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  Abstract
  Arterial stiffness can nowadays be measured easily and noninvasively around the globe. Al-
though well established as an independent predictor of cardiovascular events, less is known 
about the role of arterial stiffness in the progressive loss of kidney function once chronic kid-
ney disease (CKD) is established. In addition to measures of arterial stiffness, a number of 
devices now noninvasively record the pulse profile from sites such as the radial artery and, 
using internal algorithms, are able to estimate central pressure profiles. Although these de-
vices have generated much data on the prediction of cardiovascular events, e.g. measures of 
arterial stiffness, there is much less known about the predictive utility of these measures in 
CKD progression. In this review, we cover approaches to arterial stiffness as measured by 
pulse wave velocity and discuss measures of the systolic and diastolic contour of the pulse 
waveform vis-à-vis their relationship to declines in kidney function over time. We restrict our 
coverage to studies that have longitudinal data, but we also include a table of studies, which, 
to our knowledge, have only published cross-sectional data at this time.

  © 2013 S. Karger AG, Basel

  Introduction

  Brachial blood pressure has long been known to be a determinant of kidney function 
decline, and the reader is referred to recent standard reviews on this aspect  [1] . In this review, 
we pursue newer and somewhat more innovative approaches to arterial function beyond 
blood pressure, namely arterial stiffness as measured by pulse wave velocity (PWV), and 
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discuss measures of the systolic and diastolic contour of the pulse waveform vis-à-vis their 
relationship to declines in kidney function over time. In the main body of this paper, we 
restrict our coverage to studies that report longitudinal data. However, in addition to these 
studies,  table 1  includes investigations, which, to our knowledge, have only published cross-
sectional data at this time.

  Arterial Stiffness in Chronic Kidney Disease

  The incorporation of arterial stiffness measurements into longitudinal cohort studies has 
yielded insight into the role of pulse transmission characteristics as a predictor of important 
vascular outcomes  [2] . Arterial stiffness is reflected by the velocity of the pulse wave in a 
segment of the circulation. Detecting the pulse wave noninvasively is now possible by reliable 
ultrasound, mechanotransductive, tonometric and oscillometric methods, and the publi-

  Tabl e 1.  Studies reporting longitudinal and cross-sectional data

Cohort Patients
(% women)

PWV Pulse contour
analysis

Principal findings

Hoorn [22] a 256 (47%) Tonometry Tonometry Central arterial stiffness not independently asso-
ciated with reduced kidney function

REN-Art [44] a 273 (36%) Mechano-
transducer

Arterial stiffness and carotid distensibility related 
to GFR in CKD

Nephrotest [21] 180 (26%) Mechano-
transducer

Tonometry Aortic PWV not independently predictive of CKD 
progression; carotid circumferential wall stress 
predictive of CKD progression and
development of ESKD

Derby [36] 35 (40%) Tonometry Tonometry Both aortic PWV and central augmentation index 
predicted development of ESKD in patients with 
advanced CKD

Sussex [20] 133 (23%) Mechano-
transducer

Aortic stiffness independently predicted loss 
of kidney function in stage 3 and stage 4 CKD 
patients

Saitama [35] 99 (33%) Oscillometry Higher radial augmentation index predicted rate 
of decline in creatinine clearance

Tokyo DM Study [18] 461 (47%) Mechano-
transducer

Higher carotid-femoral PWV predicted change in 
albuminuria category (normal to microalbu-
minuria to macroalbuminuria)

Edinburgh [45] a 113 (32%) Tonometry Tonometry Augmentation index not associated with CKD 
stage; blood pressure and not arterial stiffness 
associated with CKD stage in a CKD cohort without  
diabetes mellitus and with minimal comorbidity

Tokyo Worksite [15] 2,053 (19%) Oscillometry baPWV predicted incident CKD

CRIC [26] 2,564 (43%) Tonometry Tonometry PWV + pulse pressure (central or brachial) 
predicted ESKD and CKD progression

MESA [34] 4,853 (51%) Tonometry Large- and small-vessel elasticity predictive of 
rate of kidney function decline in subjects with an 
eGFR >60 ml/min/1.73 m 2  at enrollment

   a  Cross-sectional data. 
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cation of age-related reference values has helped to standardize the measurement of arterial 
stiffness  [3] . Although well established as a predictor of cardiovascular and cerebrovascular 
end points  [2, 4–6] , much less is known about the role of arterial stiffness in chronic kidney 
disease (CKD) progression. In this review, we address what is known about arterial stiffness 
in patients with CKD and consider evidence that arterial stiffness is involved in CKD 
progression. Finally, we speculate on mechanisms that could explain the relationship between 
arterial stiffness and CKD progression and on areas that we think are important for further 
research.

