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Abstract: The vasculopathy of ESRD affects both arteries and veins. The arteries develop arteriosclerosis, which is 
largely a disease of the media characterized by increased collagen content, calcification, and both hypertrophy and 
hyperplasia of vascular smooth muscle cells. Veins may exhibit increased width of the intimal and medial layers, and may 
develop neointimal hyperplasia and calcification. Successful fistula maturation depends upon dilatation and remodeling of 
the artery and vein, but the stiff and thickened vessels of ESRD patients may respond poorly to signals that promote these 
adaptations. There is intense interest in accurately predicting fistula maturation outcome and preventing maturation 
failure. However, definitive criteria for preoperative testing of vessel elasticity have not yet been established. Tests that 
are adopted for widespread clinical use will need to be easy to apply - a standard that many of these tests may not meet. 
Finally, effective treatments are needed that prevent or reduce the stiffness of vessels. In conclusion, although there are 
many promising developments in this emerging field, effective methods of predicting fistula maturation outcome and 
preventing maturation failure remain to be established. 
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INTRODUCTION 

 Failure of native arteriovenous fistulas continues to be a 
major unsolved problem. Although mature fistulas survive 
longer than grafts, this advantage largely disappears when the 
two types of access are compared from the time of surgical 
creation [1-3]. Moreover, in the DAC multicenter randomized 
controlled trial, 61% of fistulas failed to mature sufficiently to 
be used for dialysis [4]. Thus, methods of predicting fistula 
maturation outcome and preventing maturation failure are under 
intense investigation. The causes of maturation failure can be 
divided into 4 general categories (Fig. 1): 1. Surgical skill, expe-
rience and patient selection; 2. Pre-existing vascular disease; 3. 
Upstream events; and 4. Downstream events. Upstream events 
are the mechanisms that initially cause injury to the endothelium 
(surgical trauma, hemodynamic shear stress, vessel wall injury 
caused by needle punctures, etc.) [5]. Downstream events are 
the responses to endothelial injury (leukocyte adhesion, 
migration of smooth muscle cells from the media to the intimal 
layer, smooth muscle proliferation, etc.) [6]. The figure 
emphasizes that although upstream and downstream events are 
important steps in maturation failure, pre-existing vascular 
disease should not be neglected as it sets the stage for what 
follows. This review will address the influence of pre-existing 
vascular disease on maturation. 

THE VASCULOPATHY OF ESRD 

 Atherosclerosis and arteriosclerosis are the major causes 
of cardiovascular disease in ESRD (Fig. 2), but arteriosclerosis 
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Fig. (1). The four categories that explain the causes of fistula 
maturation failure. 

probably accounts for the bulk of cardiovascular deaths  
[7-10]. Atherosclerosis is an intimal disease characterized by 
plaques and occlusive lesions, and is the accepted cause of 
most of the vascular diseases in the general population. In 
contrast, arteriosclerosis in ESRD is largely a disease of the 
medial layer characterized by increased collagen content, 
calcification, and both hypertrophy and hyperplasia of 
vascular smooth muscle cells [7, 9, 11-13]. These changes 
result in increased thickness and stiffness of the arterial wall. 
ESRD patients develop cardiovascular complications that far 
exceed what would be expected from traditional risk factors 
alone [14]. Arteriosclerosis fills the gap and can be 
considered to be the vasculopathy of ESRD. Concomitant 
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presence of diabetes mellitus can contribute to these 
abnormalities through accumulation of inelastic material in 
the arterial wall [15]. 

 
Fig. (2). The two major causes of vascular disease in ESRD. Nitric 
Oxide deficiency may play an important role in fistula maturation 
failure. 

 The increased arterial stiffness of arteriosclerosis yields high 
systolic and pulse pressures [9, 10, 16]. These hemodynamic 
changes are caused by the loss of dampening function of 
arteries, which promotes an increase in pulse wave velocity. In a 
normal vascular circuit, arterial pulse waves are reflected back 
from the periphery and branch points, and these reflected waves 
ordinarily augment diastolic pressure and thereby enhance 
coronary perfusion. However, when pulse waves travel more 
quickly, reflected waves may return during systole, thereby 
augmenting systolic pressure and reducing diastolic pressure. 
Arteriosclerosis helps explain the enhanced structural heart 
disease in ESRD, which leads to complications such as 
congestive heart failure, arrhythmias, and sudden death [17-20]. 
 There has been a growing realization that the 
vasculopathy of ESRD is not restricted to the artery. When 
Feinfeld et al. examined veins of hemodialysis patients that 
had not been used for creation of a vascular access, they 
found that the widths of the intimal and medial layers were 
increased [21]. Moreover, neointimal hyperplasia and 
calcification have been documented in veins prior to access 
surgery [22-24]. Thus, the vasculopathy of ESRD appears to 
be general, and approaches to solve the problem of 
maturation failure may need to address both arteries and 
veins. 

