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Abstract

:

High flow access (HFA) is a condition in which hemodynamics is affected by a flow rate that is larger than the blood flow required for hemodialysis. HFA sometimes causes high output heart failure, venous hypertension, and dialysis access steal syndrome. Flow reduction is effective for improving symptoms, and various surgical procedures have been reported. HFA is recognized as a well-developed type of access due to its good access sound, thrill, and vessel diameter; also, HFA probably has good patency if not intervened with by flow reduction. Therefore, the blood flow reduction procedures used to treat HFA need to minimize disadvantages such as access thrombosis, insufficient blood flow, aneurysm formation, and infection due to therapeutic intervention while, at the same time, achieving symptom improvement and long-term patency. The surgical procedure used to correct HFA must be highly reproducible and simple. This article reviews the pathophysiology and surgical flow reduction procedures for HFA.
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1. Introduction


Vascular access is a lifeline for dialysis patients, as it allows them to maintain stable hemodialysis. The number of chronic dialysis patients in Japan is increasing every year, and it had reached 344,640 by the end of 2019 (2019 Annual Dialysis Data Report, JSDT Renal Data Registry). After the creation of an AVF, the blood flow volume of the arteriovenous fistula (AVF) gradually increases and can provide the blood flow required for hemodialysis [1]. Sometimes, a blood flow that far exceeds the flow required for hemodialysis can be reached. Through its effect as a left-to-right extracardiac shunt, the arteriovenous fistula can increase the cardiac workload and increase sympathetic nervous system activity through increases in the heart contractility, heart rate, stroke volume, and cardiac output (CO) to maintain blood pressure [2,3]. High flow access may cause high-output cardiac failure, venous hypertension, steal syndrome, and even systemic steal syndrome [4]. An overview of the pathophysiology and surgical procedures used for high flow access is given below.




2. Development and Remodeling after AVF Creation


When hemodialysis is planned for patients with end-stage renal disease, which vascular access is appropriate will be examined [5]. Compared with other vascular accesses such as arteriovenous graft (AVG), central venous catheter, and arterial superficialization [6], AVF is considered to be the most suitable VA for hemodialysis due to its high patency rate and low frequency of thrombosis and infection [7]. After the creation of AVF, various effects occur in the vein, artery, and systemic circulation. By the creation of the fistula, a large amount of blood flows from the artery to the vein via the anastomosis due to the pressure gradient. AVF development is a complex vascular remodeling. Large amounts of blood flow through the access circuit, increased blood pressure or velocity, increased wall shear stress, dilation of arteries and veins, and structural changes in the vessel wall are factors in remodeling [8]. Dammers et al. investigated the effect of shear stress on vessel diameter during the perioperative period of AVF creation. Their results indicate that after AVF creation, an acute increase in shear stress results in an acute increase of vessel diameter [9,10].



Nitric oxide (NO) is derived from endothelial nitric oxide synthase and has been reported to have beneficial effects on vascular functions [11,12]. NO stimulates arterial and venous vasorelaxation via increasing the cyclic guanosine monophosphate and inhibits arterial smooth muscle cell (SMC) migration and proliferation [13]. Tong et al. investigated SMCs cultured from explants of venous tissue obtained during fistula formation and reported that smooth muscle responsiveness to nitric oxide was associated with fistula maturation results [14].



Matrix metalloproteinases (MMP) are important in the process of AVF maturation [15,16]. The MMP is known to disrupt the layered structure of the media of the artery and promote vasodilation [17,18]. Chan et al. found that a high flow rate in the fistula vein affects the expression of MMPs and type 4 tissue inhibitor of metalloproteinases (TIMP-4), resulting in the remodeling or maturation of the AVF in the experimental model [16]. The physical and biological factors that develop on AVF creation affect endothelial and smooth muscle cell function, and extracellular matrix remodeling [10]. Remodeling of AVF causes a progressive increase in vessel diameter, and excessive increased blood flow leads to HFA.



Kong et al. attempted to identify the molecular mechanism which affects venous remodeling after AVF creation [19]. This report screened and identified the differentially expressed genes (DEGs) that may be associated with venous remodeling after AVF creation, and stated that both INHBA and NR4A2 expression might play an important role.



