
Despite growing recognition of and attention to the impor
tance of chronic kidney disease (CKD) in health care,  
kidney failure remains a worldwide public health 
concern1. Globally, prevalence rates of kidney failure 
continue to rise2, with 1.2 million deaths from kid
ney failure in 2015 (ref.3). The US Renal Data System 
(USRDS) 2018 annual report2 reported over 700,000 
prevalent cases of treated kidney failure in 2016. This 
number has only continued to increase4, and trend esti
mates suggest that the number of patients with treated 
kidney failure will increase by 29–68% in the USA by 
2030 (ref.5). 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 (ref.4). Alarm
ingly, these numbers do not reflect the number of patients 
who need kidney replacement therapy (KRT) but do not 
receive it; in 2010, up to 7 million people were estimated 
to need KRT but were not able to receive it owing to reso
urce limitations4. This number is unfortunately likely to 
increase to 9 million people by 2030 (ref.6).

The economic burden of kidney failure is also sub
stantial. In the USA in 2010, total Medicare spending on 
KRT was $34 billion7, with hospitalizations driving up to 
35% of the cost of care for patients on haemodialysis8. 
Worldwide, per patient costs for haemodialysis can reach 
~US$100,000 (~€88,000) per year9. Increasing the use 

of home dialysis could potentially offset some of these 
costs10; however, home dialysis remains underutilized 
in many regions and limits the opportunities for trained 
dialysis care providers and practising nephrologists to 
examine patients.

More than 2.6 million patients worldwide received 
KRT in 2010 (refs2,11), and most of these patients 
received haemodialysis4. In the USA, longterm haemo
dialysis accounts for >60% of KRT for kidney failure 
(approximately 500,000 patients)2. However, despite the 
fact that longterm haemodialysis has been used since 
the introduction of the first arterial shunt in the 1960s, 
vascular access — the key lifeline for haemodialysis — 
remains difficult, with unacceptably high morbidity and 
mortality. Accessrelated complications remain associ
ated with high rates of hospitalization12 and infection13. 
In addition, the cost of vascular access complications 
is prohibitively high2,14; in the USA in 2013, the annual 
total direct cost relating to vascular access management 
was estimated to be $5 billion15.

Given the growing prevalence of kidney failure, the 
extremely high morbidity, mortality and cost of dialysis 
vascular access, and the expectation that haemodialysis 
will remain the mainstay of KRT at least in the imme
diate future, there remains a significant unmet clinical 
need to address current limitations in vascular access for 
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haemodialysis. Efforts to address this unmet need are 
driving critical innovation and research into novel tech
niques and processes of care to improve longterm vas
cular access for chronic haemodialysis. In this Review, 
we evaluate the key existing challenges in establishing 
and maintaining vascular access in patients receiv
ing haemodialysis, with regard to both the underlying 
biology and aspects relating to the process of care and 
implementation. We then describe novel and innova
tive technologies under development that address these 
issues and summarize new policy initiatives that empha
size the importance of innovation in vascular access for 
kidney disease therapeutics.

Challenges in vascular access
Effective treatment of kidney failure with haemodialysis 
is dependent on reliable vascular access to enable blood 
exchange several times per week. Currently, vascular 
access for haemodialysis is achieved through creation 
of an arteriovenous (AV) fistula, generally in the upper 
arm or forearm of the patient, placement of a graft that 
connects an artery and vein (AV graft), or placement of  
a central venous catheter (CVC) (fig. 1). However, all  
of these methods are associated with limitations that 
drive mortality and decrease the quality of life of patients 
with kidney failure (fig. 2).

Arteriovenous fistula formation
The first use of the AV fistula was pioneered in 1966 by 
Brescia and colleagues16; however, there have been few 
developments since then. Indeed, the Brescia–Cimino 
radiocephalic AV fistula is still the procedure of choice 
for autogenous AV fistula creation over half a century 
later. Overall, the AV fistula is the preferred type of  
haemodialysis vascular access owing to its good 
longterm patency and low complication rates compared 
with the other options17, although its use varies across 
different regions (fig. 3a). Marked differences also exist 
between regions with regard to the time to first AV fistula 
use (fig. 3b). Of particular note, considerable disparities 
exist in the use of this preferred type of vascular access 
across genders and ethnic groups in the USA18,19 (fig. 4).

Despite the widespread use of fistulas in haemodialy
sis, this type of vascular access has undeniable limita
tions. One such limitation is the important problem of 
maturation of AV fistulas. In a metaanalysis of 318 studies 

of adult patients with AV fistulas in developed regions, 
the mean time to fistula maturation was 3.5 months, 
although only 26% of fistulas were mature at 6 months20. 
In that metaanalysis, maturation was defined as time 
before suitability for dialysis; however, it is worth noting 
that the studies included in the metaanalysis had varying 
definitions of maturation, and therefore, the article pro
vides both the rate of fistula maturation at 6 months and 
the mean time to reliable usability for dialysis, and thus 
provides an encompassing view of fistula maturation. In a  
2008 clinical trial, now recognized as a pivotal study in 
understanding fistula maturation, 60% of fistulas failed 
to mature, with maturation failure defined as failure to  
become suitable for dialysis (that is, use at a dialy
sis machine blood pump rate of ≥300 ml/min during  
8 of 12 dialysis sessions occurring in a 30day suitabil
ity ascertainment period between days 120 and 150)21. 
However, failure rates may vary depending on the popula
tion. For example, in older patients starting haemodialysis 
with a catheter, 51% of fistulas failed to mature during the  
6 months following placement22.

At the biological level, failure of AV fistula matura
tion often results from a juxta-anastomotic stenosis that 
probably occurs secondary to vascular injury as a con
sequence of haemodynamic injury (such as that caused 
by nonlaminar flow), surgical handling and/or vascular 
wall shear stress23. It was once thought that this stenotic 
lesion occurred primarily as the result of an aggressive 
neointimal hyperplasia predominantly involving myofi
broblasts and small numbers of contractile smooth 
muscle cells and fibroblasts24–26. However, more recent 
data suggest that inward remodelling (that is, a reduc
tion in luminal diameter/vasoconstriction of the vessel) 
might also have an important role in the pathogenesis of 
juxtaanastomotic stenosis24,27. A better understanding  
of the interplay and interactions between the remod
elling and stenosis formation processes is critical to 
identify therapies that target the biological processes 
involved in AV fistula dysfunction.

An unintended consequence of low AV fistula mat
uration rates is an increased frequency of percutane
ous and surgical interventions after fistula formation 
in an attempt to promote maturation. Approximately 
70–86% of fistulas require two or three interventions 
per patientyear in the first year after fistula formation 
to facilitate maturation and maintain function28,29, and 
in a retrospective cohort study in patients >67 years 
old who started haemodialysis with a catheter, 42% of 
the patients required an intervention to make their AV 
fistula functional22. Other than the financial and phys
ical burdens of these additional procedures, available 
evidence indicates that fistulas that mature as a result 
of an intervention have shorter secondary patency than 
those that mature without an intervention30, although 
the risk of 1year access abandonment and need for fur
ther interventions does seem to be lower for fistulas that 
become usable than for grafts22. In addition, AV fistula 
maturation failure often results in a prolonged CVC con
tact time with its attendant complications of infection, 
thrombosis and central vein stenosis31.

Autogenous AV fistulas can also develop true 
aneurysmal and pseudoaneurysmal changes (fig. 2a).  

Key points

•	Globally,	effective	treatment	of	kidney	failure	depends	on	reliable	vascular	access	so	
that	patients	can	receive	long-term	kidney	replacement	therapy.

•	Current	vascular	access	options	are	arteriovenous	fistula,	graft	or	central	venous	
catheter,	each	of	which	is	associated	with	high	mortality,	morbidity	and	economic	
burden.

•	For	fistulas,	new	devices,	biological	approaches	and	techniques	are	in	development	
that	control	fistula	geometry,	manipulate	underlying	cell	and	molecular	pathways		
and	influence	maturation.

