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        Abstract



        Despite extensive efforts, most approaches to reduce arteriovenous (AV) access-related complications did not results in substantial improvement of AV access patency thus far. Part of this disappointing progress relates to incomplete understanding of the underlying pathophysiology of hemodialysis access failure. In order to unravel the pathophysiology of hemodialysis access failure, animal models that closely mimic human pathology are of utmost importance. Indeed, it is impossible to study the extremely complex response of the AV access at a molecular and cellular level in great detail in dialysis patients. Over the past decades, numerous animal models have been developed in an attempt to unravel the vascular pathology of AV access failure and to design new therapeutic strategies aimed to improve durability of these vascular conduits. While large animals such as pigs are suitable for intervention studies, murine models have the greatest potential to gain more insight in the molecular mechanisms underlying AV access failure due to the availability of transgenic mice. In the present review, we describe several existing models of AV access failure and discuss the advantages and limitations of these models.
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      INTRODUCTION


      Vascular access related complications constitute a major cause of morbidity for patients on chronic hemodialysis. Despite extensive efforts to solve this clinically important issue, approaches to reduce arteriovenous (AV) access-related complications did not result in substantial improvement of AV access patency thus far. Part of this disappointing progress in the improvement of AV access patency relates to incomplete understanding of the underlying pathophysiology of hemodialysis access failure. Currently, there is consensus about variouspathological stimuli including local hemodyamic factors, repetitive punctioning, pre-existing vascular abnormalities, endothelial dysfunction, inflammation and platelet activation, that all contribute to intimal hyperplasia (IH), thrombosis and insufficient outward remodeling in arteriovenous fistulas (AVF) and grafts (AVG) [1-3]. However, there is ongoing debate about the relative contribution of all these stimuli in AV access failure.


      In order to unravel the pathophysiology of hemodialysis access failure, animal models that closely mimic human pathology are of utmost importance. Indeed, it is impossible to study the extremely complex response of the AV access at a molecular and cellular level in great detail in dialysis patients. An adequate animal model is inexpensive, readily available and develops the pathology of interest in a relatively short period of time. When determining an appropriate animal model, not only the animal species butalso the anastomotic site, the required anti-coagulatory therapy and the duration of follow up after surgery should be taken into account. Although cost, availability, ease of handling, postoperative mortality rate and vascular size are often used to guide animal selection, of primary importance is the need to select an animal model that correctly simulates the relevant aspect of human (patho)physiology [4].


      Over the past decades, numerous animal models have been developed in an attempt to unravel the vascular pathology of AV access failure and to design new therapeutic strategies aimed to improve durability of these vascular conduits. While large animals such as pigs are suitable for intervention studies, murine models have the greatest potential to gain more insight in the molecular mechanisms underlying AV access failure due to the availability of transgenic mice. In the present review, we describe several existing models of AV access failure and discuss the advantages and limitations of these models.

    


    
      MURINE MODELS


      Because of their small size, murine models are limited to AVF since implantation of prosthetic grafts is not feasible. The first murine model of AVF failure was described in 2004 by Kwei and coworkers [5]. In their study AVFs were constructed using the carotid artery and the jugular vein of C57BL/6 mice in an end-to-end manner using an intravascular catheter. Vessels were harvested at 1 day, 3 days, and 7 days after surgery. At time of harvest, 65% of AVFs were patent. AVF failure was mainly due to (acute) thrombosis. In the patent AVFs, an acellular band surrounding the vessel lumen was observed at day 1 after surgery, consistent with focal adherent thrombi. Furthermore, histological analysis at this early time point revealed substantial proliferation of vascular smooth muscle cells (VSMCs) and infiltration of inflammatory cells in the venous segment of the AVF. Finally, an increased diameter of the venous lumen was observed, especially in the anastomotic area. This model could be useful to study early venous adaptation in AVFs although the end-to-end configuration and the presence of an intravascular catheter limit the validity of this model for human AVFs. Yang et al., [6] described a similar murine AVF model in which the AVF was created with an end-to-end configuration using a cuff in FVB/NJ mice. Follow up in their experiments was 28 days. Histological analysis of the venous outflow tract revealed mild IH that coincided with upregulation of matrix metalloproteinases. No data on vessel size/outward remodeling after surgery were reported.


