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Abstract

Apart from the result of multiple diseases as well as aging, arterial stiffness (AS) predicts
cardiovascular disease (CVD), especially in patients with chronic kidney disease (CKD).
Patients with CKD have high CVD prevalence, and an extraordinarily high risk for CVD
might be related to nontraditional risk factors, including AS. The mechanism of AS
development could be attributed to oxidative stress, inflammation, uremic milieu (e.g.,
uremic toxins), vascular calcification, and cumulative effects of traditional cardiovascular
risk factors on arteries such as diabetes mellitus or hypertension. There were a variety of
non‑invasive techniques to measure AS. One of these techniques is carotid–femoral pulse
wave velocity, which is the reference measurement of AS and is related to long‑term CVD
outcomes. AS progression has corresponding medical treatments with modest beneficial
results. This review briefly discusses the risk factors, measurements, and treatments
associated with AS.
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Introduction

P

atients with chronic kidney disease (CKD) have increased
adverse long‑term outcomes largely associated with
cardiovascular diseases (CVDs), resulting from traditional
risk factors such as diabetes mellitus (DM) and hypertension (HTN), as well as CKD‑specific risk factors [1]. Stiffening
of the vascular wall known as arterial stiffness (AS), which
is caused by deregulation of elastin fibers and collagen, oxidative stress, disordered mineral metabolisms, and low‑grade
inflammation, could cause increased myocardial preload and
decreased perfusion pressure of the coronary artery, predicting
future CVD in patients with CKD [2‑4]. AS has two proposed
mechanisms that causing blood pressure (BP) variation from
the aorta to peripheral arteries, possibly resulting in future
adverse events [5]. One is wave reflection, which occurs at
all levels of the arterial tree where the arterial caliber dies or
branches and leads to a backward wave during a systolic period
in the arterial system [5]. The other mechanism is pressure
amplification, which is a physiological phenomenon involving flexible and elastic arteries in young people [6]. Normally,
this phenomenon occurs along the aortic length as the pulse
wave propagates with low central systolic BP (SBP) compared
with peripheral SBP [6]. As the arteries stiffen, the reflection
wave increases, and an earlier backward wave ascending to the
aorta during systole occurs; these events result in high central
SBP and more stress on the left ventricle as well as exposing
a more increased pulse pressure (PP) to those feeding arteries
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or low‑impedance vasculatures, such as kidneys or brains, with
organ parenchyma exposed to high BP levels and mechanical
strain along with future CV events [2,5,7]. The noninvasive
technique carotid–femoral pulse wave velocity (cfPWV), which
is calculated with the distance of segments from the carotid to
the femoral artery and the elapsed time that the propagation
wave travelled, indicates vascular function and strongly predicts CVD and mortality in patients with CKD and end‑stage
renal disease (ESRD) independent of traditional CV risk
factors [2,8]. Furthermore, patients with CKD who have high
cfPWV levels are more likely to have adverse renal outcomes
including halving renal function, ESRD, and even mortality [9]. According to a meta‑analysis, AS, which is measured
by pulse wave velocity (PWV), is an independent predictor of
total CV events, CV mortality, and all‑cause mortality [2].

Risk factors of arterial stiffness
Cumulative damage of vascular wall properties can develop
AS, thereby increasing the transmitting PP to low‑impedance
circulation as well as exposing to high BP and mechanical
strain, further resulting in CVD, renal dysfunction, and mortality [Figure 1]. Some risk factors contribute to the development
and progression of AS.
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Age

Age‑related vascular function impairment has been likely
related to endothelial dysfunction with vasodilator and vasoconstrictor imbalance as well as the dysregulated remodeling
of elastin and collagen, consequently losing arterial elasticity
and thickening the vascular wall [10‑12]. An in vivo study
revealed that impaired endothelium‑dependent dilation associated with age is modulated by nitric oxide (NO) reduction
along with increased reactive oxygen species (ROS) production [11]. Aging also contributes to a higher expression of
vasoconstrictors, not vasodilators such as endothelial NO synthase, impairing the endothelial function [12]. In cohort studies,
aging is an independent predictor of carotid intima‑media
thickness and negatively correlates with vascular resistance
index [13,14]. In addition to causing functional changes, aging
might additionally contribute to structural vascular changes,
such as elastin fragmentation, and especially, medial‑layer calcification by disordered mineral metabolism in CKD [2,15,16].
Therefore, in patients with ESRD, a marked aging‑related AS
with a more increased aortic PWV occurs [15]. Furthermore,
AS measured by cfPWV has a significantly positive correlation
with aging in ESRD [17,18], metabolic syndrome (MetS) [19],
and DM [20,21].
Blood pressure

