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Abstract
Arterial stiffness is an important risk factor for cardiovascular morbidity and mortality in patients with end-stage renal
disease (ESRD). Arterial stiffness aggravates cardiovascular risk via multiple pathways, such as augmentation of aortic
systolic pressure, subendocardial hypoperfusion, and excess pulsatile energy transmission from macro- to microcirculation.
Pathogenesis of the arteriosclerotic process in ESRD is complex and not yet fully understood. Several factors unique to
ESRD, such as mineral metabolism disturbances, vascular calcifications, formation of advanced glycation end-products, and
acute and chronic volume overload, are proposed to play a particular role in the progression of arteriosclerosis in ESRD. As
these and other mechanistic pathways of arterial stiffening in ESRD are elucidated, there is hope that this knowledge will be
translated into novel therapeutic interventions targeting arterial stiffness. In the meantime, blood pressure (BP) lowering via
strict volume control and appropriate use of antihypertensive drugs is a fundamental step in reversing accelerated arterial
stiffening and modifying the cardiovascular risk profile of ESRD patients. In this article, we review the pathogenesis, clinical
epidemiology, and therapies targeting arterial stiffness in ESRD, discussing recent advances and high-priority goals of future
research in these important areas.

Introduction

People with end-stage renal disease (ESRD) have one of the
highest rates of cardiovascular morbidity and mortality [1,
2]. Although atherosclerotic arterial disease is undoubtedly
involved in the causal pathway of excess cardiovascular
risk, the spectrum of arterial remodeling in ESRD is
broader, also including the long-term process of arterio-
sclerosis [3]. Arterial stiffening is another major contributor
to the heightened cardiovascular risk in ESRD, causing
hemodynamic alterations via multiple pathways. Arterial
stiffness augments systolic pressure and pulse pressure (PP)
in the ascending aorta, increases left ventricular (LV)

afterload and promotes the adverse myocardial remodeling
towards hypertrophy and fibrosis [4, 5]. Moreover, exces-
sive pulsatile energy transmission from macro- to micro-
circulation as a result of the preferential stiffening of the
aorta promotes microvascular damage in peripheral organs
and tissues [4–6]. Therefore, it is not surprising that arterial
stiffness is a powerful predictor of mortality [7, 8].

Arteriosclerosis is a pathophysiological continuum that
occurs in early stage chronic kidney disease (CKD), and this
process is progressively enhanced in parallel with renal
function decline [9–11]. Although the mechanistic back-
ground of arterial stiffening is not yet fully clear, it seems
likely that pathways closely related to ESRD, such as
volume overload, mineral metabolism disturbances, vas-
cular calcifications, formation of advanced glycation end-
products (AGEs), inflammation and oxidative stress, are
prominent mediators of arteriosclerosis [3, 12]. As ongoing
research sheds more light on these complex mechanistic
pathways, there is hope that this knowledge would be
translated into novel therapeutic interventions targeting the
regression of arteriosclerosis. In this article, we discuss the
pathogenesis, clinical epidemiology, and treatment of
arterial stiffness in ESRD, providing an overview of recent
advances in these important areas and highlighting the
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aspects that should become high-priority goals of future
research.

Pathogenesis of arterial stiffness in ESRD

The main roles of the aorta and large central arteries are (1)
to dampen the high-pressure oscillations generated from the
intermittent LV ejection and (2) to transform the cyclic
blood flow in the aorta into a continuous capillary flow
pattern required for the perfusion of organs and tissues [4,
13–15]. During systole, the stroke volume ejected by left
ventricle interacts with elastic properties of the aorta to
generate a pulse wave (incident or forward traveling) that is
propagated at a pulse wave velocity (PWV) that progres-
sively increases across the arterial tree. The structure of the
arterial system is normally characterized by a progressive
increase in arterial wall rigidity from the ascending aorta to
the peripheral muscular-type arteries (i.e., stiffness gradient)
[4, 13–15]. Impendence mismatches at the transition
between these segments generate wave reflections. These
reflected waves travel from the periphery back to the
ascending aorta (backward-traveling reflected wave),
opposing pulsatile energy transmission downstream to
microcirculation. In young people with elastic arteries, this
process is coupled with slower pulse wave propagation, and
the overlap of the incident and reflected waves in the
ascending aorta occurs in late systole or early diastole
(Fig. 1). This phenomenon results in a rise of diastolic aortic

pressure, favoring coronary perfusion during diastole. The
arteriosclerotic process, however, preferentially affects the
aortic wall, reversing the normal stiffness gradient. In
clinical conditions of increased arterial stiffness, there is
premature arrival of the reflected wave back to the
ascending aorta during systole rather than diastole of the
next cardiac cycle. This results in augmentation of central
aortic systolic pressure, thereby increasing LV afterload and
promoting adverse myocardial remodeling [4, 13–15]. In
addition, excess pulsatile energy transmission from macro-
to microcirculation promotes microvascular damage in
peripheral vascular beds [4, 13–15].