•	New	graft	and	catheter	materials	are	also	in	development,	encompassing	both	
incremental	changes	in	current	technologies	and	novel	bioengineered	vascular	
materials.

•	Process	of	care	innovations	are	also	important	in	order	to	generate	patient-centred	
approaches	that	will	be	applicable	to	all	individuals	with	kidney	failure.

Maturation
Maturation in the context of 
fistula maturation is a dynamic 
remodelling process whereby 
the vascular wall thickens  
and the vein dilates in size to 
allow regular cannulation and 
blood flow for haemodialysis. 
Thrombosis, stenosis and poor 
blood flow can all contribute  
to a lack of clinical maturation.

Juxta-anastomotic stenosis
Narrowing of the vessel at  
and around the anastomosis, 
typically due to neointimal 
hyperplasia. Juxta-anastomotic 
stenosis (that is, stenosis on 
the venous side within 3 cm  
of the anastomosis) is part of  
a larger collective term, ‘peri- 
anastomotic stenosis’, which 
also includes anastomotic 
stenosis and arterial stenosis.

Secondary patency
The time from access 
placement until access 
abandonment or thrombosis, 
or the time from measurement 
of patency including 
intervening manipulations 
(surgical or endovascular 
interventions) designed to 
re-establish functionality  
in a thrombosed access.
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A pseudoaneurysm, also sometimes called a ‘false  
aneurysm’, is caused by damage to the vascular wall that 
results in a locally contained haematoma, whereas a true 
aneurysm is a bulging, weakened area of the vascular 
wall that results in the widening of the vessel. A con
sensus definition of an AV fistula aneurysm is still under 
debate, with some advocating for the definition of an 
aneurysm as an increase of more than twofold in venous 
diameter32 and others proposing an increase of more 
than threefold33,34. Regardless of the definition used, 
rates of aneurysm formation in fistulas vary from 43% to  
60%35,36. Many vascular access aneurysms are benign 
and remain stable, and patients are asymptomatic and 
potentially dialyse without problems despite the pres
ence of a large, tortuous and cosmetically disfiguring 
fistula33. However, other fistulas have enlarging aneu
rysms that are at risk of rupture and require urgent revi
sion or ligation. Indeed, the reported rates of AV fistula 
aneurysm rupture range from 0.8% to 5.6%37. Therefore, 
AV fistulas are prone to substantial rates of mechani
cal failure over time, with a small but significant risk 
of rupture.

Additional complications include ‘steal’ syndrome, 
which develops when there is a shunting of blood away 
from the distal limb, often in the presence of preexisting 
peripheral vascular disease, which results in inadequate 
blood flow and ischaemia in tissues downstream from 
the AV conduit site, or wound complications from surgi
cal procedures (fig. 2b,c). Furthermore, highflow AV fis
tulas can also result in hyperdynamic heart failure owing 
to the excess workload resulting from the increased  
cardiac output38,39.

AV graft placement
AV grafts for vascular access connect an artery and vein 
through the placement of a synthetic or nonautogenous 
tube, typically in the upper extremity, although lower 
extremity (for example, femoral) graft placement can 
also be used, especially in patients with limited avail
ability of sites for vascular access. The most common 
graft materials are expanded polytetrafluoroethylene 
(ePTFE), polycarbonate urethane, polyurethane and 
multimaterial grafts40.

Fistulas remain the preferred method for vascular 
access because for longterm use, AV grafts are asso
ciated with higher allcause mortality and fatal infec
tions than AV fistulas, with risk ratios of 1.18 and 1.36, 
respectively41; grafts also tend to be associated with a 
higher rate of complications. In a 2017 metaanalysis, 
49% of patients with grafts experienced accessrelated 
noninfectious complications compared with 31.8% of 
patients with fistulas, and infectious complications were 
almost twice as high as with fistulas42. However, grafts 
remain necessary in those patients who are not candi
dates for AV fistulas owing to inadequate superficial 
venous anatomy or vascular proliferative phenotypes 
that complicate native fistula creation43.

Thrombosis, often due to stenosis as a result of 
venous neointimal hyperplasia at the venous anasto
motic site or in the associated outflow vein, is a com
mon graft complication and the predominant cause 
of overall graft failure44. The biological profile of this 
neointimal hyperplasia is similar to that of AV fistula 
stenosis, although greater extracellular matrix depo
sition occurs in the neointimal hyperplasia of grafts 
that are in direct contact with graft material45,46. Other 
potential complications of grafts (fig. 2d–g) include 
steal syndrome, infection, venous hypertension 
and pseudoaneurysm (fig. 2d,e), which occur more  
frequently in patients with a graft than in those with 
a fistula47.

Despite the preference for fistulas in clinical practice, 
grafts may offer some advantages over fistulas. First, they 
need much less time to mature, with newer versions of 
synthetic grafts ready for haemodialysis use as soon 
as 24–72 hours after implantation (as compared with 
standard ePTFE grafts, which are typically ready for use 
in 2–4 weeks)40,48. Grafts also require fewer interventions 
than AV fistulas to create a functional vascular access 
(although the frequency of interventions was found to 
be lower for AV fistulas than for grafts in the first year 
of successful use)22 and are considered preferable to 
catheter use. Importantly, grafts are essential in patients 
who are not candidates for fistulas and are often used 
in patients in whom multiple AV fistulas have failed  
to mature.
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Fig. 1 | Current vascular access routes for haemodialysis. Currently, vascular access for haemodialysis is achieved 
through one of three methods: a | creation of an arteriovenous (AV) fistula, generally in the upper arm or forearm of the 
patient; b | placement of a graft that connects the artery and vein (AV graft); or c | with a central venous catheter.

AV fistula aneurysm
A true arteriovenous (AV) fistula 
aneurysm is defined as an 
abnormal vessel dilation that 
may burst if not treated. The 
definition of a true AV access 
aneurysm is still under debate, 
but one proposed definition is 
an increase in vessel diameter 
of at least 50% with true 
dilation of all layers of the 
vessel wall.
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Central venous catheters
CVCs are used to provide vascular access for both 
shortterm and longterm use. Nontunnelled CVCs are 
typically for shortterm, inhospital use and are made 
of comparatively stiff material. Longterm (tunnelled) 
CVCs are made of softer materials (for example, poly
urethane–polycarbonate copolymer or silicone) and are 
placed under the skin and into the jugular vein (most 
commonly), from where they traverse to the brachioce
phalic vein and superior vena cava before terminating 
in the right atrium. Longterm catheter use is generally 
a concern owing to the numerous complications asso
ciated with this approach31 (fig. 2h,i). The most common 
complication of CVCs is infection49, which can be local
ized to the catheter or occur in the bloodstream. In addi
tion, CVC use is associated with higher rates of allcause 
mortality, fatal infection and cardiovascular events than 

the use of either AV fistulas or grafts41. Catheterrelated 
infections are associated with a decreased quality 
of life, as a result of increased hospitalization and 
the need for intravenous antibiotic therapy50. This 
high level of morbidity and access failure explains 
why emphasis has been placed on catheters being a 
‘last use’ vascular access strategy for haemodialysis  
over the past two decades31,51.