ROLE OF DILATATION IN FISTULA MATURATION 

 Inflammation, endothelial dysfunction, and nitric oxide 
deficiency are major causes of the arterial stiffness that 
contributes to fistula maturation failure [25-29]. Nitric oxide 
activates guanylate cyclase, which increases the level of 
cyclic guanosine monophosphate (cGMP). cGMP then 

induces vascular smooth muscle relaxation, which causes 
vessels to dilate. Thus, lack of nitric oxide impairs vessel 
dilatation, which may lead to maturation failure because 
dilatation of the anastomosed artery and vein is the key step 
in fistula maturation. 
 The stiff, thickened and calcified vessels of dialysis 
patients may not respond well to signals such as nitric oxide 
that promote dilatation. Inadequate dilatation and remodeling 
of a fistula may yield a vein with a luminal diameter that is 
too small for repeated cannulation by dialysis needles. Since 
the artery is generally narrower than the vein, the artery is 
the chief source of vascular resistance in a new fistula. Thus, 
arterial dilatation also appears to be a key step in maturation. 
 Fistula maturation begins with creation of the artery-vein 
anastomosis, which causes an increase in flow and shear 
stress. Increased shear stress then promotes release of nitric 
oxide, which ideally causes dilatation of the artery and vein 
so that shear stress returns toward pre-fistula levels [30, 31]. 
The increased pressure in the vein also promotes dilatation 
and remodeling (medial hypertrophy). Thus, adequate 
elasticity and nitric oxide are necessary for vessel dilatation 
during fistula maturation. 
 However, arteriosclerosis impairs the arterial elasticity 
that is necessary for dilatation [9, 12, 13, 16], and endothelial 
dysfunction with reduced nitric oxide production further 
impairs vasodilatation [25-29]. Thus, ESRD patients have 
poor nitric oxide-dependent flow mediated dilatation [32]. 
Also, most failed fistulas develop stenosis at the artery-vein 
anastomosis or downstream in the outflow vein. Stenosis is 
believed to be caused by low or oscillatory shear stress and 
turbulent flow [33, 34], which may be enhanced in the 
absence of dilatation. It follows that increased arterial 
stiffness and reduced nitric oxide can be expected to play 
key roles in maturation failure. 
 Preoperative duplex ultrasound mapping of vessels has 
been used to establish minimal acceptable diameters when 
evaluating patients for fistula creation. The recommended 
minimal diameters have varied from study to study, but the 
most widely accepted values for the artery and vein are 
generally 2.0 and 2.5 mm, respectively [35]. Unfortunately, 
the success of mapping has been mixed, and has done little 
to improve maturation rates [4, 36]. Nevertheless, smaller 
luminal diameters are a dilatation challenge that is generally 
best avoided. 
 Preoperative ultrasound measurement of vessel diameters 
has had limited benefit in improving maturation in part because 
diameter alone does not determine the suitability of a vessel. 
Rather, the key to suitability is the ability of the vessel to dilate 
in response to an increase in shear stress. A contributing factor 
is that ultrasound is observer dependent and may lack adequate 
reproducibility [37]. Consequently, there has been growing 
interest in preoperative testing of vessel function (i.e. elasticity) 
in the hope that this will provide an adequate estimate of a 
vessel’s ability to dilate [38]. 

DEFINITIONS OF INDICES OF ELASTICITY 
(STIFFNESS) 

 The general properties of arteries vary depending upon 
their diameter, location, and content of elastin, collagen, and 
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smooth muscle. We are concerned here with the smaller 
peripheral muscular arteries, such as the brachial and radial 
arteries. Definitions of stiffness are complex because the 
arterial wall is not homogeneous, and elastic properties vary 
depending on a number of factors, including the distending 
pressure and vessel diameter. Thus, a number of indices for 
measuring stiffness have been developed, and these can be a 
source of confusion. For example, compliance and 
distensibility may seem to be synonymous, but they are not 
so in the nomenclature of this field [39, 40]. Arterial 
compliance is defined as the change in diameter of an artery 
(∆D) divided by the increase in pressure (∆P): ∆D/∆P. On 
the other hand, arterial distensibility measures arterial 
compliance relative to vessel diameter: (∆D/D)/∆P. This 
distinction is important because different components of the 
vessel wall are recruited for stretching as the diameter 
increases, and this changes the measured compliance or 
distensibility. 
 In this review, we will use terms such as elasticity, 
stiffness, compliance, and distensibility interchangeably 
according to the terminology of authors, many of whom do 
not apply the formal definitions of indices. Excellent reviews 
are available that explain the indices and their physiology 
[39, 40]. 