      An improved AVF model was introduced by Castier et al., [7] in which the end of the carotid artery is connected to the side of the jugular vein of C57BL/6 mice. AVFs were harvested up to 3 weeks after surgery. The authors elegantly showed that the neointimal lesions observed in the carotid artery consisted of abundant vascular smooth muscle cells (VSMCs) and a small number of macrophages. In addition, using LacZ transgenic mice showed that bone marrow stem cells did not contribute to VSMC accumulation in the intima of the carotid artery. Most likely due to technical reasons (e.g. cross-sectional sectioning of the AVF) Castier and coworkers mainly focused on the vascular response in the carotid artery while the majority of the human AVFs failed because of venous occlusive lesions. Furthermore, AVFs in hemodialysis patients are usually constructed by anatomizing the end of a vein to the side of an artery. The exact configuration of the AVF is a crucial characteristic of such model since it determines the hemodynamic profile within the fistula [8]. The latter is an important contributor to endothelial dysfunction and subsequent development of IH [9, 10].


      Therefore, we recently developed a novel murine model with an identical anatomical configuration as is utilized in humans [11]. In this model, AVFs were created in C57BL/6 mice by anastomosing the end of a branch of the external jugular vein to the side of the common carotid artery with interrupted sutures. The AVFs were harvested at days 7, 14, and 28 after surgery. Near-infrared fluorescent fluorophores were administered to assess the patency of the fistula in vivo. Patency rates were 88%, 90% and 50% at days 7, 14, and 28, respectively. Histological analysis of the venous outflow tract revealed, inflammatory cells infiltration, fragmentation of the internal elastic lamina (IEL) and progressive IH that mainly consisted of VSMCs and collagen. In addition, a 77% increase in size of the vein (as determined by the circumference of the IEL) was observed in the first 14 days after surgery. The latter illustrates the important role of venous outward remodeling after AVF surgery. Indeed, the luminal caliber is the net resultant of initial vessel diameter, outward remodeling and thickening of the vessel wall due to IH and thrombosis [12]. In these murine studies, the complex microsurgical procedure remains a challenge that requires experienced surgeons. Therefore, other researchers developed AVF models in rats that are approximately 3 times larger in size and 10 times larger in weight.

    


    
      RAT MODELS


      The aorto-caval fistula model in the rat was originally developed to study the pathogenesis of cardiac hypertrophy and congestive heart failure cardiovascular effect of high-output heart failure heart failure and cardiac hypertrophy [13]. In later studies published in the last decade, this model was used to assess the pathology that occurs in the AVF itself [14, 15]. Studies from Taiwan showed marked elastinolysis of the IEL, which occurs already at 2 weeks after surgery, especially in the venous segment that is exposed to prominent hemodynamic changes [14]. In studies by Nath et al., aorto-caval fistulas were evaluated up to 16 weeks after surgery [15]. These studies revealed that IH is accompanied by an inflammatory response, as shown by upregulated inflammatory gene expression. No data on AVF patency were reported but it appears that the intimal thickening in the venous outflow tract did not result in failure of the AVFs. A limitation of the model is the side-to-side configuration of the AVF that results in bidirectional outflow in the inferior vena cava and a different hemodynamic profile when compared to human AVFs in which the distal part of the vein is usually ligated. Furthermore, it’s important to notice that the compensatory high cardiac output that occurs after creation of aorto-caval fistulas may lead to symptomatic congestive heart failure and mortality, especially in long-term follow up studies [16, 17]. Finally, the creation of aorto-caval fistulas by puncturing the vena cava through the lateral aortic wall with a 22-gauge needle could also result in a significant percentage of technical failure and acute mortality. In an effort to reduce this rate of technical failure, an adapted rat model of aorto-caval fistula was recently described in which the aorta is connected to the inferior caval vein using the renal vein as vascular vascular graft [18]. The main limitation of this model is the deviant anatomical configuration of the AVF when compared to humans.