Arterial stiffening is a BP-dependent process. In essential
hypertension, the severity of arterial stiffness is at least
partially determined by the level of distending BP imposed
on the arterial wall [13, 16]. In the long term, arterial
remodeling in essential hypertension is principally char-
acterized by arterial wall thickening. Alterations in the
intrinsic arterial wall properties are also occurring in young
hypertensives, but they are not the principal mode of
remodeling [17]. The concept, however, is different in
ESRD. Comparative case control studies have shown that
ESRD patients have significantly higher aortic PWV levels
than age-, sex- and BP-matched hypertensive controls with
normal renal function [18, 19]. This accelerated arterial
stiffening in ESRD is because in this setting, vascular
remodeling is attributed to modification of the viscoelastic
properties of the biomaterial constituting the arterial wall
[18, 19]. In other words, arterial stiffness in ESRD is
characterized by an increased incremental modulus of
elasticity (Einc), a phenomenon that is diminished in
essential hypertension [13, 16]. Structural alterations related
to arterial stiffening in ESRD include fibroelastic intimal
thickening, calcification of elastic lamellae, increased
extracellular matrix deposition, elastynolysis, inflammation,
increased collagen, and decreased elastic fiber content [10,
13].

Although the mechanisms behind these arterial wall
alterations are still not well understood, accumulation of
traditional cardiovascular risk factors only partially explain
the accelerated arterial stiffening in ESRD [3, 12]. Studies
exploring the interaction between the etiology of ESRD and
the severity of arterial stiffness suggest that ESRD patients
with diabetic nephropathy or hypertensive nephrosclerosis
as the primary cause of renal failure have higher aortic
PWV levels than those with other etiologies of ESRD [20,
21], possibly due to the long-term course of pre-existing
CKD and accumulation of cardiovascular risk factors.
However, the cross-sectional design of these studies and the
absence of careful matching for several confounding factors
cannot prove a cause-and-effect association between the
etiology of ESRD and severity of arterial damage [20, 21].
Mechanistic pathways closely related to ESRD are

Overlap of forward- and backward-traveling
pulse waves in the ascending aorta 
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Fig. 1 Overlap of forward- and backward-traveling pulse waves in the
ascending aorta. Under physiological conditions (i.e., in young sub-
jects with elastic central arteries), the reflected pulse wave returns to
the ascending aorta during late systole or diastole of the next cardiac
cycle. In patients with stiff central arteries (i.e., in the elderly or in
patients with end-stage renal disease), the reversal of the stiffness
gradient between central and peripheral arterial segments and faster
propagation of pulse waves results in premature arrival of the
backward-traveling pulse wave during systole rather diastole, leading
to augmentation of aortic systolic pressure
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suggested to play a particular role in the progression of
arteriosclerosis among these patients. Recent advances in
these ESRD-specific pathways are discussed further.

Volume overload

The severely impaired capacity of patients with advanced
CKD to maintain the homeostasis of sodium and water as
well as the inability of hemodialysis patients to reach “dry
weight” are common problems that result in chronic volume
overload [22]. Inadequate volume control is an important
cause of uncontrolled hypertension and LV hypertrophy,
whereas prospective observational studies associated
volume excess with increased mortality risk among patients
receiving hemodialysis [23]. Clinical studies using the
bioelectrical impendence analysis (BIA) technique as a tool
to determine body composition and fluid status showed that
sub-clinical volume expansion, as indicated by an abnor-
mally elevated extracellular-to-intracellular fluid ratio, is
independently associated with higher internal diameter of
the common carotid artery and higher aortic PWV [24–26].