In secondary AVF creation with enlarged artery and vein, a large anastomosis size causes HFA immediately after surgery. In the long term, HFA is induced by the enlargement of venous diameter due to repeated punctures or the formation of venous aneurysms [20].



On the other hand, not all of these cases develop into HFA after AVF creation. Recent studies reported the incidence of AVF primary failure due to non-maturation ranges between 20% and 60% [21,22,23,24]. Two major etiologies of AVF maturation disorders are excessive neointimal hyperplasia (NH) and inadequate luminal dilation of veins [25,26]. NH is a result of vascular smooth muscle cells and fibroblasts migrating and proliferating from the vessel media into the intima, and usually occurs on the venous side of anostosis [25,27]. Also, diabetes mellitus may protect patients from developing HFA because arterial remodeling is hampered due to atherosclerosis [28].




3. Condition of High Flow Access and High-Output Heart Failure


High flow access (HFA) is a condition in which hemodynamics is affected by a flow rate that is larger than the blood flow required for hemodialysis. HFA has been defined as a flow of >1.5–2.0 L/min [29] or one where the access flow is >20% of the cardiac output [4,30]. The effects of AVF creation on the access limb and cardiovascular system are well known. As a result of the left-to-right extracardiac shunt, the cardiac output increases by 10% to 20% [31,32], and the left ventricular mass increases by 12.7% [33], causing left ventricular remodeling [1]. HFA causes venous hypertension, steal syndrome, heart failure, and arrhythmia due to the increased cardiac load and systemic steal phenomenon [34,35,36]. High-output heart failure due to HFA causes shortness of breath, palpitations, lower limb edema, a loss of appetite, orthopnea, and dyspnea on effort [4]. HFA becomes more severe in the presence of organic diseases such as ischemic heart disease, cardiomyopathy, valvular disease, myocarditis, and arrhythmia [4]. A prospective study involving 1254 end-stage renal disease (ESRD) patients showed that having a left ventricular ejection fraction (LVEF) of lower than 30% at the start of HD was associated with a nine-fold greater risk of cardiovascular death [37]. In the presence of HFA, high-output heart failure may occur, so a flow reduction is suggested [29].



In HFA patients with high-output heart failure, cardiac output and pulmonary artery pressure were shown to decrease after surgical closure of the access. Additionally, the patients’ cardiac performance improved [38]. This indicates that it is important to close accesses at the right time, and that closure can improve cardiac function and reduce high-output heart failure. Improvements in cardiac function by reducing the flow volume of HFA patients with high-output heart failure have also been reported [39]. Twelve acute congestive heart failure patients with a flow volume of >2 L/min requiring hospitalization underwent flow reduction by banding and were followed up for six months. Flow reduction was associated with decreased LVMI and pulmonary artery pressures. Additionally, a reduction in the risk of hospitalization and an improvement in New York Heart Association (NYHA) heart failure stage was reported.



It is not yet clear whether it is beneficial to reduce blood flow in HFA patients without symptoms of heart failure. It has been reported that the mean left ventricular mass index (LVMI) improved from 135 to 120 g/m2 at 4–5 months after the closure of access in 19 patients without heart failure. It is expected that the LVMI would not change if access was not closed [40]. It was been reported that, after renal transplantation, the LVMI decreased, and left ventricular hypertrophy improved at 1 month and 21 months after AVF closure [40]. Another study indicated that, in renal transplant patients, AVF closure was associated with decreases in both eccentric and concentric hypertrophy and a trend towards normalization of the cardiac structure was shown [41].



Emma Aitken et al. investigated the effect of AVF closure on hemodynamics in 100 patients undergoing hemodialysis with AVF in a cohort study [42]. The AVF was occluded by digital pressure just proximal to the anastomotic site for 15 min, and hemodynamic parameters were measured before and after 15 min with the AVF occluded. Patients were also followed up prospectively for one year, and any subsequent major adverse cardiovascular events (MACE) or mortality events were recorded. A total of 29% of the patients had a flow volume of >1500 mL/min, and 15% of the patients had a flow volume/CO of >20%. A total of 20 patients had MACE in the year after this measurement was obtained, and eight deaths occurred. The mean flow volume was lower in patients who went on to develop MACE in the following year than those who did not. The cardiac index before AVF occlusion was lower in patients who subsequently developed MACE than in those who did not. It was demonstrated that many patients do not develop high-output cardiac failure even in the presence of high CO. A high CO state was more likely to occur in patients with a high flow volume and resolved upon occlusion of the fistula. The relationships among CO, flow volume, and cardiovascular events are complex.