      Most studies in rats were performed using the femoral artery and ipsilateral femoral vein to create AVF with a side-to-side [19] or end-to side configuration AVFs [20, 21]. In addition, Croatt, et al. described a model in which the end of the artery was anastomosed to the side of the vein [22]. While most studies [19, 20, 22] evaluated the histology of the venous outflow tract at 4 weeks after surgery, Langer and coworkers [21] sacrificed the rats after 12 weeks of follow up. Again, upregulation of inflammatory genes and matrix metalloproteinases as well as progressive IH were observed in the venous outflow tract. Interestingly, the intimal hyperplastic lesions did not result in significant luminal loss at 12 weeks after surgery since it coincides with a 2-fold increase in the venous diameter 8 [21].


      Finally, AVFs have been constructed using the ventral artery and vein in the tail of rats [23]. In this small study that included 5 rats, AVFs were analyzed histologically at 28 days after surgery. The composition of IH in the draining vein was comparable with the lesions in AVFs at the above-mentioned locations in the rat. Although technically challenging, the superficial location of the AVF in this model may have advantages over the other configurations since it allows the investigating of local subcutaneous or intravascular therapies.


      Overall, the development of hemodynamically significant stenotic lesions in AVFs is much slower in rats when compared to mice. Furthermore, the limited availability of knockout rats favors the use of mice for pathophysiological studies aimed to elaborate the role of specific genes and proteins involved in AVF failure.

    


    
      SHEEP AND GOAT MODELS


      Various experts in the field of vascular access-related complications have postulated that hemodynamic factors such as turbulent flow and the accompanying disturbance in shear stress levels, might contribute to the aggressive intimal hyperplastic response in the venous outflow tract of AVFs [8, 9, 24-26]. As defined by Poiseuille’s formula, the luminal diameter is the most important determinant of shear stress. Therefore, larger animals with larger vessels seem more suitable to mimic the hemodynamic profile in human arteriovenous access conduits.


      Kohler et al., developed a sheep model of AVG failure in which expanded polytetrafluoroethylene (ePTFE) grafts were implanted between the carotid artery and the contralateral external jugular vein [27]. The sheep weighted between 29 and 51 kg at time of surgery. AVG were harvested at 4, 8 and 12 weeks after surgery. To prevent acute graft thrombosis, oral aspirin (81 mg/day) was administered 1 day before surgery and once per day throughout the study. Despite aspirin therapy, 18% (4/22) of grafts thrombosed in the first week after surgery. Histological analysis of the remained patent grafts revealed that the venous anastomoses developed a thick neointima within the PTFE graft that consisted of VSMCs, matrix proteins and thrombus. At 12 weeks of follow up, only 25% of grafts remained patent. In view of the formation of truly stenotic lesions leading to occlusion of the AVG, this model offers the potential to assess new therapeutic and preventive strategies since patency rate is the most relevant end point in such preclinical study. An important difference with human AVG is the large venous baseline diameter (8.6 mm) and the low initial graft flow (460 ml/min) in this sheep model. Another minor issue is the S-shaped curve from the artery to the vein that differs from the loop configuration that is commonly utilized in human.


      Recently, Tilman et al., used this model to evaluate the efficacy of tissue engineered blood vessels as hemodialysis access graft [28]. They added clopidogrel to the antiplatelet therapy and implanted ex vivo engineered blood vessels that were monitored up to 6 months after surgery. Early failure rate van 27% whereas the mean primary patency of the graft that were patent at 1 month after surgery was 4.4 months. These data illustrate the suitability of this model for studies with novel grafts or tissue engineered blood vessels with a substantial duration of follow-up.


      Lemson et al., developed a model arteriovenous access failure in goats. They created AVFs between the carotid artery and the jugular vein in 13 goats weighting about 60 kg and explanted them 10 to 195 days after surgery [29]. No antiplatelet therapy was administered. Juxta-anastomotic lesions developed with comparable composition as in humans. The progression of lesion formation appears relatively slow since the average intima/media ratio in the vein was < 1 and none of the AVF was occluded at time of harvest. The latter limits the use of this model for interventional studies since large groups of animals are needed with low term follow-up in order to demonstrate a statistically significant reduction of IH or increase in AVF patency.

    


    
      DOG MODEL


      In dogs, intimal hyperplasia in ePTFE AVG has been investigated extensively [30-33]. Prosthetic vascular grafts were implanted between the femoral artery and the femoral vein of mongrel dogs weighing 20-30 kg. No antiplatelet therapy was used. Again, IH developed mainly at the venous anastomosis although follow up to 12 weeks was insufficient to observe stenotic lesions resulting in graft failure. In subsequent intervention studies using tissue engineered grafts, progressive lesions were demonstrated resulting in primary patency rates of ePTFE AV-grafts of 57% at 6 and 12 months [34].