Apart from the role of chronic volume overload, cyclic
shifts in volume status that typically occur due to the
intermittent nature of renal replacement therapy in patients
receiving hemodialysis may acutely influence arterial
cushioning function. In previous studies evaluating the
intra- and interdialytic variation in wave reflection and
arterial stiffness indices, the hemodialysis procedure was
shown to acutely reduce the amount of the pulse wave
reflected from the periphery without any change in aortic
and brachial PWV [27]. The inverse phenomenon, i.e., an
increase in wave reflection indices and central aortic pres-
sures, occurred during the interdialytic intervals. Compared
with a regular 2-day interdialytic interval, excess fluid
accumulation during the long interdialytic interval resulted
in a 30% higher elevation of central aortic PP and wave
reflection indices [28]. These observations were confirmed
in recent studies showing a significant elevation of 5/2.5
mmHg in 24-h aortic BP between the 3rd and 2nd day of the
long interdialytic interval with the use ambulatory BP
monitoring (ABPM) [29].

Mineral metabolism disturbances and vascular
calcification

The severity of vascular calcifications is strongly associated
with the progression of arteriosclerosis in ESRD [30] and
represents an independent predictor of mortality [31].
Vascular calcification is a long-term process of osteo/
chondrocytic transformation of vascular smooth muscle
cells (VSMCs) in the media of the arterial wall. Mineral
metabolism disturbances are directly involved in all steps of
this process as hyperphosphatemia promotes the apoptosis

and osteoblastic differentiation of VSMCs as well as inhi-
bits the monocyte/macrophage transformation into
osteoclastic-like cells [12]. Fibroblast growth factor (FGF)-
23, a phosphaturic hormone that becomes elevated from the
early stages of CKD to maintain phosphate homeostasis
[32], was suggested to act as mediator of the calcification
process in the context of experimental studies showing that
FGF-23 is localized in the cytoplasm of VSMCs and
enhances their phenotypic differentiation into osteoblastic-
like cells [33, 34]. The entire concept of FGF-inducible
vascular calcification was revised in view of recent
experimental studies showing no expression of FGF-23 in
cultured human VSMCs or in normal or calcified mouse
aortic rings [35]. Additionally, exogenous FGF-23 is unable
to increase phosphate uptake of cultured VSMCs or induce
vascular calcification in vitro [35]. In line with these
experimental data, a cross-sectional analysis of 1501
patients with stages 3 and 4 CKD participating in the
Chronic Renal Insufficiency Cohort (CRIC) study showed
no association between plasma FGF-23 levels and coronary
artery and thoracic aorta calcium content [35]. Other studies
in hemodialysis patients showed no association of FGF-23
with aortic PWV [36, 37].

Apart from factors promoting vascular calcification, this
process is also regulated by factors opposing vascular cal-
cification. In this regard, plasma constituents, such as fetuin
A, osteoprotegerin, osteopontin and matrix Gla protein, act
as endogenous inhibitors of vascular calcification [12]. The
particular role of these constituents is to maintain minerals
in a soluble form and inhibit their deposition in the media of
the arterial wall. Vitamin K deficiency may affect carbox-
ylation of matrix Gla protein and downregulate its inhibi-
tory action of the calcification process. Longitudinal studies
showed that correction of vitamin K deficiency and warfarin
use may be associated with slower progression of aortic
stiffness in hemodialysis patients [38]. Decreased levels of
fetuin A and increased osteoprotegerin are associated with
higher aortic PWV in hemodialysis patients [39, 40].

Advanced glycation end-products

In advanced CKD, accumulation of AGEs may be either
due to reduced renal excretion or due to elevated formation
mediated through cumulative carbonyl and oxidative stress
[41]. The slow turn-over rate of structural proteins con-
stituting the arterial wall, such as collagen and elastin,
makes them particularly vulnerable to AGE cross-linking.
Another mechanism through which AGEs may promote the
arteriosclerotic process may be AGE-mediated inhibition of
endothelial nitric oxide synthase after the linkage of AGEs
with their cell membrane receptors, resulting in endothelial
dysfunction and adverse vascular remodeling [42]. The link
between tissue AGE accumulation and arterial stiffness is
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further supported by clinical studies associating skin auto-
fluorescence with higher coronary artery calcium content in
patients with stages 3–5 CKD [43]. Skin autofluorescence
was found to correlate with aortic PWV independent of age
and other traditional risk factors in 120 Japanese hemo-
dialysis patients [44]. In a longitudinal study, in which 109
hemodialysis patients were prospectively followed for a
mean period of 1.2 years, aortic PWV increased over time
with an annual rate of 0.84 m/s [45]. The independent
predictor of the progression of aortic stiffness after multi-
variate adjustment was the baseline levels of pentosidine, a
well-characterized AGE.