Another complication of CVC use is catheter dys
function as a result of fibrin sheath formation or throm
bosis that requires repeated interventions to maintain 
the utility of the catheter. These interventions have vari
able success rates52,53, and the rates of primary patency fail
ure and removal of CVCs is estimated at 91% and 52%, 
respectively, in the first year54,55. CVCs also often result 
in a central vein stenosis, which can limit the success of 
future lifesaving AV or CVC access.

a

d

g h i

e f

b c

Fig. 2 | Clinical manifestations of vascular access dysfunction. Myriad types of vascular access dysfunction can occur 
owing to complications of fistulas, grafts and central venous catheters. a | Tortuous aneurysmal radiocephalic fistula 
formed from continued dilation caused by outward remodelling159. b | Severe wound complication from a basilic vein 
harvest site in an attempt to create a brachiobasilic fistula via basilic vein harvest and transposition. c | Ulcerated 
pseudoaneurysm in dilated fistula segment. d | Dilated biological graft, demonstrating both a true aneurysm (the tube-like 
enlargement in the body of the graft) and pseudoaneurysms (the bubble-like out-pouches caused by needle cannulation). 
e | Graft aneurysm resulting from a cannulation injury. f | Open wounds over an infected expanded polytetrafluoroethylene 
(ePTFE) graft, which remarkably is still being used for in-centre dialysis. g | Ulcerated pseudoaneurysm with imminent 
rupture following cannulation of an ePTFE graft. h | The clinical sequalae of prolonged central venous catheter use, with 
associated central vein stenosis and chronic severe left arm swelling. i | Representative venogram demonstrating complete 
occlusion of the left brachiocephalic vein due to prolonged catheter dependence. Part a reprinted from ref.159, CC BY 3.0.

Primary patency
The time from access 
placement until any 
intervention designed to 
maintain or re-establish 
patency, access thrombosis,  
or the time from measurement 
of patency.
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Globally, the prevalence of CVC use tends to vary 
depending on geographical region and ranges from 
2% to 49%18. Fistulas are used more frequently in Japan 
than in many other regions, with better time to mat
uration and time to first use for AV fistulas in Japan, 
Europe, Australia and New Zealand than in the USA19. 
In general, North America has a high rate of new CVC 
use, with the highest rate of total CVC use observed in 
Canada (fig. 3a). Despite the recognized clinical inferi
ority of CVCs compared with fistulas and grafts, an esti
mated 80% of patients in the USA started dialysis with 
a catheter in 2016, equivalent to rates observed in 2010 
(ref.2), indicating a lack of substantial change over time. 
The reason for the high rate of CVC use in the USA is 

unclear, but the high rate may be due to delays in refer
ral of patients with stage 4 CKD and low fistula mat
uration rates56. Furthermore, in the USA, healthcare 
coverage for patients with kidney failure is not available 
to nonMedicare patients until 3 months after the start 
of dialysis57. Of note, CVC use is increasing slightly in 
regions that currently have high rates of fistula use, 
such as Japan58,59, suggesting that CVC use remains 
necessary with the current technologies and treat
ments, even in regions with higher fistula maturation  
success rates.

Limitations across access methods
In addition to specific challenges that are unique to each 
individual vascular access method, limitations also exist 
that are shared across fistulas, grafts and CVCs, albeit 
with somewhat different frequencies. Some of these lim
itations may also be unique to specific populations and 
relate to differences in access to care.

Occurrence of infection and sepsis. As mentioned ear
lier, an important challenge for vascular access is the 
prevalence and burden of infection on patients receiv
ing haemodialysis, as infection rates affect quality of 
life, morbidity and mortality, and also result in eco
nomic hardship for patients. Infection and sepsis risk 
across different vascular access modalities is not equal. 
The rate of vascular access infections in patients with a 
fistula for dialysis is only 0.5–1.5% per patientyear60, 
which is markedly lower than that observed in patients 
with an ePTFE graft (septicaemia rates of 10–15% per 
patientyear61,62) and those with a catheter (septicaemia 
rates up to 200% per patientyear63). Patients with a 
tunnelled catheter have a risk of death from septicae
mia about sevenfold higher than patients with a graft 
or fistula64.

However, despite differences in infection risk across 
access methods, the collective risk of infection remains 
problematic. In the USA alone, the total number of 
hospitalizations for accessrelated infections is approx
imately 58,000 per year2. These hospitalized patients 
require treatment for systemic complications from sep
sis, and undergo prolonged administration of intrave
nous antibiotics and repeat operations to remove and/or  
replace infected accesses. Of the $35 billion spent on 
treating patients with kidney failure in 2016, Medicare 
spent more than $3 billion solely on hospitalizations for 
infections2.

Among patients with kidney failure, sepsis accounts 
for 9.3% of hospital admissions, and complications asso
ciated with the access constitute a further 9.2% of hospi
tal admissions. In the USA, sepsis is the most expensive 
reason for hospitalization. Patients admitted with sepsis 
typically remain hospitalized for a week or more, at a 
cost of $13,000–44,000, depending on the severity of the 
infection65.

Infection is also associated with an increased risk 
of death. Among patients on dialysis, mortality associ
ated with sepsis ranges from 5% to 31%65, and septicae
mia accounts for roughly 8% of the ~78,000 deaths of 
patients on haemodialysis in the USA each year2, corre
sponding to a staggering 6,000 patients per year. In many 
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cases, the cause of sepsis is an infected access, often an 
ePTFE graft or an access catheter.

Gender and race disparities in vascular access. Although 
fistulas are the current gold standard for dialysis vascular 
access, certain subgroups of patients are burdened by 
higher rates of ePTFE graft and catheter use. According 
to the USRDS database, women with kidney failure have 
lower rates of fistula use and higher rates of ePTFE graft 
and catheter use than men with kidney failure66. This dif
ference may be in part because women are often poorer 
candidates for fistula use than men because of their 
smaller venous anatomy, which makes fistula surgery 
and maturation technically more challenging67,68. USRDS 
data also show that at 1 year after dialysis initiation, the 
rate of fistula use is only 56% in women compared with 
71% in men (fig. 4a). Consequently, ePTFE graft use is 
higher among women (20%) than among men (12%), 
as is catheter use (24% and 17%, respectively)2. In total, 
44% of women dialyse through an ePTFE graft or a  
catheter compared with only 29% of men (fig. 4b).

This higher use of grafts and catheters among women 
also corresponds to a higher risk of infection. Women 
have a 36% increased relative risk of hospitalization for 
infection of a vascular access than men, with rates of 
hospitalization for vascular access infection of 15% and 
11% per patientyear for women and men, respectively, 
according to the USRDS data2. Overall, higher graft 
and catheter use drive an increased risk of bloodstream 

infections, sepsis and hospitalization in women, which 
demonstrates an important genderbased disparity 
in the health care of women with kidney failure and  
burdening women with inferior haemodialysis access.

Differences in vascular access and outcomes also exist 
between ethnic groups. In the USA, Black Americans 
have the highest rate of failed fistula maturation and the 
highest proportion of AV graft use at haemodialysis ini
tiation and at 1 and 2 years after initiation2 (fig. 4c); this 
disparity is even greater among Black women (fig. 4d). 
Studies in the USA indicate that African American and 
Hispanic patients start haemodialysis with an AV fis
tula less frequently than white (nonHispanic) patients, 
regardless of insurance status69,70. This disparity persists  
as patients age, despite Medicare coverage71. A 2020 analy
sis of patients in the USA who started dialysis using a  
tunnelled CVC indicates that Black patients had earlier 
and more frequent access failures (both graft and fistula) 
than white patients, independent of access type, age or 
underlying comorbidities72. Although more research is 
needed to understand the reasons for the differences in 
vascular access type and outcomes, data generally suggest 
that these differences are due to a confluence of socioeco
nomic factors, healthcare disparities and processofcare 
factors as opposed to underlying biological differences66.

Advances in vascular access
Although AV fistulas are the preferred mode of vascu
lar access for dialysis, the above discussion highlights 
clear limitations and complications associated with 
each of the three types of permanent vascular access. 
Given the essential role of haemodialysis in health care, 
advances in vascular access technology are needed to 
reduce morbidity and mortality and increase quality 
of life for the growing number of patients with kidney 
failure. This unmet need is driving the development of 
novel approaches to address key issues relating to fistula 
maturation and innovations in graft materials (figs 5 
and 6). The overall goal is to generate an approach that 
can be used in all patients to maintain chronic adequate 
vascular access with a low risk of complications. In the 
context of this Review, it is important to remember that 
a technology can completely alter existing clinical par
adigms. For example, a tunnelled dialysis CVC without 
the complications of infection, thrombosis or central 
vein stenosis could completely change the clinical care 
process from a ‘Fistula First’ approach to a ‘Catheter 
First’ paradigm.