      This model offers the opportunity to study the pathophysiology of AVG failure although the size of the vessels is smaller when compared to humans and implantation in the groin carries the risk of compression of the graft when the animal is in a supine position. Indeed, grafts placed over a flexion crease are known to exhibit reduced patency. For instance, 48 ePTFE conduits implanted in dogs for 3 months, kinking was noted in 50% of femoral grafts when compared to 17% of carotid grafts [35].


      To the best of my knowledge, no AVF models have been described in dogs except a series of acute experiments investigating the effect of anastomotic size on fistula flow [36].

    


    
      PRIMATE MODELS


      Non-human primates resemble human anatomy and physiology more closely than other species, but their use is limited for many by ethical considerations, special housing and high costs. Various studies have utilized an arterial aortoiliac bypass graft model to study the effect of flow and VSMCs proliferation in ePTFE grafts [37, 38]. In recent studies, AV-graft models were developed in which tissue engineered vascular grafts (TEVG) were placed between the axillary artery and the distal brachial vein, which provided a superficial site amenable for simulating hemodialysis access [39, 40]. TEVG with an internal diameter of 6 mm were implanted in adult male baboons weighing 20-30 kg that were treated with aspirin 10 mg/kg for the duration of follow up (6 months). In the control group (2 baboons) ePTFE grafts were implanted with a follow-up of 1 and 6 months. Duplex ultrasound was used to monitor the diameter of TEVG during the study. Histological analysis demonstrated that TEVGs had substantially less intimal hyperplasia at the venous anastomosis than ePTFE grafts. Remarkably, the ePTFE AV-grafts were still patent at time of harvest, which illustrates that the formation of IH is not as aggressive as in other large animal models such as pigs.

    


    
      PIG MODELS


      Pigs are frequently used in cardiovascular studies because of their analogous vascular anatomy, size and physiology [41-43]. The rapid formation of stenotic lesions in the porcine vasculature upon injury (3-6 times faster as in humans) [44], provides the opportunity to investigate the pathophysiology as well as the efficacy of novel therapeutic strategies aimed to improve arteriovenous access durability. In the last 2 decades, both AVF models and AVG models have been developed in pigs.


      The group of dr. Roy-Chaudhury in Cincinnati developed a porcine model in which AVFs were created bilaterally between the femoral artery (4 mm) and femoral vein (6 mm) in Yorkshire Cross pigs weighing 50 kg [45]. All pigs were administered aspirin 325 mg daily from the day before surgery to the time of sacrifice at 2 days, 7 days, 28 days or 42 days after surgery, up to 42 days after surgery. Significant luminal stenosis due to IH was present at 28 days, mainly in the proximal vein and juxta-anastomotic segment. Additional studies from the same laboratory provided data on AVF vessel size and hemodynamic parameters in this model [46]. Blood velocity measurements were obtained by ultrasound and quantification of both the configuration and the internal diameter of the fistulae was determined by CT scans. AVF flow increased from approximately 1000 ml/min directly after surgery to 2760-3890 ml/min at 4 weeks, depending on the configuration of the anastomosis (curved or straight, respectively). Concurrently, the luminal diameter of the proximal vein increased from 4 mm up to 6.2-10.6 mm, again depending of the AVF configuration (curved or straight). These data suggest that there might be a possible link between anatomic configuration, venous dilation and AVF flow.


      In view of the high flow values and larger diameters, this model offers the opportunity to investigate vascular adaptation in high output fistulas, comparable to upper arm fistulas in humans.