TESTING VESSEL ELASTICITY 

 There is a growing literature on methods of measuring 
elasticity of arteries and veins, a number of which are listed 
in Table 1 [40, 41]. Although most of these methods have 
correlated with maturation outcome, studies have generally 
been limited by their small size and scope, and results among 
various researchers have not always been consistent. Thus, 
no definitive criteria for applying tests of elasticity have 
been established in this emerging field. Tests that are 
adopted for widespread clinical use will need to be easy to 
apply - a standard that many of these tests do not meet. 
 Application of a tourniquet to the proximal arm has been 
used to test the ability of a vein to dilate [42]. In this method, 
proximal (downstream) pressure on the vein is incrementally 
increased by tightening the tourniquet and the increase in 
luminal diameter is measured by ultrasound at each step. The 
tourniquet method of measuring distensibility has correlated 
with maturation outcome [43-45]. An alternative method of 
promoting vein dilatation is by warm water immersion [46]. 
Measurement of forearm venous distensibility by strain-
gauge plethysmography has also correlated with maturation 
outcome [47]. In a novel approach, finite element analysis 
has been combined with ultrasonography to measure vein 
compliance [48].  
 Lok et al. have developed criteria for estimating risk of 
maturation failure based upon clinical factors [49]: age > 65 
years old, presence of peripheral vascular disease or 
coronary artery disease, and black race. It seems likely that 
Lok’s criteria are a largely surrogates for arterial stiffness, 
which suggests that more specific measures of stiffness may 
be even more useful. 
 Aortic pulse wave velocity measurements have long been 
the gold standard in measuring arterial stiffness [41]. This 
method is conceptually easy as it measures the difference in 
time of travel to two different points in the arterial system 

(e.g. carotid and femoral arteries). The difference in distance 
traveled divided by time is the pulse wave velocity. The 
cardio-ankle vascular index is a modification of pulse wave 
velocity that is intended to improve measurement of arterial 
stiffness by adjusting for the effect of blood pressure on 
velocity [50]. The ongoing Hemodialysis Fistula Maturation 
Study may help establish the value of pulse wave velocity in 
predicting maturation outcome [51]. 
Table 1. Methods of measuring vessel elasticity or distensibility 

that may help predict fistula maturation outcome. 
 

Testing Method References 

Vein 

Application of tourniquet (diameter by duplex ultrasound) [42-45] 

Warm water immersion (diameter by duplex ultrasound) [46] 

Strain-gauge plethysmography [47] 

Finite element analysis combined with duplex ultrasound [48] 

Artery 

Lok Criteria (age, peripheral vascular disease, coronary  
artery disease, race) 

[49] 

Aortic pulse wave velocity [41] 

Cardio-ankle modification of pulse wave velocity [50] 

High resolution ultrasound speckle-tracking algorithms [38, 52] 

Elastic modulus by duplex ultrasound [53] 

Photoplethysmography [54] 

Flow mediated dilatation of brachial artery [55] 

Resistance index measured during fist relaxation after  
fist clenching 

[36, 43, 45] 

Small artery elasticity index by tonometer [56-58] 

 
 The feasibility of applying other measures of elasticity in 
ESRD has been explored. High resolution ultrasound 
speckle-tracking algorithms have been used to measure 
arterial compliance [38, 52]. Duplex ultrasound has been 
used to measure the elastic modulus of the brachial artery, 
which is inversely related to arterial elasticity [53]. Finally, 
the digital volume pulse is a noninvasive method of 
assessing arterial stiffness that uses photoplethysmography 
to analyze the contour of the digital pulse [54]. The 
effectiveness of these methods in predicting maturation 
outcome remains to be tested. 
 Studies that have tested the influence of flow-mediated 
dilatation on fistula outcomes have had some success. Flow 
mediated dilatation of the brachial artery has correlated with the 
increase in arterial and venous diameter at 3 months after fistula 
creation [55]. In flow mediated dilatation, ischemia is induced 
with a tourniquet applied to the arm. Release of the tourniquet 
causes dilatation of arterioles, which increases brachial artery 
blood flow. The higher flow then yields an increase in shear 
stress, which induces nitric oxide release and brachial artery 
dilatation. It should be realized, however, that the method 
depends upon reactive vasodilatation induced by ischemia, and 
is therefore not strictly equivalent to measuring arterial stiffness 
or response to nitric oxide per se. 
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 A similar approach uses fist relaxation after sustained fist 
clenching. This produces transient arteriole dilatation of the 
distal hand that is similar to the mechanism of flow-mediated 
dilatation. Malovrh found that resistance index and blood 
flow before and after fist clenching correlated with 
successful maturation [43], but resistive index did not in two 
other studies [36, 45]. 