Supporting AV fistula maturation
A key issue with AV fistula use is the high rate of mat
uration failure, especially in the USA where maturation 
failure drives the initiation of haemodialysis with a CVC 
in many patients. The likelihood of fistula maturation 
failure is influenced by a number of underlying factors, 
including patient age, blood vessel size, blood flow, 
extent of vessel remodelling and the presence of comor
bidities, such as diabetes mellitus and/or cardiovascu
lar disease43. At a pathogenic level, maturation failure 
might result from vascular injury, which leads to both 
neointimal hyperplasia and inward remodelling. Despite 
the role of these factors in fistula maturation, the ability 
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to predict maturation failure remains elusive. In the 
USA, only 55% of AV fistulae are used within 4 months 
of placement43, and data from the USAbased Human 
Fistula Maturation Consortium indicate unassisted and 
assisted maturation rates of 40% and 66%, respectively. 
Regions outside the USA tend to have better maturation 
rates and fistula use, with successful fistula use rates of 
67% in Europe, Australia and New Zealand combined, 
and approximately 90% in Japan19,58 (fig. 3a). Patients 
who dialyse with a catheter while their fistula is matur
ing are at increased risk of adverse events (such as infec
tion) for the duration of catheter use than they would 
otherwise be if they started dialysis with a fistula or graft. 
The median annual cost is also higher for patients who 
start haemodialysis with CVC than for those who start 
with an AV fistula, driven predominantly by hospital
ization as a result of catheterrelated bacteraemia and 
the underlying cost of an indwelling catheter inducing 
central vein pathology, although this cost is unknown73. 
Advances in improving the time to fistula maturation 
and the overall rate of maturation have generally focused 
on improving fistula geometry and haemodynamics, 
biological approaches and mechanical approaches.

Manipulating fistula geometry and haemodynamic 
flow. Despite the complex processes underlying fistula 
maturation, inclinic evaluation of fistula geometry sug
gests that the key variables associated with maturation 
failure — stenosis due to neointimal hyperplasia24,74,75 
and failed vascular remodelling24 — can be manipu
lated to improve blood flow and, subsequently, fistula 
maturation (Boxes 1;2). For example, a novel vascular 

anastomosis technique that relieves torsional stress 
on the vessel wall in an effort to reduce the stenotic 
response — the piggyback straight-line onlay technique 
(SLOT) — led to lower rates of juxtaanastomotic steno
sis and overall fistula failure compared with traditional 
end-to-side techniques in the creation of a radiocephalic 
fistula76, indicating the importance of the outflow vein 
configuration in fistula maturation.

Radiocephalic fistulae with anastomotic angles of 
<30° have demonstrated reduced primary patency and 
secondary patency, increased rates of juxtaanastomotic 
stenosis and the need for interventions compared with 
fistulae with angles of >30°77. This finding is further sup
ported by a modelling study in 60 patients with autolo
gous AV fistula placement, in whom a greater degree of 
arterial nonplanarity and a larger bifurcation angle (that 
is, the angle formed between the proximal artery and the 
tangent to the vein at the bifurcation point) were asso
ciated with a higher likelihood of fistula maturation78. 
Collectively, these studies indicate that fistula geometry 
can have an important impact on clinical outcomes, with 
nonplanar and anastomotic angles of >30° potentially 
improving the rate of fistula maturation in the clinic.

Manipulation of anastomotic angles and geometry 
might be amenable to control through a medical device. 
The VasQ (Laminate Medical Technologies) is an exter
nal support nitinol implant designed to reduce vein 
wall tension and control flow patterns (fig. 5a), and the 
Optiflow (Bioconnect Systems) is an implantable sili
conized polyurethane anastomotic connector designed 
to standardize fistula surgical placement. Both devices 
have demonstrated success in early clinical trials.  

a  External support implant c  Endovascular fistula creation

Narrowed
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Drug-coated
balloon

b  Drug-eluting balloon angioplasty

Catheter in
ulnar vein

Catheter in
ulnar artery

RF electrode

Turbulent flow • Controlled 
remodelling

• Laminar flow

Fig. 5 | Innovations in approaches to manipulating fistula geometry and haemodynamics. One area of innovation 
involves the development of approaches to manipulating fistula geometry. a | External support devices can address  
fistula geometry by reducing wall tension and modulating haemodynamic flow patterns in the blood vessels. b | Balloon- 
assisted maturation, including drug-coated or drug-eluting balloons, can reduce stenosis and support fistula maturation.  
c | Endovascular approaches, including the creation of anastomoses by thermal or radiofrequency (RF) methods, can  
reduce trauma to the blood vessels and subsequently reduce intimal hyperplasia. Part a adapted with permission from 
http://www.laminatemedical.com/vasq/, VasQ, Laminate Medical.

Piggyback straight-line 
onlay technique
A fistula creation technique 
where the vein ‘piggybacks’  
on the artery at the site of 
anastomosis, and the arterial 
blood flows into a straight 
cylindrical lumen. The cephalic 
vein in the subcutaneous plane 
is dissected and divided, and 
the cut end is over-sewn with 
prolene; it is moved medially 
over the artery, which lies  
in a deeper plane. A fistula is 
created between the posterior 
aspect of the vein and the 
anterior aspect of the artery. 
The outflow vein is dissected 
further in the subcutaneous 
tissue to obtain a straight line.

End-to-side techniques
Techniques in which the fistula 
is formed by connecting the 
end of the vein to the side  
of the artery. This is the most 
common technique for creation 
of a radiocephalic fistula by 
connecting the end of the 
cephalic vein to the side  
of the radial artery.
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The VasQ was associated with a high maturation rate in  
a small number of patients at a single site (20 patients; 
>70% unassisted maturation at 6 months after AV fis
tula creation)79. Enrolment of 144 patients has now
been completed for a multicentre USbased trial of
VasQ80. The Optiflow also had promising results in an
initial study in 41 patients81,82, but development was
stopped because of funding constraints, and at the
time of writing, the business seemed to have ceased
operations.

Other methods for influencing haemodynamic prop
erties have also been evaluated in attempts to improve 
fistula maturation but have not generally been success
ful. For example, the development of a small blood 
pump system that maintained wall shear stress — a  
factor demonstrated to affect AV fistula remodelling and 
neointimal hyperplasia83–85 — stalled at the preclinical 
stage86, and no method that targets haemodynamic flow, 
other than VasQ, was at the time of writing in clinical 
development or successfully adopted in the market.

Improving fistula maturation through biological 
approaches. Molecular and cellular processes of the vas
cular endothelium regulate vascular physiology. Given 
that disruptions in the vascular endothelium may impair 
the ability of the endothelium to outwardly or inwardly 
remodel and/or generate neointimal hyperplasia fol
lowing fistula formation procedures, these biological 
processes could represent a target to improve fistula mat
uration. A detailed description of all ongoing research 
in this field is outside the scope of this Review; how
ever, some methods have advanced sufficiently to enter  
clinical studies.

One approach involves the culture and application 
of endothelial cells at or near the location of fistula for
mation to influence vessel development and response 
to injury87. Vascugel, for example, is a system involving 
allogenic human aortic endothelial cells cultured on 
a gelatin matrix. In an early phase I/II study in eight 
patients, Vascugel placed adjacent to the venous anas
tomosis and outflow vein was safe and was associated 

Right
atrium

Internal jugular incision

c  Catheter–graft hybrid

a  Graft materials
Multilaminated
materials to
promote early
cannulation

Heparin

Graft surface

Bioactive
heparin site 

b  Tissue-engineered blood vessel

Artery

Bioengineered
vessel

Arteriovenous graft for
haemodialysis access

Vein

Cell
seeding

Cell culture

Decellularization

Implantation

Silicone outflow component

Titanium connector

ePTFE graft 
component

Brachial 
incision

Fig. 6 | Innovations in graft materials. Improvements in graft and graft–catheter materials include simple improvements 
to grafts as well as the creation of new vessel materials. a | The addition of heparin to the blood-contacting surface of grafts 
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with a slight improvement in assisted primary patency 
rate, although this benefit has not been confirmed in 
larger studies88. Further analysis demonstrated particular 
improvement in vascular remodelling in patients with 
diabetes, which was thought to potentially be related 
to abnormal glucose homeostasis or poor preexisting 
endothelial function, although the underlying mecha
nism was not explored89. Development of this product 
has since been halted due to an alloimmune response 
in approximately 20% of treated patients88, highlighting 
the need to consider immune reactions when developing 
cellular therapies.