The pathophysiological correlation between AS and HTN is
that increased AS reduces the lumen diameter, causing a premature return of the reflected wave in late systole and further
resulting in increased PP and SBP and decreased DBP [1].
In addition, cfPWV positively correlates with SBP, as well
as MetS and waist circumference, in patients with HTN and
DM [21,22]. In a systematic review involving 26,970 subjects,
other than traditional risk factors such as gender, dyslipidemia,
smoking, and body mass index (BMI), BP elevation, as well
as aging, is independently associated with cfPWV [23].
Vascular calcification

VC is caused by an imbalance between the inhibitors and
promoters of vascular osteogenesis; AS resulting from VC
increases progressively as the renal function declines, and VC
prevalence increases from 37% in CKD stage 1–2 to 77% in
stage 5 [24‑26]. As renal function decreases, a dysregulated

complex interplay of mineral metabolism occurs, considering
that both hyperphosphatemia and hypercalcemia could induce
the vascular smooth muscle cells to transform into a calcifying
phenotype and accelerate VC [27,28]. In patients with CKD,
hyperphosphatemia and hypercalcemia, as well as calcium x
phosphate product, is related to increased VC [29]. Therefore,
together with the reduction of anticalcifying factors, the
abnormal regulation of calcium and phosphate is one of the
mechanisms initiating both phenotypic change and vascular
wall mineralization. Furthermore, as the arterial elasticity is
impaired, the PP transmitting to distal arterial beds increases,
leading to vascular insufficiency and organ damage, as well as
high CV morbidity and mortality [30,31].
Renal function and uremic toxins

The presence of CKD could be both a cause and an effect
of increased AS incidence, as evidenced by a higher cfPWV
in patients with eGFR less than 60 ml/min/1.73 m2 [32] and
a negative association between eGFR and PWV in advanced
CKD and coronary artery disease (CAD) cases without renal
disease [3,33]. Furthermore, an increased aortic PWV is
an independent predictor of CV events and mortality, and it
improves the prediction of the risks to such events in patients
with advanced CKD [4,34].
Moreover, the process of vascular damages as the renal
function declines is mediated by gut‑derived protein‑bound
uremic toxins, which include p‑cresyl sulfate (PCS) and
indoxyl sulfate (IS) [24,35]. Both PCS and IS can inhibit endothelial proliferation and induce ROS through NADPH oxidase
induction to prevent NO production [36,37]. In addition to
inducing endothelial dysfunction, PCS and IS can worsen AS
by oxidative stress, impairing endothelial cell repair and inducing vascular smooth muscle cell proliferation [35]. Value of IS
associated with the severity of aortic calcification scores and
cfPWV and predicting the overall status and CV mortality in
patients with CKD [38]. In addition, serum PCS is associated
with PWV mediated by inflammation along with higher CV
events and mortality in patients with CKD and HD [39,40].
According to these studies, IS and PCS individually correlate
with endothelial dysfunction and cfPWV in patients suffering
from ESRD [41,42].

Figure 1: Simplified pathogenesis and outcomes of arterial stiffness (left). Models of measuring arterial stiffness (right). cfPWV: Carotid‑femoral pulse wave velocity;
CKD‑MBD: Chronic kidney disease related mineral bone disease, CVD: Cardiovascular disease, ESRD: End‑stage renal disease, ∆D/∆t: Distance divided by transit time
of propagation wave between (sternal notch [N] and femoral artery [F]) and (sternal notch [N] and carotid artery [C])
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Inflammation

As chronic inflammation plays a role in arterial aging,
inflammation has been associated with endothelial dysfunction and AS in CKD and ESRD cases [17,41,43,44]. London
reported that age‑related aortic stiffening worsens as C‑reactive
protein increases [45]. However, in the Chronic Renal
Insufficiency Cohort Study, baseline inflammatory markers
correlate with AS but cannot predict long‑term AS changes,
highlighting that inflammatory markers might be useful AS
biomarkers and that other factors, such as traditional and
CKD‑related factors, are more important than inflammation to
cause AS progression in patients with CKD [46].
Metabolic syndrome and diabetes mellitus

