee et al., 2003), (ii) helical grafts (Ha et al., 2014), (iii) non-uniform luminal surface: structural design patterns of a woven Dacron® graft. (Singh et al., 2015), (iv) waviness pattern (Ji and Guvendiren, 2020), (v) variable wall thickness: Schematic representation explaining the influence of compliance, columnar support, and SG curvature on migration intensity of Z-SG (left) and CaT-SG (right) during diastolic (a and b), and systolic (c–f) phase of fluid flow. (Xd, Xdd, Xs, and Xss denote the diastolic-proximal, diastolic-distal, systolic-proximal, and systolic-distal distance between SG and rubber sleeve neck, respectively. Pd, Ps, Fc, Fbr, and Fco denote diastolic pressure, systolic pressure, centrifugal force, bending-restoration force and columnar support force, respectively) (Singh and Wang, 2014).
4.4 Drug-coated stent grafts and balloons
The introduction of drug-coated balloons (Figure 7) represents a significant advancement in the field (Ang et al., 2020). These devices, using local drug delivery technology, have shown efficacy in preventing IH and recurrence of stenosis, thus prolonging vascular access patency in hemodialysis patients (Vachharajani et al., 2021). Clinical trials comparing drug-coated to conventional balloon angioplasty have indicated a reduction in the number of interventions needed to maintain target lesion patency (Trerotola et al., 2018; Megaly et al., 2022).
[image: Figure 7]FIGURE 7 | WRAPSODY™ Cell-Impermeable Endoprosthesis (https://www.merit.com/product/merit-wrapsody/?utm_campaign=socialmedia_2023Q4&utm_mediu m=infographic_wrapsody_1&utm_source=FB).
4.5 Extravascular stents
Dai et al. (2021) have produced a new type of UV-curable HEMA stent encapsulating B. striata. The extravascular stent inhibits vascular expansion by providing mechanical support, and it releases B. striata to effectively limit the expansion of vein grafts inhibiting the formation of neointima. This study provides a solution for the restenosis of vein grafts after coronary artery bypass graft (CABG) and decisively suggests its success during its later clinical application.
4.6 Pharmaceutical trials and medication impact on AVG outcomes
Trials investigating the effectiveness of antiplatelet and antihypertensive medications, like clopidogrel (Ghorbani et al., 2009) and aspirin (Kaufman et al., 2003), have provided crucial insights into preventing primary AVG failure. Other important trials have examined the role of calcium channel blockers (Righetti et al., 2009) and angiotensin-converting enzyme inhibitors (Sajgure et al., 2007) in AVG maintenance. These studies are significant for understanding how medical treatments can complement physical vascular access methods to improve outcomes as well as guide clinical decisions regarding the management of vascular access in patients with ESKD (Lawson et al., 2020).
4.7 Innovative vascular access technologies
Additional research efforts have focused on novel vascular access technologies. For example, the recent trial involving the WRAPSODY™ Cell-Impermeable Endoprosthesis has demonstrated promising results in treating stenosis in arteriovenous access circuits, highlighting its potential to improve safety and effectiveness (Gilbert et al., 2021). Moreover, the development and clinical application of tissue-engineered vascular conduits shows potential for bioengineered grafts to be more durable and less prone to infection, stenosis, thrombosis, and aneurysms than conventional synthetic grafts, expanding options for patients with CKD (Vachharajani et al., 2021).
These clinical trials offer a comprehensive analysis of various aspects of vascular access, from the effectiveness of pharmacological interventions to the performance of new materials and techniques. The findings from these studies not only inform current practices but also pave the way for future innovations in the field.
5 FUTURE DIRECTION
The evolution of vascular access strategies for hemodialysis is veering away from a rigid ‘fistula-first’ approach towards a more nuanced, patient-centered paradigm. This shift recognizes the complexities of arteriovenous fistula (AVF) maturation and the associated high rates of complications that have necessitated reevaluation of previous guidelines (Lok et al., 2020). Future strategies will likely focus on individualized treatment plans, acknowledging the diverse needs and health profiles of patients (Lok et al., 2020). This approach encompasses not only the type of vascular access but also considers the broader context of the patient’s kidney replacement therapy and life plan, emphasizing the need for regular updates and re-evaluations of these plans (Lok et al., 2020). As the field progresses, a balanced consideration of patient-specific factors, technological advancements, and emerging medical evidence will guide the development of more effective and less invasive vascular access options, thereby enhancing patient outcomes and quality of life in hemodialysis care.
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