A recombinant human type I pancreatic elastase, 
PRT201, has also been evaluated in human trials, with the 
underlying molecular hypothesis that direct application 
of this solution (by drops applied directly to the exposed 
graft–vein anastomosis and outflow vein) would result in 
enhanced degradation of elastin that would then result  
in persistent vasodilation and allow increased blood flow. In  
addition, it was proposed that the degraded elastin frag
ments might inhibit the cellular migration of cells from 
the adventitia into the intima, thus potentially reducing 
neointimal hyperplasia. Although small initial studies 
demonstrated safety and also some efficacy of specific 
doses of PRT201, two large multicentre randomized 
studies were not able to demonstrate differences in their 
primary end points90–93. Another clinical study that inves
tigated the effects of vasculature relaxation using papa
verine — an opioid derivative that relaxes the smooth 
muscles of the vessel wall — also failed to demonstrate 
improvement in maturation rates over placebo94. This 
finding is in line with evidence suggesting that vessel 
elasticity rather than vessel dilation is related to AV fis
tula maturation74. Although more research is needed, 
these studies suggest futility in vasculature dilation as a 
mechanism for improving fistula maturation.

Currently, a sirolimuseluting collagen implant (SeCI) 
is in phase III clinical trials to assess efficacy in facilitating 

AV fistula maturation95. This device is wrapped around 
the AV fistula during its formation and releases the 
antiproliferative agent, sirolimus (also known as rapa
mycin), with the overall goal of reducing narrowing of 
the vein. A small firstinhuman pilot clinical study 
of this device showed significant improvement in fistula 
maturation as compared with historical controls96.

Overall, approaches to manipulating molecular  
and cellular pathways involved in fistula maturation and 
remodelling have so far remained limited with minimal 
success, potentially owing to the complexity of these bio
logical pathways and the challenges associated with the 
delivery of appropriate modulators to the local vascular 
environment.

Mechanical methods to assist fistula maturation. 
Balloonassisted maturation (BAM) is a mechanical 
method that aims to enhance AV fistula maturation 
through repeated longsegment angioplasty procedures 
to sequentially dilate the perianastomotic venous seg
ment. Interestingly, BAM techniques seem to have been 
adopted prior to the emergence of supportive published 
studies, and evidence that BAM improves maturation 
success97,98 or affects maturation times99 remains limited. 
BAM techniques can be associated with complications, 
such as fibrosis and stenosis97; common injuries include 
haematoma, rupture, spasm and thrombosis, with signif
icantly more complications occurring with BAM proce
dures performed in forearm fistulas and with the use of 
large (7–12 mm) balloons. Except for haematomas, which 
occur following ~40% of procedures, complications tend 
to be associated with <10% of procedures100.

The use of drugcoated and drugeluting balloons has 
also been explored for the reduction of postangioplasty 
stenosis in AV access (fig.  5b). To date, paclitaxel 
and sirolimus — chemotherapeutic drugs with anti 
proliferative properties — have been the most investigated, 
and results with these drug–device combinations have 

Box 1 | Types of fistula

Autologous	arteriovenous	fistulae	(AVF)	are	generally	created	in	the		
wrist	or	in	the	forearm	(see	the	figure).	The	Brescia–Cimino	radiocephalic	
AVF,	first	used	in	1966,	is	still	the	procedure	of	choice	today	for	most	
patients;	a	radiocephalic	fistula	is	formed	in	the	wrist	by	fusing	the	
cephalic	vein	and	radial	artery,	with	the	location	where	they	meet	termed	

the	anastomosis.	In	the	forearm,	the	types	of	fistula	formed	are	generally	
brachiocephalic	(fistula	formed	from	the	brachial	artery	and	cephalic		
vein)	and	brachiobasilic	transposition	(fistula	formed	from	the	basilic		
vein	and	the	brachial	artery).	Figure	adapted	with	permission	from	ref.160,	
Elsevier.
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been fairly promising. Angioplasty with paclitaxelcoated 
and eluting balloons demonstrated higher rates of suc
cessful treatment of stenosis and juxtaanastomotic 
stenosis than plain old balloon angioplasty (POBA)101 
and might decrease the number of reintervention 
procedures102,103. A large randomized study of the Lutonix 
paclitaxelcoated balloon showed a trend towards effi
cacy in the treatment of postangioplasty stenosis in AV 
fistulae. Although that study did not reach its primary 
efficacy end point of postintervention patency (that is, 
target lesion primary patency at 6 months defined as no 
need for clinically driven reintervention on the target 
lesion or access thrombosis), use of the balloon was asso
ciated with a reduction in the number of interventions 
needed to maintain patency104. By contrast, a very similar 
study using the Medtronic IN.PACT paclitaxeleluting 
balloon demonstrated an improvement in the primary 
end point of postintervention primary patency as  
compared with POBA105.

Several endovascular approaches have also been 
developed to facilitate fistula creation by reducing ves
sel trauma and thereby reducing intimal hyperplasia 
(fig. 5c). The past few years have seen a number of excit
ing advances in this field, including FDA approval of the 
Ellipsys and the everlinQ devices in 2018. The Ellipsys 
uses a single catheter inserted under ultrasound guidance 
to create a secure thermal fused anastomosis between 
the proximal radial or ulnar artery and a deep commu
nicating vein. By contrast, the everlinQ endoAVF sys
tem uses fluoroscopic guidance; magnetic catheters are 
used to align the artery and vein, and a radiofrequency  
electrode is used to create the anastomosis.

Clinical studies of the Ellipsys have demonstrated 
high rates of functional patency, with 88% of 107 patients 
achieving twoneedle dialysis over a mean of 114.3 
days106. A retrospective study of 34 patients with per
cutaneous fistula formed using the Ellipsys also found 
high patency, with 82% of patients achieving twoneedle 
dialysis by 6 weeks107.

The everlinQ endoAVF has been evaluated in two 
studies. In the singlecentre, singlearm, prospective 
EASE study, 78% of 32 patients achieved successful 
twoneedle cannulation by 90 days108. In the prospec
tive, singlearm, multicentre NEAT study, 87% of 60 

patients had an AV fistula that was physiologically suit
able for dialysis within 3 months (defined as brachial 
artery flow ≥500 ml/min and vein diameter ≥4 mm), 
although functional usability (usability for prescribed 
dialysis via twoneedle cannulation) was only 64% in 
patients who received dialysis109. Additional evaluation 
also suggested that the everlinQ reduced the number of 
interventions compared with those needed following 
surgical fistula formation, and the reduction in event rate 
per patientyear corresponded to reduced overall costs 
of $13,400–16,500 (ref.110). The everlinQ has since been 
modified and renamed as the WavelinQ, which received 
FDA 510(k) premarket clearance in 2019. The updated 
model has demonstrated improvements in mean pri
mary patency compared with radiocephalic AV fistulas  
(362 days versus 235 days, respectively) and slightly 
improved primary patency and secondary patency rates 
compared with radiocephalic AV fistula at 6 and 12 months  
after fistula formation111.

Although endovascular techniques seem to offer 
an improvement over currently available surgical tech
niques, it is worth noting that patients receiving endo
vascular AV fistula procedures still require a catheter for 
haemodialysis until the fistula matures. Also, since the 
data used for FDA clearance comprised singlearm stud
ies only, analysis of realworld data is needed as these 
devices begin to be used in routine clinical practice.