4. Venous Hypertension


The pathophysiology of venous hypertension results from venous stagnation in the access limb due to an imbalance between access flow and the outflow resulting from venous vascular resistance. Treatment of this condition requires access flow reduction, venous outflow vascular resistance attenuation, or both [43]. Side-to-side anastomosis or elbow outflow venous tract insufficiency can cause venous hypertension in the forearm. Central venous stenosis, or cephalic arch stenosis, causes venous hypertension throughout the upper limbs. Having a history of central venous catheter placement is a risk factor for this condition. Venous stasis due to impaired venous return progresses to edema, bluish discoloration, pigmentation of the skin, pain, skin necrosis, and neuralgias [44]. In addition to PTA, surgical treatments such as venous ligation, venous transposition, and graft interposition are used for the treatment of venous hypertension in the forearm [45]. For central venous lesions or cephalic arch stenosis, outflow grafting to the jugular vein [46] or cephalic vein transposition [47] can also be performed, but surgical intervention is often difficult and PTA remains the basis of treatment [48].




5. Dialysis Access Steal Syndrome (DASS)


DASS results from tissue ischemia due to an imbalance between access flow and arterial vascular resistance, and treatment requires the suppression of shunt blood flow and/or reconstruction of the arterial blood circulation. Therefore, a reduction in blood flow is a key procedure for treating venous hypertension and DASS associated with HFA [43,49]. The physiological or asymptomatic steal phenomenon is found in up to 90% of cases of dialysis access, while clinically significant DASS requiring surgical intervention is found in 1–8% of cases [50]. Risk factors associated with DASS include smoking, diabetes, PAD (peripheral vascular disease), female gender, age, hypertension, and CAD (coronary artery disease) [50,51,52]. DASS treatment options are either proximalization of the arterial inflow (PAI), distal revascularization and interval ligation (DRIL), or distal revascularization (DR) alone. High flow AVA has various definitions including values of >1500 or 2000 mL/min [53]. DASS treatment options for HFA should include a flow reduction procedure.




6. Flow Reduction Procedures


The fluid dynamics of blood, a viscous fluid, can be approximated by Hagen–Poiseuille’s law Q = πr4ΔP/(8ηL). The flow rate Q flowing through a circular tube with radius r and length L is proportional to the fourth power of the radius and the pressure difference ΔP at both ends of the circular tube and inversely proportional to the length L and viscosity η. During blood flow reduction surgery, reduction of blood vessel diameters affects the blood flow at the fourth power level, and reducing their lengths only affects the first power level. While radical treatment for HFA involves the closure of the access, a flow reduction procedure is required to preserve the access.



HFA is recognized as a well-developed access due to its good access sound, thrill, and vessel diameter; also, HFA probably has good patency if not intervened with by flow reduction (Figure 1A). Therefore, blood flow reduction procedures need to minimize disadvantages such as access thrombosis, insufficient blood flow, aneurysm formation, and infection by therapeutic intervention, while at the same time achieving symptom improvement and long-term patency. Moreover, the surgical procedure used to treat HFA must be highly reproducible and simple. Various surgical methods are currently performed to treat high flow accesses, such as banding [4,54,55,56,57] (Figure 1B,C), fistula plication [4,58] (Figure 1D), proximal radial artery ligation (PRAL) [59], graft interposition [60] (Figure 1E), revision using distal inflow (RUDI) [61], and the graft inclusion technique [43] (Figure 1F).