      In the last decade, various porcine AVG models have been described [47-49]. Johnson and coworkers described an AVG model in which 4 mm ePTFE grafts were implanted unilaterally between the iliac artery and iliac vein of mixed-breed pigs weighing 25 to 46 kg [47]. At the contralateral side, an AVF was created. Each pig was given aspirin 325 mg by mouth 24 hours before the initial procedure and 650 mg by mouth the morning of the procedure. For the duration of the study (up to 64 days) pigs were treated with high dose aspirin (325 mg four times daily) to prevent acute graft thrombosis. The initial graft flow in this model was 472 ml/min. AVG patency at 42-64 days was 80%. Histological analysis revealed intimal hyperplastic lesions that resulted in 70-80% stenosis, mainly in the area of the venous anastomosis. Kelly and coworkers [48] slightly adapted this model by implanting 4 mm ePTFE grafts bilaterally between the femoral artery and femoral vein. Aspirin dose was reduced to 325 mg daily. Pigs were sacrificed at 2, 4, 7, 14 and 28 days post-surgery. All AVG were patent at time of harvest. Again, aggressive venous neointimal hyperplasia was observed near the venous anastomosis, resulting in venous stenosis ranging from 0% at day 2 to 52.5% at day 28.


      At our laboratory, we developed a porcine model in which 5 mm ePTFE graft were implanted bilaterally between the carotid artery and the jugular vein in pigs with a mean weight of 57 kg [49]. The latter approach might reduce the risk of graft compression as compared to implantation in the groin [35]. Of note, no signs of cerebral ischemia were detected during EEG registration after implantation of the bilateral AV-grafts.


      Starting 6 days preoperatively, the pigs received aspirin 80 mg/day and clopidogrel 225 mg was added 1 day preoperatively and continued at a dose of 75 mg/day until termination up to 8 weeks after surgery. We choose this regimen since we experienced an unacceptable high rate of acute graft thrombosis in earlier studies when using low dose aspirin monotherapy. Mean initial graft flow was 829 ml/min that is comparable to the human situation. At a histological level, truly stenotic lesions were encountered in this model within a relatively short period of 4 weeks. At 8 weeks, patency rates declined below 50% due to thrombus formation superimposed on progressive IH. The composition of intimal hyperplastic lesions resembled lesions human AV-grafts described by different groups [50-52]. Indeed, lesions were mainly localized near the venous anastomosis and are characterized by proliferating VSMCs, microvessels, macrophages and extracellular matrix components.


      In these porcine models, AVG were created bilaterally. This approach provides a potent model for investigating therapeutic approaches, since one graft can be experimentally manipulated while the other graft is used as a control. This allows each animal to serve as its own internal control, avoiding the inter-animal variability associated with unilateral AVG models [53].


      In Table 1, the above-mentioned animal models are summarized.


      
        Table 1

        Overview of animal models (species, location, AVF/AVG, diameters, flow values, patency, advantages/limitations). Abbreviations: AVF = arteriovenous fistula. AVG = arteriovenous graft. A = artery. V = vein. NIRF = near-infrared fluorescence. TEVG = tissue engineered vascular graft. IVUS = intravascular ultrasonography.



        
          
            
              	Animal

              Species

              	AVF/

              AVG

              	Location

              	Anti-Platelet Therapy

              	Configuration

              	Baseline

              Venous

              Diameter

              	Patency

              	Imaging

              	Limitations
            

          

          
            
              	Mouse [5]

              	AVF

              	carotid/

              jugular

              	none

              	end-to-end

              	N/A

              	65% at 1 week

              	MRI imaging

              	deviant AVF

              configuration
            


            
              	Mouse [7]

              	AVF

              	carotid/

              jugular

              	none

              	end (A) to side (V)

              	N/A

              	33% at 4 weeks

              	duplex

              	deviant AVF

              configuration
            


            
              	Mouse [11]

              	AVF

              	carotid/

              jugular

              	none

              	end (V) to side (A)

              	0.5 mm

              	50% at 4 weeks

              	NIRF

              	technically

              challenging
            


            
              	Rat [15]

              	AVF

              	aorta/

              caval vein

              	none

              	side-to-side

              	± 1.5 mm

              	N/A

              	duplex

              	risk of heart

              failure
            


            
              	Rat [19]

              	AVF

              	femoral artery/

              femoral vein

              	none

              	side-to-side

              	N/A

              	100% at 4 weeks

              	duplex

              	deviant AVF

              configuration
            


            
              	Rat [22]

              	AVF

              	femoral artery/

              femoral vein

              	none

              	end (A) to side (V)

              	0.17 mm

              	93% at 12 weeks

              	duplex

              	deviant AVF

              configuration
            


            
              	Rat [23]

              	AVF

              	ventral artery/

              tail vein

              	none

              	end (V) to side (A)