Being described as central obesity along with dyslipidemia, hyperglycemia, and HTN, MetS together with DM and
chronic inflammation is a risk factor for AS development [10].
In a longitudinal study, BMI and waist circumference positively correlates with cfPWV, indicating that adiposity is an
AS predictor [47]. Additionally, together with MetS, each
component of hyperglycemia, high SBP, and increased waist
circumference is associated with PWV in the middle‑age population [21,44], and the PWV values significantly increase as
the number of MetS component increases in patients suffering from HTN and DM without CAD or nephropathy [19,48].
Similarly, our previous study showed that patients with CAD
who have concurrent MetS can have a higher risk of developing AS [49]. Therefore, overall, MetS is a risk factor of AS
development.
Meanwhile, glucose tolerance deterioration is independently
associated with central AS, with decreasing arterial compliance and carotid–femoral transit time and increased aortic
augmentation index [50]. In DM, the production of advanced
glycation end products increases, showing a significant association with cfPWV independent of age, gender, BP, or fasting
sugar in a community‑dwelling population [51]. According
to a population‑based study, patients with impaired glucose
metabolism and DM have a lesser carotid–femoral transit
time, which indicates an increased central AS compared with
those with normal glucose metabolism [50]. In patients with
DM, increased cfPWV is associated with longer DM duration
and macrovascular complication irrespective of age, gender,
BP, or renal function [52]. Likewise, our study revealed that
patients with CAD who have high AS have higher percentages of DM with higher levels of fasting sugar, insulin, and
HOMA‑IR than those with low AS [49]. In one meta‑analysis,
which enrolled 1222 patients with DM, DM incidence was
significantly associated with AS measured by cfPWV [53].
Furthermore, a systematic review demonstrated that age and
BP, as well as DM, are consistently independently associated
with cfPWV [23,53].

Arterial stiffness diagnosis
Considering that AS is an independent risk factor for
CVD, measurements of the vascular elasticity are crucial
for future health management. AS can be measured through
several techniques with proper inter‑ and intraoperator reproducibility; these techniques are categorized into transmission

model (measuring cfPWV) and pulsation model (measuring
carotid artery compliance and distensibility by ultrasonography) [Figure 1]. Device selection depends on the way AS is
being measured, the time and space available, any required
training, the technical expertise of personnel conducting
the examination, and the cost of the device. Lim et al. had
conducted a study comparing the different AS measures,
such as carotid–ankle vascular index, PWV (cfPWV and
brachial–ankle PWV [baPWV]), and carotid artery compliance, in healthy subjects varying in age; they found that the
strength of correlations between these indices are notably
different because of the various properties of methodology
used and the location of arteries measured [54]. More specifically, cfPWV is more associated with other methods that
measure the transmission model, including the baPWV and
carotid–ankle vascular index; meanwhile, its association with
pulsation model is extremely mild [54]. Methods of measuring the transmission model including cfPWV and baPWV are
associated with CV events, CV mortality, and all‑cause mortality [2,55]. One meta‑analysis showed that cfPWV, as well
as baPWV, is significantly associated with DM incidence irrespective of ethnicity [53]. However, although both cfPWV and
baPWV are associated with target organ damage according to
a longitudinal study conducted in 1599 community‑dwelling
elderly Asians, cfPWV is more independently associated with
carotid intima–media thickness and creatinine clearance rate
than baPWV [56]. Furthermore, cfPWV has been proposed as
the “reference standard” measure of AS because of it is linked
to increased mortality according to a multitude of clinical evidence [57‑60] and it is more predictive of CV mortality than
carotid–radial PWV or femorotibial PWV in a longitudinal
study of patients with ESRD [60]. Therefore, we diagnosed
AS by measuring the cfPWV using applanation tonometry,
which is noninvasive, easy to learn, and practicable in an outpatient setting [17,18,41]. For daily practice, a fixed reference
value of 10 m/s was proposed to define AS on published epidemiological studies taking into account the influences of age,
BP and measuring distance between common carotid artery
and femoral artery [61,62].
Several longitudinal studies indicated the importance of
cfPWV as a surrogate to predict future CV events [57‑60].
According to a study involving community‑dwelling adults
aged 74 ± 3 years, who were observed for an average of
4.6 years, cfPWV is independently associated with CV mortality, coronary heart disease, and stroke at each quartile
of an increasing velocity [57]. Another study conducted in
patients with HTN aged 50 ± 13 years, who were followed
up by approximately 9.3 years, showed that with every 5 m/s
increment of cfPWV, a higher risk by 2.14 and 2.35 times is
observed for the development of all‑cause and CV mortality,
respectively [58]. Patients with DM who were followed up for
roughly 10 years showed that each 1 m/s increment of PWV
independently increased their risk for all‑cause and CV mortality by approximately 1.08 times [59]. In patients with CKD
and ESRD, cfPWV could predict the incidence of congestive heart failure hospitalization and CV mortality; the cutoff
value and the area under the curve for predicting CV mortality were 10.75 m/s and 83.4 ± 2.3, with 84% sensitivity, 73%
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specificity, 87.3% negative predictive value, and 72% positive
predictive value [60,63]. Furthermore, a meta‑analysis concluded that cfPWV is not only a simple clinical method to
evaluate AS but also the most informative vessel for predicting CV outcomes [2].