7. Banding


Banding is a surgical procedure that is often used to treat HFA. It involves the creation of a stenotic part of the outflow tract vein with a thread at 1–2 points or wrapping a PTFE band around the blood vessel to make a stenotic part (Figure 1B and Figure 2). Venous banding was the first flow limitation technique to be described [55], and banding on the venous side is a simple operation involving less surgical invasion; however, it is difficult to control blood flow by blind methods such as banding without intraoperative flow monitoring, and early occlusion can occur due to overtightening, insufficient suppression, or relapse of excessive blood flow. Surgical results for this technique have been poor due to the high incidence of thrombosis [52,62]. A high recurrence rate has also been reported. Banding was performed for 50 HFA patients; however, a relapse of recurrent high flow (2 L/min) occurred in 52% of patients during the one-year follow-up period [28]. Banding seems to be in the category of less surgical invasion compared with other blood flow suppression methods, but banding does not have the indicators required to reduce the blood flow to the desired level or improve symptoms [63]. In previous reports, a high incidence of thrombus formation rate was reported with 19–90% of cases associated with banding procedure [51,52,58,64]. Kanno et al. reported the use of three different blood flow reduction procedures for 74 HFA patients: proximal artery banding with distal artery ligation (A-ban with A-lig: 12 cases), venous banding (V-ban: 37 cases), and fistula anastoplasty (Ana: 25 cases). A-ban with A-lig involves banding of the proximal artery using an expanded polytetrafluoroethylene (ePTFE) band and ligation of the distal artery. V-ban involves banding of the venous side of the anastomosis site with an ePTFE band. Ana involves making an incision near the AVF anastomotic site. The anastomotic site is placed under direct vision, and then an anastomotic site is formed by continuous running suture at the anastomotic site (Figure 1D). The changes in flow volume for the surgical procedures before and after surgery were 1423 and 600 mL/min (A-ban with A-lig), 1266 and 501 mL/min (V-ban), and 1333 and 614 mL/min (Ana), respectively. A-ban with A-lig achieved reliable blood flow suppression, was associated with less risk of HFA recurrence and obstruction and was found to be suitable for AVF close to the wrist. V-ba is technically easy and can be applied to various HFAs, but it may be better to avoid it due to its associations with calcifications, aneurysms, and cubital fistulas. Ana is recommended because it provides reliable blood flow reduction for all types of fistulas and reduces the risks of relapse and obstruction [4]. Miller et al. reported the use of a modified banding technique in 16 patients. This procedure, named MILLER banding (Minimally Invasive Limited Ligation Endoluminal-assisted Revision), requires a 1–2 cm skin incision for a ligature and a 4 or 5 mm diameter PTA balloon to achieve the desired reduction in inflow size [63] (Figure 1C). In 2010, Miller published a review of 183 patients who underwent the MILLER procedure [65]. In this report, there were 114 patients with a true steal and 69 patients with signs/symptoms of high flow access. The most commonly used PTA balloon size was 4 mm for AVFs and 3 mm for grafts [66]. Shintaku et al. conducted a retrospective review and presented modifications to the MILLER procedure [67]. In this report, blood flow measurement using Doppler ultrasonography was performed and a finger pulse oximeter was used for intraoperative monitoring during surgery for seven HFA patients and five DASS patients. The mean flow volume was reduced from 2043 to 1248 mL/min in HFA patients, and the flow reduction rate was 39%. In this series, the diameter of the PTA balloon ranged from 3 to 6 mm, and the most commonly used diameter was 3.5 mm. In the DASS patients, the diameter of the PTA balloon ranged from 2 to 4 mm, and the flow reduction rate was controlled to be lower [66,67].




8. Fistula Plication


The fistula plication technique is a method of surgically reshaping an enlarged anastomotic site and its vicinity [68]. Banding involves wrapping a band from the outside of the vessel to narrow the vessel, while fistula plication reduces the size of the anastomotic site itself under direct vision. Therefore, fistula plication is a theoretical blood flow suppression method. There is no pressure increase near the anastomotic site, a phenomenon that is often seen in banding. The technique can be applied to cases where banding is difficult due to advanced arteriovenous dilation, and it has been stated that an outstanding technique is required to sew the anastomotic site under direct vision of the lumen [4] (Figure 1D and Figure 3).



Banding and plication are both procedures that rely on increasing the resistance to access flow, thereby increasing peripheral arterial perfusion [64,69].




9. Graft Interposition


For graft interposition [70] and revision using distal inflow (RUDI) [61] and replacement with a graft, blood flow can be easily suppressed, and a reliable level of blood flow can be maintained by using small-diameter grafts. Interposition using a graft with a diameter of 5 mm and an average length of 5 cm has shown good results with a blood flow suppression rate of 52%, a three-year primary patency rate of 58%, and a secondary patency rate of 71% [70]. The theoretical background of graft interposition is that part of the HFA is replaced by a small-diameter graft. Since the graft diameter does not expand, blood flow is suppressed (Figure 1E and Figure 4).