              	N/A

              	100 % at 4 weeks

              	none

              	little advantage

              above murine model
            


            
              	Sheep [27]

              	AVG

              	carotid artery/

              jugular vein

              	aspirin 80 mg/day

              	side-to-side

              	8.6 mm

              	25% at 12 weeks

              	none

              	s-shaped

              ePTFE graft
            


            
              	Goat [29]

              	AVF

              	carotid artery/

              Jugular vein

              	none

              	end (V)

              to side (A)

              	3-5 mm

              	100% after

              33-195 days

              	none

              	low coagulability
            


            
              	Dog [31-33]

              	AVG

              	femoral artery/

              femoral vein

              	none

              	side-to-side

              	N/A

              	100% at 12 weeks

              	angiography

              	small lesions
            


            
              	Baboon [39, 40]

              	AVG

              	axillary artery/

              brachial vein

              	aspirin 10 mg/kg/day

              	side-to-side

              	3 mm

              	100% at 6 weeks

              	duplex

              	expensive, ethical

              considerations
            


            
              	Pig [45]

              	AVF

              	femoral artery/

              femoral vein

              	aspirin 325 mg

              	end (V)

              to side (A)

              	6 mm

              	67% at 42 days

              	IVUS

              	flow > 3 liter/min
            


            
              	Pig [47]

              	AVG


              	femoral artery/

              femoral vein

              	aspirin 325 mg 4 times per day

              	side-to-side

              	N/A

              	80% at 42-64 days

              	Angiography

              IVUS

              	very high

              aspirin dose
            


            
              	Pig [48]

              	AVG

              	femoral artery/

              femoral vein

              	aspirin 325 mg/day

              	side-to-side

              	N/A

              	100% at 28 days

              	none

              	risk of graft

              compression
            


            
              	Pig [49]

              	AVG

              	carotid artery/

              jugular vein

              	aspirin 80 mg/day

              clopidogrel 75 mg/day

              	side-to-side

              	4 mm

              	50% at 8 weeks

              	angiography

              	double

              anti-platelet

              therapy required
            

          
        


      

    


    
      UREMIC VERSUS NON-UREMIC ANIMALS


      The validity of using animal studies for vascular intervention studies as models for the human situation has been a matter of debate. This skepticism mainly relates to the use of relatively healthy animals that show a different response to (vascular) injury. The animal model described thus far, lacks risk factors such as theuremic milieu that may have a clear impact on vascular changes and the formation of IH in AV conduits.


      To investigate the mechanisms of vascular pathology in chronic kidney disease (CKD), nephrectomy remnant models in rats [54], mice [55], rabbits [56], dogs [57], baboons [58], and pigs [59, 60] have been used for many years. More recently, various researchers successfully integrated these CKD models in their animal model of vascular access failure.


      Kuboko et al., [61] constructed AVFs using the carotid artery and the jugular vein in an end-to side fashion in CKD mice. To induce CKD, they used a two-step renal ablation procedure. First, cortical electrocautery was applied to the right kidney through a 2-cm flank incision whereupon total left nephrectomy was performed 2 weeks later. Another 6 weeks later, AVFs were created and mice were sacrificed at 3 weeks after AVF surgery.


      Whereas, thrombus volume in the venous outflow tract of the AVF did not differ between CKD and control mice, IH at the site of the AV anastomosis increased 2-fold in CKD animals. This study demonstrates that CKD has a profound effect on the development of IH at the anastomosis of murine AVF. Therefore, this combined model is a valuable addition to the AVF animal model arsenal although it should be noted that, as in most murine AVF studies, the end of the artery was anastomosed to side of the vein instead of the other way around.


      Langer et al., developed a model in rats [62] in which AVFs were created between the femoral artery and femoral vein in a chemical nephrectomy model to induce CKD. AVFs were created in an end-to-side configuration similar as in humans. Rats were sacrificed at 84 days after AVF surgery. Imaging studies using MRI revealed that venous dilation was impaired in the CKD rats in the first 3 weeks after surgery. In addition, a substantial increase in IH and calcification was observed in the venous outflow tract of AVFs of CKD rats. These observations suggest that CKD itself could contribute to maturation failure of AVF.