Arterial stiffness treatments
Given that cfPWV is the most validated index of AS, trials
with various interventions have been designed to investigate
the effects on this surrogate index and hopefully to improve the
CVD outcomes. Herein, we reviewed several meta‑analyses
discussing the effects of medications and body weight loss on
AS and abbreviated the treatments as “ABCDE,” which stands
for Antihypertensive agents, Body weight loss, Cholesterol
lowering agents, and DM and ESRD/CKD treatments.
Antihypertensive medications

Antihypertensive medication could passively reduce
AS through BP‑dependent mechanism and improve AS by
exerting its pleiotropic effects on vascular wall modification [64,65]. According to an observational cohort study that
took approximately 5.4 years, sustained cfPWV reduction can
be obtained by routine clinical practice of antihypertensive
medications [66]. Angiotensin receptor blocker (ARB) and
angiotensin‑converting enzyme inhibitor (ACEi), which block
the renin–angiotensin system (RAS), can improve BP and
vascular elasticity and reduce AS better than calcium‑channel
blockers (CCB), beta‑blockers, and diuretics independent of
BP changes [64]. Mallareddy et al. showed that ACEi can
reduce cfPWV, with average absolute and relative values
of −1.15 m/s and −9.74%, respectively, in patients with
HTN [67]. However, in a longitudinal study by London et al.,
ACEi (perindopril), as well as CCB (nitrendipine), induced a
similar reduction in cfPWV [68]. Asmar et al. found that the
combination therapy of indapamide and perindopril results
in a similar reduction of aortic PWV to atenolol, indicating
that diuretics have a rather neutral effect on AS beyond brachial artery BP reduction [69]. Another meta‑analysis showed
that treatment with ACEi results in a pooled mean cfPWV
change of −1.69 m/s compared with placebo independent of
BP reduction, but not superior to ARB, CCB, beta‑blocker,
and diuretics [70]. According to Peng et al., ARB exhibited
better effects on cfPWV than placebo with regard to AS,
with a significant overall cfPWV reduction of −0.425 m/s but
not superior to CCB, diuretics, ACEi, or beta‑blocker [71].
Moreover, Wenquan et al. found that beta‑blocker exerted
better effects than placebo on PWV (−1.15 m/s; 95% CI,
−1.561 to −0.669), but is less favorable than ACEi or ARB
on all indices except heart rate [72]. Taken together, AS
could be controlled by most antihypertensive medications;
RAS‑blocking agents displayed effects not inferior to others;
diuretics could serve as a monotherapy or as an add‑on
agent to decrease BP, with neutral effects on AS; and these
BP‑independent changes are amplified with long‑term treatments. Therefore, an optimal antihypertensive agent to lower
BP and improve AS should be selected individually.
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Body weight loss

Weight loss reduces cfPWV by mitigating vascular
remodeling and inflammation [73]. Petersen et al. conducted
a meta‑analysis, which included studies on patients with
energy‑restricted diet with or without exercise, antiobesity
agents, and bariatric surgery followed up for 8–52 weeks;
through diet and lifestyle intervention, the cfPWV improved by
an average weight loss of 8% of the initial body weight [73].
Statin as a cholesterol‑lowering agent