10. Graft Inclusion Technique


The graft inclusion technique (GIT) is a surgical technique in which a PTFE graft with a 4 mm diameter is sewn to an expanded anastomotic site, and a length of about 4 cm is inserted into the venous side of the fistula to reduce the flow volume [43] (Figure 1F). GIT is a simple procedure in which the arterial side is not detached; only the venous side is detached. Since blood flow is suppressed by a small-diameter PTFE graft, an advantage is that intraoperative blood flow measurement and blood flow regulation, which are required for venous and arterial banding, are not required. Since this type of surgery is standardized, the reproducibility of the technique is good, and it is simpler than surgical procedures that require skillful techniques, such as anastomosis plication. It can be performed on the forearm or elbow, regardless of the anastomosis site of the AVF, and since it can be performed with a short graft of about 3–4 cm, the surgical site does not easily interfere with the existing puncture site, so access, including that of the puncture site, can be preserved. Since the PTFE graft is completely contained in the autologous vein and no part of the graft is exposed, the rates of seroma, edema, and infection are comparable with those of graft interposition, in which the graft is directly embedded under the skin using graft methods such as RUDI. This method is expected to reduce the disadvantages associated with the use of grafts (Figure 5). The primary patency rate in GIT is 28.5% for five years for the entire access circuit, while the primary patency rate for GIT alone is 31.8% for five years, the secondary patency rate is 67.7% for five years, and the blood flow suppression rate during the remote period is 39.6% [43]. It has been reported that this technique avoids thrombosis obstruction, and has a stable blood flow suppression effect and patency for a long period of time [43]. GIT surgery videos are available in the online Supplementary Materials.




11. Conclusions


Cardiovascular disease is the most common cause of death for chronic dialysis patients. HFA has a considerable effect on cardiovascular disease, and high-output heart failure affects prognosis. In the treatment of high output heart failure, venous hypertension, and DASS caused by HFA, it is important to make an accurate diagnosis and select the most appropriate procedures to treat the pathological condition. Various surgical methods are currently performed to treat high-flow access. It is important to minimize the disadvantages of flow reduction procedures while at the same time achieving symptom improvement and long-term patency. We believe that we should aim to preserve VA by selecting treatments that are suitable for the pathophysiology of HFA, rather than simply closing and abandoning cases of VA that have developed into HFA.
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Figure 1. Surgical flow reduction procedures are used to treat high-flow accesses. (A) Schema showing an HFA due to an enlarged anastomotic site and veins. (B) Venous banding is a method used to create stenosis in an enlarged vein using a ligature or a strip of graft. (C) MILLER banding involves ligation of the enlarged vein using an inserted PTA balloon. (D) Anastoplasty involves reducing the size of the anastomotic site under direct vision. (E) Graft interposition involves closing the previous anastomosis and creating a new AVG with a small-diameter graft. (F) Graft inclusion, technique in which a 4 mm diameter PTFE graft is sewn to an expanded anastomotic site, and a length of about 4 cm is inserted into the blood vessel. 
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Figure 2. Banding. (A) Venous banding is a method of creating stenosis in an enlarged vein using a graft strip. (B) Flow reduction obtained by stitching graft strip wrapped around the enlarged vein. 
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Figure 3. Plication of an AVF fistula. Plication of the enlarged fistula and vein near the site of anastomosis. 
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Figure 4. Graft interposition. The previous anastomosis is closed and a new AVG with a small-diameter graft is created. 






Figure 4. Graft interposition. The previous anastomosis is closed and a new AVG with a small-diameter graft is created.



[image: Kidneydial 01 00007 g004]







[image: Kidneydial 01 00007 g005 550] 





Figure 5. Graft inclusion technique. (A) A 4 mm diameter PTFE graft is sewn to the enlarged AVF anastomosis site, and the anastomotic size is reduced to the graft diameter. (B) The other end of the graft is interpolated and sutured to the outflow tract vein in the same manner. A 3 to 4 cm long PTFE graft is inserted from the anastomotic site to the outflow tract vein. (C) By excising the surplus vessel wall, the aneurysm or dilated anastomotic site is excised. (D) The graft is included by completely wrapping the venous wall. Hemostasis at the anastomotic site becomes easier. 
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