  One might wonder why arterial stiffness would be important in CKD. Interestingly, the 
brain and the kidneys, though at opposite ‘ends’ of the aorta, share at least one thing in 
common, namely a blood flow relative to the organ size that has been described as ‘torrential’ 
 [7] . Both organs have a very low resistance to blood flow and are thus peculiarly susceptible 
to the barotrauma of the pulse wave when the force and velocity of the pulse wave are 
increased from aging and disease.

  One of the first studies of arterial stiffness to specifically evaluate the cross-sectional 
relationship between stiffness and CKD was undertaken by Mourad et al.  [8] . In a study of 
1,290 subjects with a serum creatinine of <130 μmol/l (or 1.5 mg/dl) they noted, particularly 
in subjects <55 years old, that in the lowest tertile of kidney function, there was an inverse 
relationship between creatinine clearance and the aortic PWV. Their observation expanded 
our understanding of stiffness by pointing out that central artery compliance is associated 
with reduced creatinine clearance in patients with mild-to-moderate renal insufficiency. 
Importantly, the authors noted that kidney alterations affect not only the small but also the 
large arteries, independently of age, blood pressure, and standard cardiovascular risk factors.

  Studies of Arterial Stiffness and CKD Progression
  Arterial stiffness can be measured noninvasively in humans through ultrasonographic, 

magnetic resonance, oscillometric, tonometric, or mechanotransductive detection of the 
arterial pulse at different places in the arterial circulation. Although ultrasonographic and 
magnetic resonance imaging have been used in longitudinal cohort studies where cardiovas-
cular outcomes were the primary end points  [9] , they have not been widely used in cohorts 
where kidney function is the outcome, and thus they are not discussed further here.

  In Asian studies, a commonly used method of determining arterial stiffness involves 
simultaneous oscillometric measurement of the brachial and ankle PWV (baPWV). Although 
PWV can be measured in any arterial segment between two pulse wave-palpable regions  [10] , 
the assessment of central arterial stiffness rather than that of peripheral arterial stiffness is 
more relevant to cardiovascular risk stratification  [11] . Though the carotid-femoral PWV is 
often considered the gold standard for the assessment of central arterial stiffness  [12] , a high 
skill level and exposure of the inguinal region are required for its measurement. In Japan, the 
baPWV is measured, and this method is simple enough for application in clinical practice, just 
involving wrapping of a pressure cuff around each of the four extremities  [13] . One of the 
limitations of baPWV measurement is that this parameter reflects not only elastic arterial 
stiffness but also muscular arterial stiffness  [13] . Even so, the baPWV has been demonstrated 
to show a close correlation to the aortic PWV  [14]  and carotid-femoral PWV  [13] , and a recent 
meta-analysis demonstrated that the baPWV is an independent marker to predict future 
cardiovascular events  [14] .

  Several cross-sectional studies have demonstrated that baPWV is associated with esti-
mated glomerular filtration rate (eGFR)  [13] . Furthermore, recently, we conducted a pro -
 spective study in 2,053 Japanese employees with an eGFR  ≥ 60 ml/min/1.73 m 2  without 
proteinuria at the start using the Omron device. In this study, after adjusting for confounding 
variables, every m/s higher baPWV was associated with a 36% increased odds (95% CI 1.09–
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1.70; p < 0.01) for a development of an eGFR <60 ml/min/1.73 m 2  at the end of a 5- to 6-year 
follow-up  [15] . Similar findings were also confirmed in subjects with CKD stages 3–5 by Chen 
et al.  [16] . Thus, baPWV may be a marker to predict the progression of renal function decline 
in subjects with not only preserved renal function but also CKD.

  In the afore-mentioned study by Chen et al.  [16] , a higher baPWV was also associated 
with death in 145 patients with CKD stages 3–5. In the measurement of baPWV, the ankle-
brachial pressure index (ABI) can be obtained simultaneously. Kitahara et al.  [17]  reported 
that ABI showed strong power in predicting the mortality of 785 hemodialysis patients. 
Additionally, baPWV was useful to identify a high-risk population in patients with an ABI 
>0.9  [17] . Thus, baPWV is applicable to predict future cardiovascular events in subjects with 
CKD.

  In another study from Tokyo  [18] , the investigators used the transducers in the Fukuda 
Denshi PWV-200 (oscillometric) device to record the carotid and femoral pulses simultane-
ously in 461 Japanese diabetics with normal urine albumin excretion (n = 339) or with micro-
albuminuria (n = 122). During the 6-year follow-up, 85 subjects changed their category (from 
normal to microalbuminuria: n = 56, or from microalbuminuria to macroalbuminuria: n = 29). 
Using the median value of 9.1 m/s, patients above the median were more likely to change 
their albuminuria category compared with those below the median.