Angiopoietin-2

Angiopoietin-2 is a Tie-2 receptor that not only plays an
important role in angiogenesis but also plays important
regulatory roles in several pathophysiological processes,
including vascular fibrosis and inflammation [46]. In an
experimental model of 5/6 nephrectomized mice producing
increased levels of angiopoietin-2, this molecule was shown
to stimulate endothelial expression of chemokines and
adhesion molecules for monocytes as well as to increase the
expression of the profibrotic cytokine, TGF-β1, in aortic
endothelial cells and to enhance the formation and deposi-
tion of collagen in the aortic wall [47]. In a clinical part of
this study involving 416 patients with stages 3–5 CKD,
plasma levels of angiopoietin-2 were independently asso-
ciated with higher aortic PWV [47].

Chronic infectious diseases

Chronic infectious diseases may represent another pathway
involved in the arteriosclerotic process. A recent study
showed that among 215 non-diabetic, predialysis CKD
patients, seropositivity for cytomegalovirus (CMV) infec-
tion was associated with higher aortic PWV and lower
distensibility of the proximal and distal thoracic aorta [48].
This association between CMV seropositivity and arterial
stiffness was consistent in all age subgroups and persisted
after adjustment for multiple risk factors. The authors pro-
posed that chronic CMV infection may influence large
artery structure through modification of the function of
VSMCs as well as promotion of inflammation and fibrosis
in the media of the arterial wall. Excessive activation of
inflammatory and fibrotic pathways was also suggested as
the underlying mechanism of accelerated arterial stiffening
that is evident in hemodialysis patients with chronic hepa-
titis C infection [49, 50].

Arterial stiffness assessment

The determination of PWV in the carotid-femoral axis (i.e.,
aortic PWV) is considered the “gold standard” measure of
arterial stiffness in hemodialysis patients [14, 49]. From a
pathophysiological standpoint, the aortic and aorto-iliac
axis represents the main capacitive segment of the arterial
tree. Consequently, the rigidity of the aorta is the principle
determinant of the hemodynamic alterations inducible by
arterial stiffening. From an epidemiological standpoint,
prospective observational studies showed that among
hemodialysis patients, aortic PWV was an independent
predictor of cardiovascular and all-cause mortality. In
contrast, PWV measured in the brachial artery or in the
femoro-tibial axis (i.e., in peripheral and muscular-type
arterial segments) was of limited prognostic value [51].
Most of the commercially available devices derive their
measure of PWV from peripherally recorded pressure
waveforms using the validated technique of applanation
tonometry. This method is easily applied and exhibits
excellent intra- and inter-observer reproducibility [52, 53].

Complementary information on large artery structure and
function is obtained via radial or carotid artery applanation
tonometry that enables the estimation of the augmentation
index (AIx) and central aortic pressures [14, 49]. It has to be
noted, however, that AIx is only an indirect marker of
arterial stiffness. AIx is an indicator of the reflecting prop-
erties of peripheral vascular beds and is determined by the
reflection coefficient of microcirculation, velocity of the
pulse wave transfer, distance to the reflecting points as well
as the duration and pattern of LV ejection [14, 49].

Newly introduced and commercially available devices
using the oscillometric technique enable the determination
of PWV and wave reflection indices under ambulatory
conditions [54]. This method provides comparable esti-
mates of PWV and AIx with those obtained using the
widely applied tonometric techniques in hemodialysis
patients [55].

Clinical epidemiology

Association of arterial stiffness with interdialytic
blood pressure

Studies conducted in non-ESRD populations provided evi-
dence that arterial stiffness determines the blood pressure
(BP) response to the antihypertensive drug therapy [56].
The hypothesis that arterial stiffness determines the patterns
and rhythms of interdialytic ambulatory BP was explored in
a study analyzing 11,833 interdialytic BP measurements
obtained from 125 hemodialysis patients with the use of a
generalized cosinor model. This analysis showed that each
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1-log increase in aortic PWV was associated with a rise of
18.8/7.08 mmHg in the intercept of systolic/diastolic BP
and with an increase of 11.7 mmHg in the intercept of PP
[57]. Increasing aortic PWV tended also to blunt the cir-
cadian amplitude of systolic BP (SBP) and PP [57]. In a
post hoc analysis of the Hypertension in Hemodialysis
treated with Atenolol or Lisinopril (HDPAL) trial, it was
shown that increasing aortic PWV at baseline was an
independent determinant of 44-h ambulatory SBP and PP
[58]. After adjustment for several confounding factors, each
1 m/s higher baseline PWV was associated with a 1.34
mmHg higher baseline SBP and 1.02 mmHg higher PP.
However, aortic PWV at baseline was unable to predict the
treatment-induced reduction in 44-h ambulatory BP at 3, 6,
and 12 months of follow-up [58]. The latter suggests that
among patients on hemodialysis, arterial stiffness does not
make hypertension more resistant to the BP-lowering
therapy.