ROLE OF SMALL ARTERY ELASTICITY INDEX 

 The HDI/PulseWave CR-2000 System (Hypertension 
Diagnostics, Inc., Eagan, MN) provides a measure of small 
artery and large artery elasticity index [56, 57]. The 
instrument uses a noninvasive tonometer to perform pulse 
contour analysis of radial artery waveforms, and easily 
yields a measurement in approximately 5 minutes. The only 
practical limitation is that the vascular system in the arm 
should not be altered by surgery or other major abnormalities. 
 We previously used this device to test the hypothesis that 
these measures of elasticity correlate with fistula maturation 
outcome [58]. On the day of fistula surgery, 32 patients 
underwent preoperative measurement of arterial blood 
pressure, and small and large artery elasticity indexes. 
Fistulas were considered mature if they were used 
successfully in 3 consecutive treatments within 6 months of 
surgery. Six fistulas were excluded from analysis of 
maturation because dialysis did not begin within 6 months. 
 Six out of 26 remaining fistulas failed to mature, and  
all 6 developed stenosis at the arteriovenous anasto- 
mosis. Average small artery elasticity index was lower  
in failed than in matured fistulas (3.71 ± 0.29 (±SE) vs  
2.25 ± 0.33 ml/mmHg x100, P = 0.02) (Fig. 3A), but there 
was no significant difference in large artery elasticity index. 
Both groups had low elasticity when compared with 
published control groups. For example, Prisant et al. [56] 
previously obtained an average small artery elasticity index 
of 7.0 ml/mmHg x100 in a normal control group. 

 We used multivariable logistic regression analysis to 
analyze the risk of maturation failure [58]. We found that 
lower small artery elasticity index (P = 0.008) (Fig. 3B and 
lower body mass index (P = 0.02) were independent 
predictors of maturation failure. Lower body mass index 
may have favored failure because it was associated with 
smaller vein diameter (R2= 0.158, P = 0.04). Another 
contributing factor may have been that leaner dialysis 
patients tend to have more cardiovascular disease, 
extracellular fluid excess and higher mortality [59]. 

HOW SHOULD ARTERIAL ELASTICITY BE 
MEASURED? 

 We have previously suggested that the Lok’s criteria [49] 
for predicting maturation failure are a clinical surrogate for 
arterial stiffness. A more direct clinical method of assessing 
arterial elasticity is provided by the standard blood pressure 
measurement. The high pulse wave velocity of stiff vessels 
causes reflected arterial waves to return during systole rather 
than during diastole. This results in a high pulse pressure and 
high systolic pressure with reduced diastolic pressure. Thus, 
we found that maturation failure correlated with higher pulse 
and systolic pressures (Fig. 4) [58]. However, the two 
variables were not independent risk factors when small 
artery elasticity index and body mass index were included in 
a multivariable model. Nevertheless, this suggests that such 
blood pressure measurements should be considered when 
patients undergo preoperative access planning. 
 The CR-2000 device that we used to measure elasticity 
requires little training and is easy to apply [56-58, 60]. The 
instrument measures arterial waveforms and uses a modified 
Windkessel model to analyze the pressure pulse contour. The 
method is based on analysis of peripheral wave reflections 
superimposed on the diastolic decay of the basic pressure 
waveform. Large artery elasticity index reflects changes in 
the structure and compliance of large arteries, such as the 
aorta. Small artery elasticity index reflects changes in 

                    (A)         (B) 