Adoption of novel approaches for fistula maturation 
in the clinic. Fistula maturation failure results in pro
longed catheter use. However, despite the development 
of approaches to improving fistula maturation, includ
ing targeting fistula geometry and biology, manipulating 
haemodynamic flow, and altering mechanical methods, 
translation of novel techniques to the clinic has remained 
limited. The most commonly adopted innovation seems 
to be BAM procedures, despite a paucity of supporting 
evidence from largescale clinical trials, and endovas
cular AV fistula procedures, which have demonstrated 
improvements in overall rates of fistula maturation, but 
still require catheter use during the maturation period. 
Thus, while advances have been made, the field of fistula 
maturation remains open for novel interventions.

Novel graft material and procedures
Grafts are considered preferable to catheters for vascular 
access. They are often more easily cannulated than fistu
las and are essential for patients who are not candidates 
for fistulas. The key challenge with grafts is longterm 
patency, which can be lost as a consequence of vein 
neointimal hyperplasia, stenosis, thrombosis, infection 
and deterioration of the graft material due to repeated 
use (for example, damage done by needles during can
nulation or from interventions to restore patency). 
Loss of primary unassisted patency is estimated to be 
as high as 75% by 1 year112. Therefore, new, more dura
ble graft materials are needed to overcome the current 
limitations.

Modifications to the graft lumen and luminal chem-
istry. Modification of the ‘bloodcontacting’ surface 
of AV grafts has been assessed as a simple attempt to 

Box 2 | Creation of a fistula

The	most	common	surgical	technique	
for	fistula	formation	is	an	end-to-side	
anastomosis	formation,	where	the	
end	of	the	vein	is	connected	to		
the	side	of	the	donor	artery	(see	the	
figure).	In	a	side-to-side	technique,	
the	sides	of	the	vein	and	artery	are	
connected,	and	in	the	end-to-end	
technique,	the	ends	of	the	vein	and	
artery	are	connected.	The	formation	
of	the	anastomosis	results	in	torsional	
stress,	which	is	compounded	by	blood	
flow	in	the	vessels	and	may	affect	fistula	
maturation.	Novel	surgical	techniques	and	
devices	that	manipulate	the	angles	of	the	
fistula	may	affect	blood	flow	and	stress	on	

the	vessels,	subsequently	affecting	
stenosis	formation	and	fistula	maturation.	
Figure	adapted	with	permission	from	
ref.76,	Elsevier.
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Plain old balloon angioplasty
(PoBA). Also known as classic 
balloon angioplasty, this 
technique mechanically widens 
narrowed vessels by using a 
balloon to dilate the identified 
stenosis.
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improve patency and reduce infection rates. Based on 
the hypothesis that heparin would prevent clotting  
in the graft and subsequently improve patency, in 2006, 
vascular grafts with heparin covalently bonded to the 
luminal surface (such as Propaten) were introduced 
(fig. 6a). Such heparincoated grafts demonstrated 
positive outcomes in reducing thrombosis and intimal 
hyperplasia in a canine model113; however, they were not 
found to be superior to standard synthetic ePTFE grafts 
in clinical studies114,115 and may offer limited benefit at 
a higher cost.

Additional investigations with other potential phar
macological agents are ongoing and at the preclinical 
stage. In porcine models, coating of the terminal ends 
of an ePTFE graft or throughout the length of the ePTFE 
graft with paclitaxel reduced neointimal hyperplasia at 
sites of anastomosis116–118. Similarly, sirolimuscoated 
and eluting grafts also suppressed neointimal hyperpla
sia in the venous anastomosis of a porcine model with
out occurrence of infection119,120. At the clinical level, 
however, a large randomized study of a paclitaxel wrap 
placed around the graft–vein anastomosis (Angiotech 
Pharmaceuticals) was stopped at the 25% Data Safety 
Monitoring Board review because of an increase in the 
rate of infections in the paclitaxel wrap arm121,122.

Advances in graft material. The approval of ‘early’ can
nulation grafts — for example, Flixene (Getinge), AVflo 
(Nicast), Rapidax (Vascutek Terumo) and ACUSEAL 
(Gore) — also represents a step forward in innovation 
for AV grafts40 (fig. 6a). Early cannulation grafts generally 
rely on multilaminated materials that allow haemodial
ysis cannulation as early as 24–72 hours after implanta
tion; importantly, use of these grafts could potentially 
avoid the need for a catheter. However, although these 
grafts can be used earlier than standard ePTFE grafts, 
they do not seem to offer improvements in patency or a 
reduction in infection rates40.

The ‘hybrid vascular graft’ was another innovative 
graft product that was developed by Gore. This prod
uct included a constrained nitinol reinforced terminal 
section that allowed the formation of an endoluminal 
anastomosis where the venous anastomosis is created 
by deployment of a covered stent graft directly into the 
target vein. The graft received FDA approval in 2010, 
and clinical outcomes were favourable123,124, particularly 
in complex revascularizations involving a stenotic vein 
that would have made creation of a surgical anastomo
sis extremely difficult125. However, clinical adoption was 
low, and the product has been discontinued.

The abovementioned grafts in general offer only 
incremental advances over standard ePTFE grafts, 
indicating a need for new, innovative graft materials. 
Novel materials could address any of the limiting fac
tors of current grafts, including poor durability, the delay 
between implantation and cannulation, and potential for 
injury (for example, from needles during cannulation or  
surgical implantation).

The InnAVasc AV graft (InnAVasc Medical) is a new 
device that has been designed to address two of these 
factors: the risk of needlerelated vascular access injuries 
and the delay between implantation and cannulation. 

The device comprises two cannulation chambers with 
selfsealing properties and uses materials that prevent 
side and back wall needle punctures. In experimental 
studies in sheep, cannulation could be started imme
diately, with patency that was similar to that in the 
ePTFE study control126. The device is currently being 
tested in an earlystage clinical trial in approximately 
26 patients127 to determine its ability to reduce the risk 
of cannulationassociated access injuries. Although 
demonstration of improved patency compared with 
standard ePTFE grafts is yet to be determined, the 
current clinical trial will also provide insights into this  
outcome based on literature reports of ePTFE patency.

Other products in development include the 
STARgraft (Healionics), an artificial blood vessel 
made from a precisionpore structured silicone128,129 
that is currently in firstinhuman trials in patients 
with kidney failure receiving haemodialysis; a siroli
mus (drug)eluting cuff graft system by Cylerus that is 
being tested in an animal model; and a number of nitric 
oxidereleasing grafts that are currently being explored 
in nonclinical studies130,131.

Innovations in creating novel vessels. Bioengineering 
approaches are also being used to create new graft mate
rials in the form of allogenic and xenogenic vessels. Data 
regarding the use of bovine carotid artery (BCA) grafts are 
conflicting; some, but not all, studies found slightly 
improved secondary patency outcomes compared 
with that of ePTFE grafts132,133. However, to date, there 
is no evidence that BCA grafts improve primary or 
primary unassisted graft outcomes132, and overall, the 
slight potential benefit in terms of secondary patency 
outcomes is unlikely to offset the cost difference. 
Autologous and allogenic vascular conduits have also 
not demonstrated superiority over current approaches, 
with evidence of structural degradation and aneurysm 
formation134,135. Collectively, these limitations probably 
explain why these grafts have not been widely adopted.

Another biological approach that involved seeding 
of genetically modified endothelial cells onto ePTFE 
grafts demonstrated evidence of improved primary 
patency in a porcine model136. However, a concern with 
this approach, as with all approaches that use cellular 
technologies, is the potential for an immunological 
response that could lead to rejection of the graft and/or  
potentially rule out a future kidney transplant for the 
patient owing to sensitization against a broad range of 
alloantigens. Ideally, a biological AV graft would mimic 
the host vasculature, allowing remodelling of the vessel 
into the host tissue without immunological limitations.