Association of arterial stiffness with LV hypertrophy

As mentioned above, aortic SBP augmentation as a result of
the premature arrival of the reflected wave from the per-
iphery back to the ascending aorta is the principal
mechanism linking arterial stiffness with increased cardiac
afterload and LV hypertrophy [4]. This cardiac and arterial
interaction is supported by cross-sectional studies showing

that aortic PWV is determinant of LV mass index (LVMI)
and LV function in hemodialysis patients [59, 60]. Because
these cross-sectional data cannot provide cause-and-effect
associations, a secondary analysis of the HDPAL trial
aimed to explore the relative importance of aortic stiffness
and volume as predictors of the treatment-induced
improvement in LVMI in hypertensive hemodialysis
patients with echocardiographic-documented LV hyper-
trophy [61]. Aortic PWV was neither determinant of LVMI
at baseline nor predictor of its improvement with therapy
during the 12-month follow-up of the trial [61]. In contrast,
volume emerged as a strong predictor of the treatment-
induced reduction in LVMI for the following two reasons:
(1) improvement in LV hypertrophy was mediated pre-
dominantly through reduction in the cavitary component of
the left ventricle instead of improvement in LV wall
thickness; (2) adjustment for the change in 44-h interdialytic
SBP (a proxy for dry-weight achievement) or inferior vena
cava diameter (a proxy for intravascular volume) mitigated
the treatment-induced reduction in LVMI [61].

Association of arterial stiffness with clinical
outcomes and mortality

In the general population, increased arterial stiffness is a
strong and independent risk factor for future cardiovascular
events and all-cause mortality. In a meta-analysis of 17

Table 1 Major prospective cohort studies evaluating the association of arterial stiffness with clinical outcomes and mortality in ESRD

Author Year n Patient
characteristics

Follow-
up

Predictor Outcome Prognostic significance

Blacher
et al. [62]

1999 241 HD patients 72 mo Aortic PWV ACM
CVM

Aortic PWV > 12 m/s vs aortic PWV < 9.4 m/s was an independent
predictor of ACM and CVM (OR: 5.4; 95% CI: 2.4–11.9 for ACM
and OR: 5.9; 95% CI: 2.3–15.5 for CVM)

Shoji
et al. [51]

2001 265 HD patients 63 mo Aortic PWV ACM Each 1 m/s increase in aortic PWV was associated with 18%
elevated risk of ACM (HR: 1.18; 95% CI: 1.01–1.39)

Verbeke
et al. [95]

2011 1,084 HD patients 24 mo Aortic PWV CVM Each 1 m/s increase in aortic PWV was associated with 15%
elevated risk of CVM

Verbeke
et al. [65]

2011 512 Renal
transplant
recipients

60 mo Aortic PWV CVM Aortic PWV was independent predictor of future fatal and non-fatal
CV events (HR: 1.35 per 1 SD increase; 95% CI: 1.10–1.65)

Szeto
et al. [64]

2012 155 PD patients 24 mo Aortic PWV ACM Aortic PWV > 10 m/s was associated with higher ACM rates as
compared with aortic PWV < 10 m/s

Fortier
et al. [66]

2015 310 HD patients 29 mo Aortic-to-
Brachial
PWV ratio

ACM Each 1-SD increase in the PWV ratio was associated with 43%
higher risk of ACM (HR: 1.43; 95% CI: 1.24–1.64)

London
et al. [96]

2016 156 HD patients 60 mo Aortic PWV ACM
CVM

Aortic PWV was independent predictor of ACM (RR: 1.20; 95% CI:
1.06–1.36 for 1 m/s increase in PWV) and CVM (RR: 1.21; 95% CI:
1.03-1.41 for 1-m/s increase in PWV)

Sarafidis
et al. [63]

2017 170 HD patients 28 mo 48-h
ambulatory
PWV

ACM
CVM

Ambulatory PWV was predictor of ACM and CVM independently
from 48-hour brachial and central aortic ambulatory SBP (HR:
1.579; 95% CI, 1.187–2.102 for 1 m/s increase in PWV)