      The group of dr. Misra from the Mayo Clinic developed an ePTFE AVG graft model in CKD pigs in which CKD was induced by subtotal embolization of the renal arterial vasculature [63, 64]. AVG were created bilaterally between the carotid artery and the ipsilateral jugular vein. There were no complications as a result of the embolization procedure other than the expected induction of renal insufficiency. Pigs were sacrificed at 14 days after AVG surgery. Again, IH was observed in the venous outflow tract. However, no direct comparison was made with non-CKD pigs. Therefore, the potential contribution of CKD in AVG failure in pigs remains to be elucidated.


      Although these combined models are technically challenging and might result in a larger percentage of technical failure, the incorporation of chronic renal failure in animal models for vascular access failure, unarguably improves the validity of these models for human hemodialysis access failure.

    


    
      CHRONIC HEMODIALYSIS


      Another limitation of most animal models is the absence of repetitive insertion of needles into the grafts and the hemodialysis itself that obviously might contribute to vascular access failure as well. Intermittent hemodialysis has emerged as a feasible treatment option for small animals such as cats and dogs that suffer from acute renal failure [65]. However, chronic intermittent hemodialysis in animal with experimentally induced chronic renal failure is a far more complicated story. Bower et al., [66] described an model of chronic hemodialysis in anephric goats more than 30 years ago. However, the poor health of the animals, the need for repetitive anesthesia during the hemodialysis sessions, the unacceptable high burden of discomfort for the animals as well as the high costs limit the feasibility of such model.

    


    
      COAGULATION AND ANTI-PLATELET THERAPY


      In view of the important role for the coagulation system in the pathophysiology of AV access stenosis and thrombosis, comparative analysis of this system of various species is essential when determining the validity of animal models of AV access failure. These comparative studies have shown that the clotting and fibrinolytic systems of the calf and non-human primates are more similar to humans than those of dogs or pigs [4]. In example, analytical studies on the coagulation system of pigs revealed a tendency to hypercoagulability in these animals when compared to humans [67]. Furthermore, platelet attachment to immobilized fibrinogen differs substantially between species and appeared to be greatest in humans, lowest for sheep, and in between for pigs [68]. Finally, hematocrit and platelet count, both important factors in rheology/shear stress and coagulation, vary significantly between species [4]. It’s important to keep these differences in mind when selecting a suitable animal species and the required anti-platelet therapy that is required to prevent acute thrombosis of the AV access conduit, especially for studies in which new strategies to prevent vascular access occlusion or thrombosis are evaluated. In our porcine model of AVG failure [49] profound anti-platelet therapy withaspirin and clopidogrel is mandatory to prevent early thrombotic graft failure. However, this anti-platelet regime is not applicable in humans since a disproportionate increase in bleeding complications has been observed using this regime in patients on chronic hemodialysis [69]. Therefore, one should be cautious in extrapolating the results from studies to uremic patients on chronic hemodialysis.

    


    
      ENDOTHELIALISATION OF PROSTHETIC GRAFTS


      In humans, prosthetic vascular grafts remain largely without an endothelium, even after decades of implantation. Transanastomotic endothelial ingrowth does not exceed more than 1-2 cm [70]. In this respect, it’s important to be aware that the extent and speed of this endothelial ingrowth strongly depend on the type and length of the prosthetic graft as well as the age and species of the animals that are used [71]. In example, the same ingrowth distance for which humans need 56 weeks [70] is reached after 4 weeks in young baboons [72] and 3.5 weeks in dogs [73]. These differences should be taken into account when interpreting the effects of interventions such as cell seeding of prosthetic grafts.

    


    
      CONCLUSION


      Animal models can provide novel mechanistic insights into arteriovenous access failure and are useful for preclinical assessment of novel therapeutic interventions. However, the translation rate from preclinical studies to the bedside remains low, likely due to differences in physiology and molecular pathways. Only about a third of highly cited animal research translated at the level of human randomized trials [74]. A clinical understanding of the mechanisms responsible for AV access failure combined with extensive knowledge of the (patho)physiology in the animal to be used, may increase the predictive value of the animal models. While large animals such as pigs are suitable for intervention studies, murine models have the greatest potential to gain more insight in the molecular mechanisms underlying AV access failure. The biggest challenge remains to translate experimental findings from these animal studies into clinical benefits for hemodialysis patients that suffer from an enormous burden of vascular access related complications.
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