Substantial effort has gone into the development 
of approaches to create bioengineered vessels that 
are mechanically strong and immunologically inert. 
However, very few technologies have advanced beyond 
preclinical development. Tissueengineered vascular 
grafts comprising autologous bone marrow cells grown 
on a biodegradable scaffold have demonstrated the via
bility of this approach, with successful use in a limited 
number of patients with cardiovascular disease137,138. The 
human acellular vessel (HAV) is another bioengineer
ing approach that has shown promise for haemodialysis 

Bovine carotid artery (BCA) 
grafts
A BCA graft (such as the 
Artegraft (Artegraft, inc.))  
is a xenograft used for vascular 
access in haemodialysis.  
These biological conduits are 
chemically fixed bovine carotid 
arteries, and no longer have the 
ability to remodel, repopulate 
with host cells or heal.
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vascular access. This vessel is generated by seeding 
human vascular cells onto a polymer scaffold composed 
of polyglycolic acid, on which the cells are cultured to 
form tissue. During incubation, the cells produce extra
cellular matrix and the polymer scaffold degrades, 
creating a biological vessel that mimics the human vas
culature. The HAV is decellularized to remove the cells 
and associated antigens. The final result is a robust tube 
of extracellular matrix139 devoid of cellular components 
(fig. 6b).

The HAV has been evaluated in phase II trials in 
patients with kidney failure receiving haemodialysis, 
and has demonstrated high rates of secondary patency at  
6 and 12 months after implantation (97% and 89%, respec
tively)140. In addition, the HAV seems to have potential  
to reduce rates of infection in grafts, with studies in rats 
showing significantly lower rates of abscess formation 
and bacterial burden compared with ePTFE grafts141. 
Interestingly, histological examination of explanted 
HAVs from patients in the rare cases in which the HAV 
was removed, show recellularization and remodelling of 
the graft142, with infiltration, maturation and circumferen
tial alignment of αsmooth muscle actinexpressing cells, 
together with infiltration of host myogenic, endothelial 
and nestin+ and CD90+ progenitor cells. These findings 
suggest that the acellular HAV may convert into a mul
tilayered living tissue that facilitates selfhealing after 
cannulation injury. HAVs are currently being evaluated 
in phase III clinical trials in patients with kidney failure 
receiving haemodialysis, comparing clinical outcomes 
with outcomes following the use of ePTFE grafts143 and 
AV fistulas144.

HeRO: the graft–catheter hybrid. Despite the acknowl
edgement that catheters are a last resort for vascular 
access, they remain necessary in some circumstances, 
and this necessity has driven innovation in the devel
opment of latestage vascular access options for patients 
who face longterm catheter use. The Hemodialysis 
Reliable Outflow (HeRO) device is a subcutaneous, 
implantable graft–catheter hybrid that consists of an 
ePTFE graft connected via a titanium coupler to a sili
cone venous outflow component (fig. 6c). This device is 
able to be placed through severely diseased or stenotic 
segments of central vein anatomy, but often requires 
advanced endovascular skills to safely deploy the cath
eter component of the device, which ideally terminates 
in the right atrium. Also the graft component requires 
2–4 weeks of tissue incorporation (similar to standard 
ePTFE AV grafts) and is accessed in the same manner 
as conventional grafts.

The HeRO has been commercially available in the 
USA since 2008 (achieving a Ce Mark in 2013) and is 
approved for use in catheterdependent patients with 
central vein stenosis and/or occlusion. This approach is 
predominantly reserved for patients whose venous out
flow stenosis has progressed too far centrally to implant a 
standard upper extremity access, those who have central 
vein stenosis and those with central vein occlusion.

A retrospective review of 164 patients who received a 
HeRO implant suggested that it is comparable to stand
ard AV grafts and is superior to tunnelled catheters in 

terms of patency, interventions and infection rate145. 
However, the device has some limitations. A 2013 
review of 19 patients at a single institution who under
went HeRO implantation identified potential compli
cations from steal syndrome, immediate device failure 
and thromboses; however, these results may in part 
have been complicated by the technical learning curve 
associated with hybrid vascular devices, the low number  
of patients and the highrisk nature of the patients 
owing to the presence of advanced stenosis and venous 
occlusion146. A contrasting 2019 review of qualityoflife 
outcomes in patients with kidney failure using the HeRO 
graft for haemodialysis access found a lower incidence 
of infection and complications compared with those 
following the use of tunnelled catheters, which equated 
to an overall reduction in longterm costs despite 
higher initial costs associated with the HeRO device 
and placement147. That study also found that the HeRO 
device required a higher number of interventions to 
maintain patency than lower extremity grafts and AV 
grafts, although these interventions were found to be 
beneficial in the context of quality of life for the patient. 
Overall, the results support HeRO as a beneficial tech
nology for ‘lastresort’ implantation, where all other 
upper extremity vascular accesses have failed.

Innovation in process of care
In the setting of dialysis vascular access, it is important 
to emphasize that innovation in process of care is as 
important as, if not more important than, innovation in 
devices, materials and techniques. For example, in the 
context of AV fistula creation and maturation, a multi
disciplinary process of care for patients with advanced 
CKD is likely to be more effective than any single novel 
intervention for AV fistula maturation if it includes the 
following elements: early referral to a nephrologist; insti
tutional vein preservation programmes that prohibit 
placement of intravenous access and peripheral intrave
nous central catheters in patients with a reduced glomer
ular filtration rate; appropriate referral to a dedicated and 
committed access surgeon; a postsurgery evaluation at 
4–6 weeks after creation of the AV fistula to assess mat
uration with referral for intervention as needed; and the 
use of experienced cannulators for the initial needling 
and/or the possible enhanced use of ultrasoundguided 
cannulation (fig. 7a). In particular, the identification and 
subsequent dismantling of barriers to processes of care 
could result in more holistic and integrated practices 
that may facilitate AV fistula maturation. Of note, indi
vidual vascular access programmes are likely to have at 
least some unique barriers, such as the lack of a vascular 
access coordinator or an interventionalist whose clinic 
is geographically distant or overbooked, which could 
represent opportunities for innovation in local processes 
of care in vascular access.

In addition to adopting the best process of care path
ways for individual programmes, it is critically impor
tant that different regions adopt the process of care 
pathways that are best suited to the available expertise 
and resources. In many parts of the world outside North 
America, Europe, Australia and Japan, it is far more 
costeffective to use a predominantly surgical pathway 

Infiltration
Migration of cells from the 
outer layer of the blood vessel 
to the inner layers that mainly 
impacts inward remodelling 
and/or the development  
of neointimal hyperplasia.

CE Mark
A certification used in the 
european Union (eU) to 
indicate that devices conform 
with health, safety and 
environmental standards set 
by the european Commission 
for products sold in the 
european economic Area 
(eeA). Many devices require  
Ce marking before they are 
able to be sold in the eU.
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for AV fistula creation and maintenance as opposed 
to an endovascular pathway. Also, in many emerging 
economies (for example, Brazil, China, India, Egypt 
and South Africa), process of care pathways could be 
quite different for different segments of the population 
based on geography (for example, urban versus rural) 
and socioeconomic status.

Despite the substantial morbidity, mortality and eco
nomic costs associated with dialysis vascular access, the 
current environment is a sweet spot for discovery and 
innovation in processes of care in vascular access owing 
to a number of policy initiatives, particularly in the USA.

An important step forward in the USA has been 
the Executive Order on Advancing American Kidney 
Health148, which was signed in July 2019 and encourages 
the implementation of global payment systems whereby 
overall healthcare costs for patients with advanced 
kidney disease would be disbursed as a single overall 
payment with asymmetrical risk. This global payment 
system could incentivize innovation in vascular access 
over the previous feeforservice model, in which more 
interventions means more profit; for example, a new 
$3,000 device that enhances AV fistula maturation, con
sequently saving $20,000 in downstream infection, angi
oplasty and surgery costs, would be more in demand in 
a global payment system where the reduction in admis
sions due to lower infection and interventional proce
dures would reduce costs and increase potential profits, 
which could then be returned to the healthcare system.