HD hemodialysis, ACM all-cause mortality, CVM cardiovascular mortality, PWV pulse wave velocity, SD standard deviation, CI confidence
interval, OR odds ratio, HR hazard ratio, RR relative risk, PD peritoneal dialysis
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longitudinal studies (incorporating data from 15,877
patients with a mean follow-up of 7.7 years), an increase in
aortic PWV by one standard deviation (SD) was associated
with increases of 47% and 42% in the risks of cardiovas-
cular and all-cause mortality, respectively [8]. Similar to the
general population, prospective observational studies
showed that arterial stiffness has a strong prognostic asso-
ciation with clinical outcomes and mortality in ESRD
(Table 1). In a historical cohort of 241 hemodialysis patients
prospectively followed for 6 years, Blacher et al. showed
that the fully adjusted odds ratio (OR) for aortic PWV >
12.0 versus PWV < 9.4 m/s was 5.9 (95% CI: 2.3–15.5) for
cardiovascular mortality and 5.4 (95% CI: 2.4–11.9) for all-
cause mortality [62]. Notably, the predictive value of aortic
PWV is independent of BP and other cardiovascular risk
factors. Thus, this observation may be explained by the fact
that aortic stiffness represents an intermediate vascular
phenotype in hemodialysis, reflecting the cumulative impact
of pre-existing hypertension, dialysis vintage, co-morbid
conditions and ESRD-specific risk factors [50]. This notion
is strongly supported by a recent cohort study of 170
hemodialysis patients prospectively followed for a mean
follow-up of 28.1 months [63]. BP load in this analysis was
assessed by performing 48-h brachial and aortic ABPM.
The hazard ratio (HR) for all-cause and cardiovascular
mortality was comparable across quartiles of 48-h brachial
and aortic SBP, whereas increasing quartiles of ambulatory
PWV were associated with higher mortality hazard in uni-
variate analysis. After multivariate adjustment, the only
vascular parameter independently associated with excess
mortality hazard was ambulatory PWV (HR: 1.579; 95%
CI: 1.187–2.102 for each 1 m/s higher PWV) [63]. Addi-
tional cohort studies showed that aortic PWV is a BP-
independent predictor of cardiovascular morbidity and
mortality in patients receiving peritoneal dialysis and in
renal transplant recipients [64, 65], proving the strong
prognostic implications of arterial stiffness in the entire
spectrum of ESRD.

Recent studies advanced our knowledge showing that the
preferential stiffening of the aortic wall and the dis-
appearance of the normal stiffness gradient between central
and peripheral arterial segments is another factor closely
associated with excess mortality. In a cohort study of 310
hemodialysis patients prospectively followed for a mean
period of 29 months, each 1-SD increase in the ratio of the
carotid-femoral PWV divided by carotid-radial PWV (a
marker of the stiffness mismatch) was associated with 43%
higher risk of all-cause mortality (HR: 1.43; 95% CI:
1.24–1.64) [66]. After adjustment for several risk factors,
the PWV ratio remained an independent predictor of mor-
tality (HR: 1.23; 95% CI: 1.02–1.49), whereas carotid-
femoral PWV and carotid-radial PWV alone had no prog-
nostic association with mortality. Other studies showed that

the longitudinal change in aortic PWV is of superior
prognostic significance relative to the PWV assessed in a
single time-point [67]. Importantly, the absence of reduction
in aortic PWV in response to BP lowering was associated
with 2.5-fold higher risk of all-cause and cardiovascular
mortality in a French cohort of 153 hemodialysis patients
[68]. This observation supports the notion that aortic stiff-
ness is not simply a predictor of risk but a true and poten-
tially reversible cardiovascular risk factor in ESRD.

Therapies to regress arterial stiffness

Given the strong prognostic association of arterial stiffness
with mortality, regression of arteriosclerotic process is
anticipated to confer benefits toward cardiovascular risk
reduction in patients with ESRD. The principal therapeutic
approach to regress arterial stiffness is to adequately
control BP [3, 7]. In addition to BP lowering, the
reversion of the ESRD-specific pathways involved in
pathogenesis and progression of arteriosclerosis may
represent novel treatment paradigms towards arterial stiff-
ness attenuation.