  In European studies of kidney function decline, arterial stiffness is usually measured as 
carotid-femoral PWV using tonometry  [19] . In the Derby (UK) study  [36] , 35 patients with 
advanced CKD (eGFR 13.4 ml/min/1.73 m 2 ) who were followed for an average of 1 year were 
studied using the Sphygmocor (tonometric) device. Twenty-two of the 35 (63%) patients 
began dialysis during the 1-year follow-up. Using proportional hazards analysis, the investi-
gators observed that proteinuria had the highest hazard ratio for progression to end-stage 
kidney disease (ESKD), but PWV was the second strongest predictor (HR 1.3, 95% CI 1.07–
1.60). In East Sussex, the investigators enrolled 133 subjects with stage 3 (eGFR 30–59 ml/
min/1.73 m 2 ) and stage 4 CKD (eGFR 15–29 ml/min/1.73 m 2 ) and performed measures of 
aortic PWV using the Complior (mechanotransductive) device  [20] . In their multivariable 
adjusted analysis, the authors showed that PWV, blood pressure, and proteinuria were inde-
pendently predictive of a 25% reduction in kidney function or the need for renal replacement 
therapy.

  The NephroTest study enrolled 180 patients with an average eGFR of 32 ml/min/1.73 m 2  
from the Paris area and used the Complior device to measure the carotid-femoral PWV as well 
as the Sphygmocor system to record radial and carotid waveforms  [21] . This study found that 
aortic stiffness did not change appreciably during follow-up, whereas carotid stiffness did. 
The carotid distensibility predicted the decline in eGFR over time independently of standard 
factors such as blood pressure and proteinuria. The aortic PWV did not appear to influence 
the progression of CKD. In this study, the carotid intima-media thickness was measured, and 
the results showed that the carotid wall thickness actually decreased over time, which, in 
turn, increased the wall stress. The expected response would be an increase in wall thickening 
to adapt to the pressure load. The thinning process actually boded poorly for the patients’ 
kidney function, and the authors pointed out that similar findings were presented in the 
Hoorn study  [22] .

  The American Chronic Renal Insufficiency Cohort (CRIC) study represents a large, ethni-
cally diverse cohort of patients with CKD  [23] . Approximately half have diabetes, and the 
cohort has now been followed for a mean of >5 years. The average eGFR in the CRIC cohort at 
enrollment was 43.4 ml/min/1.73 m 2 . Measures of PWV (carotid-femoral tonometry) and 
pulse wave analysis (radial tonometry) were incorporated into the CRIC protocol beginning 
with the 2nd year of follow-up. Only the cross-sectional data have been fully published  [24] . 
These data from 2,564 participants indicate that diabetes, blood glucose levels, age, and black 
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race independently and positively predicted aortic PWV. Female gender and eGFR were inde-
pendently and negatively predictive of PWV. The central aortic blood pressures in the CRIC 
study were estimated from radial tonometry. Most of the variability in central aortic pulse 
pressure (84%) was explained by the brachial pulse pressure  [25] . Age, male gender, heart 
rate, and the presence of diabetes (but not kidney function) contributed independently to the 
residual variability. The interaction of PWV with pulse pressure (brachial or central) on 
kidney function has been presented in abstract form  [26] . In this abstract, the incidence of 
ESKD or the doubling of creatinine, which is measured yearly in the CRIC study and expressed 
using the creatinine-based MDRD equation  [27] , was approximately 3- to 5-fold higher in the 
highest tertiles of PWV and either brachial or central pulse pressure when compared with the 
lowest tertiles of PWV and pulse pressure.

  Pulse Contour Analysis and CKD

  Analysis of the pulse waveform has proven useful to understand the cardiovascular risk 
that may not be evident from the blood pressure alone  [28, 29] . A recent meta-analysis  [30] 
 showed that the augmentation index had a predictive value for future cardiovascular events 
in 5,648 subjects followed for nearly 4 years. Although not all studies have found pulse wave 
contour to be useful  [31] , the general impression is that there is information contained in the 
waveform that reveals something about how pulse waves travel and are reflected backwards 
in the circulation, and how this may have consequences for target organ damage. In some 
cases, it requires going ‘outside the box’ as we did recently by analyzing the radial pulse wave-
forms to tease out the forward and backward traveling waves in the Multi-Ethnic Study of 
Atherosclerosis (MESA) trial, in which it was shown that the backward traveling waveform 
contained information that strongly and independently (of blood pressure) predicted the 
occurrence of heart failure in this cohort  [32] . The importance of such findings is that the 
backward traveling waveform is modifiable by drug therapy, and our results could easily be 
tested by an intervention study.

  Although most studies of pulse contour analyze the systolic component, at least one 
device analyzes the diastolic component  [33] . There are fewer studies using diastolic contour 
analysis when compared with systolic, and we could only find one prospective study that 
examined CKD progression using this approach  [34] .