In addition, the USA kidney community has over 
the past 7 years created a patientcentred substrate that 

is designed to address the key steps in the develop
ment of new innovative approaches for the treatment 
of kidney disease, including innovative approaches to 
vascular access (fig. 7b). This innovative substrate is 
largely the result of organizations such as the Kidney 
Health Initiative (KHI) and the KidneyX Innovation 
Accelerator.

The KHI is a public–private partnership between the 
American Society of Nephrology (ASN) and the FDA and 
various other companies that aim to facilitate the passage 
of novel drugs, devices and biologic agents into the kidney 
disease space149,150. In the context of vascular access, the 
KHI has published a series of white papers on clinical trial 
end points for vascular access150–153, as well as a roadmap 
that describes the components needed for an ideal vas
cular access in the context of future portable, wearable, 
implantable and bioengineered kidneys154. These publica
tions are likely to serve as catalysts for increased interest, 
investment and innovation in vascular access.

The KidneyX Innovation Accelerator on the other 
hand is a public–private partnership between the ASN 
and the US Department of Health and Human Services 
(HHS), which aims to fund innovative products through 
a series of competitions, improve coordination across 
federal agencies, derisk commercialization and create a 
sense of urgency driven by people living with kidney dis
eases. KidneyX has already instituted an initial series of 
prize competitions focused around the Redesign Dialysis 
competition155. Interestingly, vascular access innovation 
comprised almost onethird of the 15 awards in the first 
phase of prizes.

These initiatives aim to promote innovation in the 
process of care and in dialysis vascular access for kidney 
disease. However, it is critically important that the entire 
dialysis vascular access community — including nurses, 
technicians, facility managers, innovators, engineers, 
epidemiologists, surgeons, radiologists, nephrologists 
and patients — take advantage of this opportunity to 
truly change the way we care for this ‘lifeline’ for patients 
on haemodialysis.

Hurdles for emerging technologies
The current dialysis vascular landscape is such that 
only small, incremental changes are being successfully 
approved and transitioned to the clinic, resulting in what 
is arguably stagnation in the field of vascular access care. 
This stagnation is due, at least in part, to hurdles that 
exist in product development, testing, approval, and 
clinical implementation and adoption. Innovative ideas 
have the greatest potential to help patients; however, 
the underlying idea must be scientifically sound as well 
as creative. Nonclinical testing should support tran
sition of the innovation to the clinic, as well as model 
potential benefits in patients. Adoption of an appro
priate nonclinical model is therefore essential156, and 
the option to use canine, porcine or other animal mod
els (including the need for models of uraemia in large  
animals) should be critically evaluated.

An additional, often overlooked challenge is the 
need to codevelop processes for clinical manufac
turing, which needs to occur in conjunction with 
nonclinical testing of the technology. The ability to 
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referral to 
nephrologist

• Vein preservation (GFR = 30)
• Refer for mapping and 

surgery (GFR = 20)

Surgeon 
decision on 
type of AV 
fistula

Placement 
of AV fistula 
in the OR

AV fistula  
follow-up at 
4–6 weeks

Angioplasty 
or surgery

Successful
AV fistula

• Confirm AV fistula 
maturation

• Initial needling performed 
by an expert cannulator

Fig. 7 | Innovation in vascular access and process of care. a | Innovation in process  
of care to increase incident arteriovenous (AV) fistula use. Note the multiple barriers  
(red lines) in the process of care multistep pathway, all of which could also potentially  
be opportunities for local process of care innovation. b | The process of innovation  
in the vascular access field requires a multipronged and multidisciplinary approach  
right from the point at which the concept is first ideated based on an understanding  
of biological and physiological processes, through investment, the identification of 
druggable and deviceable targets, to clinical trial design and infrastructure development, 
and completion of well-defined regulatory and reimbursement pathways. As a community 
the field needs coordination of these aspects to truly create an innovation substrate  
for the development and adoption of novel and effective patient-centred therapies and 
process of care pathways. GFR, glomerular filtration rate (ml/min/1.73 m2); GP, general 
practitioner; OR, operating room; PCP, primary care physician.
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scale manufacturing is essential for the development 
of a viable commercial product, and the overall pro
duction costs will have farreaching implications on 
the use of the product in the clinic. Haemodialysis is 
an expensive part of care for patients with kidney fail
ure, and as mentioned earlier, vascular access proce
dure costs represent a substantial proportion of these 
costs2,14. Excessive costs associated with new products 
may prevent adoption or support of the technology 
once it reaches the market.

Regulatory approval is also a large hurdle. Well 
designed, largescale clinical studies are often needed 
to clearly demonstrate efficacy, and trial end points 
should be carefully considered152,153,157. The selection of 
trial end points is especially critical for truly innova
tive treatments where a comparator may not be availa
ble. Interactions with the relevant regulatory authority 
should be initiated early and occur frequently to guide 
development. After approval, concerted efforts in inter
ventionalist education may be required, especially for 
novel treatments, and it might be difficult to navigate 
existing options for reimbursement. Across the whole 
spectrum of development, funding and financial sup
port are essential. This support might require partnering 
with academic institutions, government and/or private 
companies to support preclinical testing, appropriately 
powered clinical studies, commercial manufacturing 
and scaling, as well as necessary education for market 
adoption.

Finally, another important and often overlooked 
aspect of innovation in the vascular access field is that it  
needs to be patientcentred and address issues that 
are important to patients as opposed to issues that are  
important to other stakeholders such as physicians, 
industry partners, regulators and payers. As an exam
ple, data suggest that patients with dialysis vascular 
access dysfunction use CVCs because of concern about 
the physical appearance of their vascular access and for 
other nonmedical reasons, as well as concern about pre
vious access failure158. Similarly, primary or secondary 
(cumulative) patency, which are currently the clinical 
gold standard for evaluation of dialysis vascular access, 
might be less important to patients than cannulation 
issues such as pain and infiltration, and the need for 
repeated procedures to maintain a functional access.  

At a practical level, these differences suggest that dev
elopers need to create vascular access therapies that 
address the issues that are important to patients, which 
may be different from those that are important to health 
professionals.

Conclusions
Options for chronic vascular access in patients on 
haemodialysis have remained unchanged over many 
decades, and this has contributed to high patient mor
bidity and mortality, and high healthcare costs. The 
unmet clinical need for novel techniques in vascular 
access is driving a wave of innovation in vascular access. 
New devices, biological therapies and techniques have 
resulted in new approaches to controlling fistula geom
etry, manipulating the underlying cellular and molecular 
pathways involved in vascular endothelium remodel
ling, and influencing fistula maturation and formation. 
Changes in AV graft materials range from small modifi
cations to the graft lumen to the creation of completely 
novel bioengineered grafts. Steps have also been taken to 
create new devices for treatment of patients with central 
vein stenosis.

Despite these advances, clinical and market adoption 
of novel technologies has been low. Emerging therapies 
for clinical use face difficult hurdles, and it is clear that 
truly creative approaches to vascular access will need 
critical resources, including welldesigned clinical tri
als, frequent regulatory interaction, interventionalist 
education and greater financial investment, to ensure 
the success of these innovations. In addition, given the  
heterogeneity of patients with kidney failure, it is 
unlikely that a single ‘onesizefitsall’ approach will be 
able to provide effective vascular access for all patients. 
Therefore, future research should pursue all avenues of 
vascular care, including approaches to improving fistula 
maturation, the provision of durable graft options for 
patients in whom fistulas are not a viable option, and 
the generation of creative options for patients with 
latestage disease. Last but not least, it is critically impor
tant for all innovations to be integrated into welldefined 
patientcentred process of care pathways that are likely 
to vary across programmes and regions.
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