BP lowering and antihypertensive medications

Experimental studies suggested that agents blocking the
renin–angiotensin–aldosterone system (RAAS) may exert
pleiotropic effects on vasculature, including inhibition of
the proliferative actions of angiotensin II, downregulation of
fibrosis and collagen deposition and rearrangement of
arterial wall biomaterials [69, 70]. On this basis, earlier
observational [68] and interventional studies suggested that
among patients with ESRD, RAAS blockers may be
superior to other antihypertensive drug classes in delaying
the progression of arteriosclerosis (Table 2) [71–73]. This
notion, however, was not confirmed in a recent secondary
analysis of the HDPAL trial. In the unadjusted models, 6-
month-long therapy with an atenolol-based antihypertensive
regimen was associated with a 14.8% higher reduction of
aortic PWV in comparison with a therapy based on the
angiotensin-converting-enzyme (ACE)-inhibitor, lisinopril
[74]. The difference between drugs persisted after adjust-
ment for several cardiovascular risk factors but disappeared
after additional adjustment for the treatment-induced
reduction in 44 h ambulatory SBP (difference between
drugs: 11.8; 95% CI: 22.3, 25.9%; P= 0.10) [74]. Simi-
larly, in the Saving Residual Renal Function Among
Hemodialysis Patients Receiving Irbesartan (SAFIR) study,
12-month-long treatment with the angiotensin-receptor-
blocker (ARB), irbesartan, was not superior to placebo in
reducing aortic PWV (ΔPlacebo vs ΔARB: 0.4 m/s; 95%
CI: −0.7, 1.5, P= 0.49) [75]. Once again, irbesartan-
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induced reduction in aortic PWV was strongly associated
with the change in pre-dialysis SBP [75]. Accordingly, it
remains unclear whether the beneficial effect of RAAS-
blockade on arterial stiffness is BP-mediated or BP-
independent [76].

Volume control

Achievement of adequate volume control is the principal
therapeutic approach of hypertension management in
patients on hemodialysis [22]. In the Dry-weight Reduction
in Hemodialysis Patients (DRIP) trial, probing of dry
weight over a 2-month-long follow-up culminated in a
significant reduction of 6.6/3.1 mmHg in 44-h ambulatory
BP [77]. This BP-lowering effect of dry-weight reduction
was associated with a parallel regression of LVMI in a sub-
analysis of the DRIP trial [78]. The volume-mediated
regression of target organ damage is further supported by
two subsequent randomized trials showing that the use of
BIA as a tool to guide the management of hydration status
in hemodialysis better regresses the arteriosclerotic process.
Hur et al. [79] randomized 156 hemodialysis patients to
BIA-guided or conventional management of dry weight.
Over a 12-month-long follow-up, 44-h ambulatory BP and
arterial stiffness parameters were decreased in those patients
assigned to the BIA-guided management of hydration status

but remained unchanged in the control group [79]. In a
subsequent study, 131 hemodialysis patients were randomly
assigned to BIA-guided or clinical-guided management of
volume for a mean follow-up of 2.5 years. Strict volume
control achieved through BIA-guided management of dry
weight culminated in a significantly higher reduction of
aortic PWV during follow-up (difference between groups:
−2.78 m/s; 95% CI: −3.75 to −1.80 m/s, P < 0.001) [80].
This volume-mediated regression of aortic stiffness was
accompanied by a parallel improvement in all-cause mor-
tality. These promising results need to be confirmed in
larger randomized trials.

Phosphate binders

Randomized studies showed that sevelamer was superior to
calcium carbonate in causing regression of coronary artery
and thoracic aorta calcifications [81, 82]. Other studies
showed a long-term increase in brachial–ankle PWV in
hemodialysis patients randomly assigned to 2-year-long
therapy with calcium carbonate, whereas PWV remained
unchanged in patients assigned to lanthanum carbonate
[83, 84]. Accordingly, the avoidance of calcium-containing
phosphate binders may be another therapeutic avenue for
treating arterial stiffness in ESRD.