 
Fig. (3). A. Relationship between small artery elasticity index and outcome of fistula maturation. B. Probability of successful fistula 
maturation vs small artery elasticity index [58]. 
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elasticity of arterioles and the smallest arteries, and includes 
reflections from branch points in the circulation. Small artery 
elasticity index is a more sensitive measure of vascular 
disease than large artery elasticity [61], and may detect 
vascular changes before they become irreversible, whereas 
large artery elasticity index reflects changes that may already 
be irreversible. The higher sensitivity of small artery 
elasticity in detecting vascular disease may explain why it 
was a better predictor of maturation [58]. 
 The role of the modified Windkessel model in assessing 
vascular health is controversial. Some have supported the 
model [56, 62-64], whereas others have argued that the model 
has significant shortcomings [39, 41, 65, 66]. For example, the 
Windkessel model assumes that a pulse is transmitted 
instantaneously throughout the arterial circuit, which is an 
oversimplification. Some have criticized the model as being 
overly influenced by local vessel characteristics in a limb, 
suggesting that it may not be a true assessment of overall 
vascular health [66]. However, all models involve 
simplifications of reality that hopefully incorporate essential 
physiology so that they provide clinically valid analyses. In 
this case, evaluation of vessels for fistula creation is primarily 
a local assessment, so this property should be an advantage. In 
any case, we found that the method correlated with clinical 
markers of arterial stiffness (systolic blood pressure and pulse 
pressure) (Fig. 4), and most important of all, it correlated with 
fistula outcome [58]. 

HOW SHOULD LOW ELASTICITY BE TREATED? 

 If the vasculopathy of ESRD plays an important role in 
fistula maturation failure, then treatments that prevent or 
reverse vessel stiffness should be considered. For example, the 
metabolic bone disease of ESRD is associated with arterial 
stiffness [8, 67, 68]. There has been concern that treatment 
with calcium containing phosphorus binders may contribute to 
calcification of vessels. Takenaka et al. found that pulse wave 
velocity decreased in 15 hemodialysis patients when they were 
switched from calcium carbonate to sevelamer for phosphorus 
binding [69]. Thus, it seems prudent to control calcium and 
phosphorus plasma levels, and avoid calcium containing 

phosphorus binders if feasible. Inhibitors of vascular 
calcification also have potential to be useful [70]. 
 Blood pressure medications that improve arterial elasticity 
should be emphasized [40, 71, 72]. If nitric oxide deficiency 
and endothelial dysfunction are major contributors to the 
vasculopathy of ESRD, then it makes sense to directly address 
this problem (Fig. 2). For example, Sildenafil enhances the 
effect of nitric oxide by inhibiting phosphodiesterase-5, which 
degrades cGMP; persistent action of cGMP thereby promotes 
continued vascular smooth muscle relaxation. This effect 
explains why sildenafil lowers arterial blood pressure and 
improves measures of vascular health in systemic arteries. For 
example, sildenafil reduces pulse wave velocity in patients 
with hypertension or coronary artery disease [73, 74]. In a 
pilot study [75], we have found that one 50 mg dose of 
sildenafil increased small artery elasticity index and decreased 
pulse wave velocity. Moreover, patients with the lowest 
baseline elasticity had the largest increase after taking 
sildenafil. Other medications that improve endothelial function 
such as endothelin antagonists [8], and antioxidants such as N-
acetylcysteine [76], may also be helpful. Blockade of the 
renin-angiotensin-aldosterone system is associated with 
improved arterial elasticity. For example, spironolactone is 
associated with a reduction in arterial stiffness in chronic 
kidney disease [77]. 

CONCLUSION 

 We can conclude that vessel elasticity (stiffness) does 
indeed affect fistula maturation. Poor elasticity is an 
important step in the cascade of events that leads to 
maturation failure (Fig. 1). Moreover, arteriosclerosis is not 
only a major impediment to fistula maturation, but is the 
common pathway that leads to the major cause of death in 
ESRD: cardiovascular disease. Since dilatation of both the 
artery and vein is necessary for fistula maturation, both 
vessels appear to be important in predicting fistula 
maturation and preventing maturation failure. However, it is 
not enough to establish a statistical relationship between a 
preoperative test and maturation outcome. Such tests must 
satisfy statistical criteria, such as high sensitivity and 

 
Fig. (4). Relation between small artery elasticity index vs systolic blood pressure and pulse pressure [58]. 
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specificity, and provide adequate positive and negative 
predictive values - criteria that to date have rarely been 
addressed in this emerging field. Moreover, in order for a 
test to be widely adopted clinically, it should be fast and easy 
to apply - a criterion that many tests described herein may 
not meet. Finally, the uremic milieu has many interacting 
elements of abnormal physiology that together may make 
prevention and treatment of maturation failure particularly 
challenging. Thus, the benefit and optimum criteria for 
evaluating and treating vascular elasticity remain to be 
established. 
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