  Studies of Pulse Wave Contour and CKD Progression: Systolic Contour Analyses
  An Asian study of 99 patients with CKD collected radial artery waveforms using the 

Omron HEM9010AI (oscillometric) device  [35] . Forty-four of the subjects were then fol -
 lowed prospectively for at least 1 year. Higher values for the radial augmentation index were 
associated with a more rapid decline in creatinine clearance during follow-up. In a multiple 
regression analysis of factors that influenced the annual change in creatinine clearance, only 
proteinuria and the augmentation index demonstrated significant associations with this 
outcome. Systolic and diastolic pressure, heart rate, and age were not significantly related.

  With regard to European studies of pulse wave contour and CKD progression, we return 
to the Derby (UK) group  [20] , which studied 35 patients with advanced CKD (eGFR 13.4 ml/
min/1.73 m 2 ) using the Sphygmocor device to estimate the central augmentation index. 
Again, using proportional hazards analysis, the investigators observed that, in addition to 
proteinuria and PWV, the central augmentation index was also predictive (HR 1.08, 95% CI 
1.04–1.14) of progression to ESKD requiring dialysis  [36] .
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  Studies of Pulse Wave Contour and CKD Progression: Diastolic Contour Analysis
  Using the HDI (tonometric) device that records the radial arterial waveform and estimates 

large- and small-vessel elasticity, Peralta et al.  [34]  studied subjects enrolled in the US MESA 
trial, a longitudinal cohort of four ethnicities (white, black, Asian, and Hispanic) free of cardio-
vascular disease at baseline. In a subset of 4,853 (of the 6,814 participants enrolled in MESA), 
with an initial eGFR >60 ml/min/1.73 m 2 , they evaluated the brachial pulse pressure, vessel 
elasticity, and flow-mediated vasodilation, and found that the brachial pulse pressure and 
lower values for large (C1) and small (C2) arterial elasticity were linearly predictive of the rate 
of decline in kidney function; however, flow-mediated dilation was not  [37] .

  Why Does Arterial Stiffness Feature so Prominently in CKD?
  A full discussion of mechanisms by which arterial stiffness is so common in CKD is beyond 

the scope of this review. Suffice it to say that we think that CKD, and one of the most common 
forms of CKD – diabetic nephropathy, basically are forms of accelerated aging. It makes some 
sense then that vascular calcification, inflammation, oxidative stress, abnormalities in tissue 
metalloproteinases, accumulating environmental exposures such as cigarette smoke, vulner-
ability to salt-related increases in pressure, and likely a host of other factors contribute to the 
high prevalence of arterial stiffness in CKD and ESKD. For an excellent recent review of these 
mechanisms, refer to Briet et al.  [37] .

  Why Pulse Wave Velocity and Pulse Contour Are Important to Kidney Circulation
  The kidney, unlike most organs except for the brain, has a remarkably low systemic 

vascular resistance  [7] . As a result, the pulse wave ‘penetrates’ much more deeply into the 
microcirculation of the kidney; thus, the delicate circulation of the glomerulus is placed at risk 
when the afferent arteriole fails to function as a ‘gatekeeper’. This seems most relevant to 
systolic pressure, as shown by the elegant in vivo work by Loutzenhiser et al.  [38] , Bidani et 
al.  [39] , and Griffin  [40] . Their collective research indicates that the afferent arteriole responds 
very quickly with constriction to alterations that increase systolic pressure, with virtually no 
response if only diastolic pressure is raised  [41] . When we consider that many forms of 
progressive kidney disease, such as diabetes and hypertension, are characterized by nonob-
structing afferent arteriolar hyalinosis and enlargement, it seems plausible that a greater 
systolic impact (i.e. more pulsatility) driven at a higher velocity (from greater arterial stiffness) 
transmitted into the glomerulus with each heartbeat would be poorly tolerated over time. 
Arguably, a greater understanding of myogenic responses and their failure is a fruitful area 
to investigate in order to further understand the loss of kidney function in CKD  [42] . The work 
of Hill et al.  [43]  makes this point well, showing that enlargement of the afferent arteriole 
from nonobstructing lesions such as hyaline deposition is associated with glomerular 
enlargement and focal sclerotic lesions.

  We hope that, as observations continue to accumulate in longitudinal cohorts such as 
those listed in  table 1  and others we may have missed, a clearer understanding will emerge 
of not only how these tools (stiffness measures and contour analysis) can be useful for 
predicting kidney function loss and/or CKD progression; even more importantly, the use of 
these measures to guide or improve our lifestyle as well as the use of drug interventions to 
slow or even arrest the progressive loss of precious nephrons in our patients remain the most 
needed aspects of this field.
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