HMG‑CoA reductase inhibitors (statins) are the most
potent agents in reducing low‑density lipoprotein cholesterol
and in improving CV events including AS, possibly through
the pleiotropic effects, such as anti‑inflammation [74]. D’elia
et al. recently reported that statin therapy had significant and
favorable effects, with −0.68% reduction in cfPWV independent of the changes of BP, lipid profiles, and statin types [75].
In patients with CKD, statin can induce an insignificant 41%
slower rate of PWV increment compared with placebo‑treated
patients, possibly because of the distinct arteriosclerosis of
vascular walls [76]. As mentioned, AS plays an important
role in predicting future CV events, and each 1 m/s increment
in PWV increases 15% of CV and all‑cause mortality risks;
hence, a nearly 7% reduction of PWV by statin treatment
might substantially reduce CV events, but this consideration
remains questionable in patients with CKD/ESRD [2].
DM treatments

Considering that DM is associated with AS occurrence
according to multifactorial factors, interventions for AS
improvement include targeting BP and glucose by administering RAS‑blocking and oral hypoglycemic agents,
respectively [77‑79]. Newly developed antidiabetic agents such
as dipeptidyl peptidase‑4 inhibitor (DDP‑4i), glucagon‑like
peptide‑1 receptor agonist (GLP‑1 RA), and sodium‑glucose
cotransporter‑2 inhibitors (SGLT‑2i) not only lower the glucose
level but also exhibit effects on the vascular wall [80‑82].
Batzias et al. conducted a meta‑analysis and reported that both
DDP‑4i and GLP‑1 RA can induce a significant reduction in
PWV, possibly related to their glucose‑lowering effects [80].
In addition to the beneficial effects on CVD [81], Solini et al.
reported that patients with DM who use dapagliflozin, which
is an SGLT‑2i, manifest PWV reduction, independent of BP
level decrease, through the possible mechanism of mitigating the oxidative stress [82]. However, the conclusion that the
new antidiabetic agents can improve AS, should be interpreted
with caution, given the modest quality of evidence along with
significant heterogeneity between studies and the existing controversy on their use in advanced CKD.
End‑stage renal disease and chronic kidney disease
treatments

Various medications can ameliorate AS progression in
patients with ESRD [83]. An oral adsorbent that is known
to decrease serum protein‑bound uremic toxins, can increase
flow‑mediated vasodilatation with a decrease in the IS levels
as well as oxidized/reduced glutathione ratio and decreased
PWV in patients with CKD [37,84]. Moreover, managing
disordered bone‑and‑mineral metabolism by antagonizing
hyperphosphatemia and hypocalcemia without resulting in
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hypercalcemia with phosphate binders, vitamin D, and calcimimetics reportedly affects vascular properties [85]. Using
vitamin D analogs and phosphate binder with sevelamer or
cinacalcet does not significantly improve the cfPWV compared with using placebo; a similar finding was found in
using recombinant human erythropoietin and folic acid to
lower homocysteine [83,86]. Vitamin D deficiency was associate with endothelial dysfunction and a recently published
meta‑analysis showed that nutritional vitamin D supplements
resulted in significant pooled difference of cfPWV (standardized mean difference: −0.29; 95% confidence interval:
−0.51–−0.06), which indicated improved AS, especially in
those with vitamin D deficiency [87], but the correlation with
long‑term CVD needed to be elucidated. London et al. found
that RAS blockade, as well as CCB, can reduce cfPWV [68].
Nonetheless, according to the meta‑analysis conducted by
Rodriguez et al., CCB might show an advantage over RAS
inhibitors in decreasing AS, but such studies are limited by
study designs [83]. These controversial results might relate to
arteriosclerosis and vascular calcification refractory to pharmacologic treatments when ESRD is reached; thus, early
intervention against the risk factors of AS is necessary.

Conclusion
Given that AS is strongly associated with the occurrence
of CV events and AS is one of the earliest detectable indices
of vascular diseases, an easy, precise, and reliable technique
or device for monitoring needs to be established. In improving the long‑term outcomes of CVD, AS has been considered
as a potential modifiable risk factor and as a biomarker for
the risk stratification for long‑term CV events. For cfPWV
measurement, several devices with different indications and
limitations are available. Based on multiple mechanisms for
AS development, multifactorial strategies toward these mechanisms are also available, with promising results. In particular,
we proposed the strategy “ABCDE” to alleviate AS progression. Finally, well‑designed clinical trials for AS treatment and
the long‑term impacts on CV events in daily clinical practice
are required to validate these interventions.
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