Table 2 Randomized controlled studies evaluating the effects of antihypertensive medications on arterial stiffness in ESRD patients

Author Year n Characteristics Design Control
group

Intervention Follow-
up

Effect
on
PWV

Details

London
et al. [72]

1994 24 Hypertensive
HD patients
with LVH

Open-
label

Nitrendipine
(20–40 mg
TIW
postdialysis)

Perindopril
(2–4 mg TIW
postdialysis)

12 mo ↓ Perindopril was superior to nitrendipine in
reducing aortic PWV

Ichihara
et al. [71]

2005 64 Hypertensive
HD patients

Open-
label

Placebo Losartan (25
mg/day) and
Trandolapril
(1 mg/day)

12 mo ↓ Both losartan and trandolapril reduced the
rate of change in baPWV during follow-up
relative to placebo

Mitsuhashi
et al. [73]

2009 40 Hypertensive
HD patients

Open-
label

Other
therapy not
ACEIs or
ARBs

Losartan (50-
100 mg/day)

12 mo ↓ Losartan significantly improved baPWV
relative to control therapy

Peters et al.
[75]

2014 82 Incident HD
patients with
residual renal
function

Double-
blind

Placebo Irbesartan
(titrated up to
300 mg/day)

12 mo Neutral Irbesartan was not superior to placebo in
reducing aortic PWV (ΔPlacebo vs ΔARB
= 0.4 m/s; P= 0.49)

Georgianos
et al. [74]

2015 179 Hypertensive
HD patients
with LVH

Open-
label

Lisinopril
(10–40 mg
TIW
postdialysis)

Atenolol
(25–100 TIW
postdialysis)

6 mo Neutral The atenolol-based regimen was superior
to lisinopril in reducing aortic PWV
(between-group difference: 14.8% 95% CI:
1.5–28.5%, P= 0.03)

ACEIs angiotensin-converting-enzyme-inhibitors, ARBs angiotensin-receptor-blockers, BP blood pressure, CI confidence intervals, HD
hemodialysis, HR hazard ratio, LVH left ventricular hypertrophy, PWV pulse wave velocity, baPWV brachial–ankle PWV, TIW thrice-in-week

↓ reflects significant reduction in PWV between the comparators
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Statins

The antiinflammatory, antifibrotic and antiproliferative
actions of statins on vasculature may also be translated into
a beneficial effect on arterial stiffness [85]. In CKD patients
not yet on dialysis, low-dose atorvastatin treatment for
36 months significantly lowered the rate of change in aortic
PWV relative to placebo [86]. Improvement in arterial
stiffness after 6-month fluvastatin therapy was also
observed in another small study enrolling 22 diabetic
hemodialysis patients with normal serum lipid profiles [87].

Dialysis treatment optimization

Enhanced clearance of middle-to-high molecular weight
solutes by combining convective and diffusive transport
through hemodiafiltration and the associated benefits on
microvascular endothelial function have generated the
hypothesis that convective dialytic modalities may be
advantageous in improving large artery stiffness. This
notion is supported by some clinical studies showing that
switching ESRD patients from low-flux hemodialysis to
high-efficiency on-line hemodiafiltration was associated
with slower long-term progression of the arteriosclerotic
process [88, 89]. This benefit, however, was not confirmed
in a recent sub-analysis of the CONvective TRAnsport
STudy (CONTRAST) trial [90].

Renal transplantation

Observational studies showed reduction in aortic PWV after
living donor transplantation and short-term improvement in
wave reflection indices after cadaveric engraftment [91, 92].
However, it remains unclear whether these benefits persist
in the long-term post-transplant period. Aortic stiffness in
cadaveric kidney transplant recipients is influenced by the
donor characteristics (i.e., lower post-transplant PWV in
recipients of young donors and higher PWV with more
rapid deterioration in those receiving kidneys from older
donors) [93]. Arterial stiffness after successful renal trans-
plantation may also be influenced by several other para-
meters, including incomplete restoration of renal function,
chronic allograft nephropathy, new-onset diabetes after
renal transplantation, and use of cyclosporine and other
immune-suppressant agents [94].

Conclusion

Accelerated arterial stiffening is the typical feature of vas-
cular remodeling and represents a strong and independent
predictor of cardiovascular morbidity and mortality in
ESRD [95, 96]. The accumulation of traditional risk factors

only partially explains the severity of arterial damage, and it
seems likely that ESRD-specific pathways, such as acute
and chronic volume overload, elevated calcium-phosphate
products, vascular calcifications, and accumulation of
AGEs, play a prominent role in pathogenesis of the arter-
iosclerotic process. As these and other mechanistic path-
ways leading to arterial stiffening in ESRD are clarified,
novel interventions targeting arterial stiffness attenuation
may advance our therapeutic regimens. In the meantime,
achievement of adequate BP control via strict volume
management and appropriate use of antihypertensive med-
ications appear to be the most effective tools to delay the
progression of arteriosclerosis and modify the cardiovas-
cular risk profile of ESRD patients.
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